PHYSICAL REVIEW A, VOLUME 65, 032901

Quantum transport of the internal state of Kr 3% ions through amorphous carbon foils
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The population dynamics of the internal state of 60 MeV/d°Krions traversing amorphous carbon foils is
studied theoretically and experimentally. This system is of particular interest as the times scales for collisional
distribution, mixing due to the wake field, and radiative processes are comparable to each other. A transport
theory based on a quantum-trajectory Monte Carlo method is developed, which treats the collisional and
radiative redistribution of states on the same footing. The simulations exhibit clear signatures for the interplay
between radiative decay and collisional mixing. Good agreement with experimental data is found.
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. INTRODUCTION it to H and A”" traversing amorphous carbon foils. The
. . . - QTT makes use of the fact that if the ion velocity is very
The internal state of a fast atom/ion traversing solids is amigh, each individual collision can be described using pertur-

example of an open quantum system. The large number fation theory. The roles of the different collisional interac-
degrees of freedom of the environment refers here to th€ons have been studied in detail ih3,14,25.

solid and, as discussed below, also to the radiation field. The |n this paper, we focus on the case of¥r (1s) travers-

open quantum system is a hydrogenic one-electron ion witihg amorphous carbon foils with a kinetic energy of 60
three degrees of freedofwithout spin. For such a system MeV/u. Experimental studies for this system have recently
accurate comparisons between theory and experiment apen performed and briefly reported in Rf5]. This colli-
possible and, therefore, pursuing this problem augments owjion system is of particular interest for several reasons. First,
conceptual understanding of the dynamics of open quanturgrevious work considered fully stripped ions. This leads to
systems. _ uncertainties in the initial state of the one-electron ion cre-
When the ion travels through the solid, the electron boundyeq inside the solid as a result of an initial electron-capture
to the ion interacts with the solid through a variety of pro- o\ ent whose accurate theoretical treatment remains a chal-
cesses. Oneis a n.ond|SS|palt|ve Interaction originating fro”l]enge. For the present system, the initial internal state of the
the induced screening potential, which is due to the response "o o deeply bound and nondegenerate ground state and,

of the electrons in the solid to the large positive charge of th : h "
ion. The effective electric field produced by this screeninget‘hus’ well defined. Secondly, the fine-structure splittings and

charge is referred to as the wake fidti2]. It induces a the Lamb shifts of the internal states of’Rt are sufficiently

Stark-like mixing among the atomic orbitals of the ion 'a/9€ due to the high charge of the nucleus that cannot be
(mostly within a given energy shgl[3,4] and can be de- neglgcted during transport. qu example, the fine-structure
scribed by the complex dielectric functian The imaginary ~ SPlitting between B,, and 33, is 0.867 a.u. and the Lamb
part of —1/e, on the other hand, represents dissipative intersSPlitting between 8,,, and 3y, is 0.0190 a.u. while the
actions due to collisions between the electron in the ion angoupling strength betweers&nd 3 due to the wake field is
particles in the solid, i.e., electrons and screened nuclei in thabout 0.0118 a.416]. Therefore, the fine-structure splittings
solid [5]. These collisions transfer energy to particles in thestrongly suppress the Stark mixing by the wake field between
solid and, also, mix and excite the atomic orbitals of thethe atomic states with different total angular momentum
impinging ion[6—12]. Recently[13,14], we have developed (e.g., betweers;, and ps,). Additionally, the Lamb shift

a quantum-mechanical transport theot@TT) for the  modifies the extent of mixing even between the states with
collision-induced dynamics of the internal state and appliedsame j (i.e., betweens;, and p;, and so oh This
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5ol [13,14], which incorporates collisional and radiative redistri-
- 100021 bution processes on equal footing and a comparison with
27 8 o277 - “a _experimental results_ for RP*. To probe the dynamics of the
internal state of the ion experimentally, we measure the total
5, Stask -— intensity of x rays emitted from the ion. Varying the foil

3s1/2, 3p1/2

10000z, thickness, we can obtain partial information on the time evo-

lution of the populations of excited states created by the
ion-solid interaction. Experimental intensities of x rays are
compared with the prediction of our QTT.

This paper is organized as follows. In Sec. Il we briefly
present the main ingredients of our QTT. A more detailed
account will be given elsewhered7]. In Sec. Ill, a brief
description of the experiment is given. In Sec. IV, we com-
pare the calculated intensities with experiment for’*Kr
passing through carbon foils and compare the calculated in-
tensities with experiment. The last section is devoted to an
outlook. Atomic units are used throughout unless otherwise
stated.

n=3

n=2

Il. THEORY

ion with nuclear charg&, and velocityv , through an amor-
Ase phous foil with a given thickness. Even though the frame-
78000a.u. work of our treatment is general, we will focus on the spe-

cific example of K#*" ions (Z,=36) traversing C foils at a

velocity v,=47 a.u.. We will study the evolution of a single
12 active electron carried by the ion. We use a frame of refer-
gnce moving with the ion. We use tinte@nd path length of
Qropagation in the laboratory frama,interchangeably, since

A We shall consider the transmission of a fast hydrogenlike
-
-
-
-

n=1

FIG. 1. Schematic diagram for the characteristic distances of th

different events which can alter the populations of the internal stat
of a K" ion with a velocityv,=47 a.u.. The mean free paths d=uv,t andv, can be treated as a constant. The latter takes

depicted correspond to Stark mixing time(pathd=u ,t.) between into account the fact that _the slowing down of the ion_at this
the 3p,,, and the 3, States)\géarksp , the radiative decay length speed, and for the foil thicknesses under consideration, can
of the 2p and 3 States’)\gecayanléz’)\gle%ay’ the collisional mean free  0€ safely neglected. The zero poirt0 (d=0) corresponds
path for free electrons)f‘?” and thg collisional decay lengtior to the time at which the ion enters the foil. For simplicity, we
coll will often use a single inde) to label the eigenstates of the

excitation path of the 1s state to all states\js' . ) o : e > ;
ion in vacuum with the implicit understanding théit)

delicate balance between the fine-structure splittings, th& [n/jm;), wheren is the principal quantum numbef, is
Lamb splittings, and the wake field is one of the distinctivethe orbital angular momentum, andand m; are the total
features of K¥°* ions as compared, for example, to'Af or ~ angular momentum and its projection onto thexis. The

H. quantization axis corresponds to the direction of propagation
The most important distinctive feature of the present coli.e., z aX|SH5p)- . . . _
lision system involving K¥* ions is, however, the short In order to describe the time evolution of the internal state

lifetime of the excited internal states against spontaneou8f the ion, we should consider the time evolution of the
radiative decay, which becomes comparable to the dwefntire system including its environment, that is, the hydro-
time inside the foil for typical foil thicknesses used in the genlike ion, the amorphous carbon foil and the electromag-
experiment_ Unlike collisions, which predominanﬂy excite netic field. If we denote a mixed state of the total system at a
the electron to higher energy levels, radiative decay deexcertain timet by a density operatas(t), the time evolution
cites the electron and thereby modifies the dynamics of théf the state is governed by the Liouville-von Neumann
internal state of the ion during its passage through the foil€quation,

As will be shown below, this leads to dramatic changes in the 5

populations of excited states of the ion at the foil exit. In . _

fact, Stark mixing, collisional mixing, and radiative decay 5P (0= Honp(W], @1
occur all on comparable time scales. The schematic diagram

in Fig. 1 illustrates these time scales expressed in terms afhere H,, is the Hamiltonian of the total system. Such an
propagation mean free paths for each process, he., approach is prohibitively complicated to implement in view
=Atv,, whereAt is the characteristic time of these pro- of the large number of degrees of freedom. Instead, we in-
cesses and,=47 a.u. is the velocity of the ion. In this paper voke an open-quantum-system approach. We consider the
we present an extension of our previously developed QT Bubsystem of the internal state of the ion explicitly as the
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open system and treat all remaining degrees of freedom deeated in first-order perturbation theory. As a result of the
“environment.” The open system is described by a reducedBorn approximation, the dynamics of the bath variables re-
density matrixo(t), which results from tracing out from main decoupled from the internal stateof the subsystem.
p(t) all degrees of freedom except those of the internalThe important point to be noted, however, is that no weak-
states, perturbation assumption is implied for the back reaction onto
o, the subsystem. In fact, in the present context we will con-
o(O=Tr[p(V)], 22 sider strong coupling that precludes a perturbative treatment
where Tt denotes the partial trace over all degrees of freeOf the evolution of the internal degrees of freedom under the
dom of the environment. From this reduced density matridnfluence of R. The second assumption is the Markov ap-
o(t), we can obtain the expectation value of any observabl@roximation, that is, the neglect of memory effects. Only the
A of the internal system at any arbitrary tineas (A(t)) instantaneous state of the system determines its relaxation
=Tr'[Ac(t)]. In particular, the population or occupation While retardation effects can be neglected. Both approxima-

probability P of stateli) is given by @=]i)(i|), tions are consistent with the assumption that the characteris-
. _ tic time scale for the system-environment interaction, the re-
Pi(t)=(i[a(t)]i). (2.3 Jaxation time, is long compared to the intrinsic time scale of

the reversible dynamics in the environment.
Even after the evaluation oR within linear response
theory, solving the Liouville equation is a tedious task. One
9 standard method consists of solving the Liouville equation
I = 0(O=[Hatom o () ]+ Ra(V), (24 by means of an expansion of the density matrix in a trun-
cated basis set of statpg), i=1,2,...N, whereN is the rank
where R is a relaxation superoperator that represents thef the expansion in the Hilbert state. This reduces the Liou-
interaction between the electron and the environment, conville equation to a finite system &2 coupled equations for
sisting of the particles in the foil and the electromagneticN? matrix elements entailing aN* numerical effort. Even
field. In the above equatioft{,,mis a time-independent Her- though in the present case the coupling to the continuum
mitian Hamiltonian describing the nondissipative evolution(that is, ionization is quite small and the truncated basis

The time evolution ofo(t) is governed by a Liouville—von
Neumann equation with a dissipative term

of the electron in the ion, subtends only the bound-state portion of the internal-state
2 5 space N becomes quite large. This makes the explicit solu-
Haton= %— TP+AHreI+ Vel F), (2.5 tion of the Liouville—von Neumann equation difficult. In or-

der to circumvent this problem, Rozet al. [16] made a
wherer andp are the position coordinate and the momentums':alec'[IOn offfa S?arl]l nL;]mk;er gf non\I/amshmg foff—(ljéagonal
of the electron in a reference frame fixed to the ion, andt/€MeNts obr such that the dominant elementsjfcould be

A, represents relativistic and Lamb-shift corrections. In€asily stored in memory. In this paper, we adopt an alterna-
Eq. (2.5, V(7) denotes the screening potential or waketive method, which keeps all elementsotind all couplings

potential induced by the ion. For convenience, we defige  (© the environment but avoids dealing directly with a finite

dynamics of the open quantum systems in terms of a stochas-
2

p*  Z, tic Schralinger equation, which can be solved by a quantum-
Ho= o T+AHrel’ (2.6 trajectory Monte CarldQTMC) method. In the limit of a
large number of Monte Carlo realizations this method be-
whose eigenvalues and eigenenergies are given by comes equivalent to solving E.4) directly, but involves
) ) only matrices with dimensiol?. This method is the quan-
Holi)=Eili) (2.7) tum analog of the corresponding classical transport theory
with (i =nljm, [5]. It is also closely related to the so-called Monte Carlo
im;), ) : :
wave-function(MCWF) method in quantum opticil9,20.
c ell 14 Zya )2}—1/2 . In ch}, in our treatment of_the radiat.ive process we will
i M [ n—i—1+0( +%)2—Z§a2]1’2 ] explicitly exploit this similarity. A detailed account of the

similarities and differences between stochastic Saifger
+EamP, (2.  equations for radiative and collisional processes will be
given elsewherd17]. The full treatment of the transport
u denotes the reduced mass of the electoas,the speed of problem for the internal states in terms of a QTMC solution
light, « is the fine-structure constant, aEﬂiamb is the Lamb  of a stochastic Schdinger equation containing both colli-
shift [18]. sional and radiative processes will be referred to as QTT.
The explicit determination oR requires drastic approxi- The reduced density matrix(t) can be decomposed into
mations. The central simplifying assumption, which makesan incoherent average over time-evolved pure states starting
the determination oRR feasible, is the validity of linear re- from certain initial condition$21]. If the electron is initially,
sponse theory, i.e., the response of the environment can lzt=0, in a pure state,
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Niraj Mglmer[19] in a time-differential form. Subsequently, Dum,
o(t)= N E ai(t), (2.9 Zoller, and Ritsch introduced an equivalent method in a
trajp=1 time-integrated fornf20]. Since our transport formalism is

fbased on finite time-evolution stepgqg. (2.13)], it is most
convenient to adopt the formalism §20] for the present
Qroblem.
The evolution operator within the MCWF method can be
decomposed precisely as in E®@.13. The discontinuous
o (1) = [ (1) W (). (2.10  jump operatorUgs, corresponds to a sudden projection of
the wave function onto a final state, “the collapse of the
Since the ion is initially in a pure staf&), the initial con-  wave function,” after a radiative decay event. &tt2® a
dition for the wave function is photon is emitted corresponding to a transition onto a state

| (t=0))=ic). 21y 1

The indexu labels the quantum trajectory. Different quan-
tum trajectories describe different random sequences of in-

teractions with the environment. In the present collision sys- =1i), (2.19

tem, we assume eithéiip) =[1533) or |io)=[1s3—3) since  \\narest—0 is an infinitesimal time step. Thus, the problem

the results are independent of the initial spin of the electrong oqyced to determining the decay tintéfé’, the decay

For more general problems in which the elec_tron IS '.n't'a"yprobabilities, and the states into which the system collapses
not in a pure state, the averageq. 2.9 would, in addition, at these times

involve a weighted average over different initial conditions The continuous evolution described hyf, by a non-

determined by the initial density matrix(t—0) (see, e.g., Hermitian Hamiltoniar{22] is followed by normalization of

E}a?:(la).ctlgrir;inllle“-cafl]z_lsmtlgattlé)lsdf::::ieef’l()t}al Iglrm;b;rjgg ?ﬁ:ﬂﬁ;ﬂthe wave function. The time evolution of the wave function
J Nirajs y larg during a time period\t is given by

right-hand side of Eq(2.9) converges. The stochastic time
evolution of the quantum trajectories is calculated by con- “ s “
structing their corresponding time-evolution operator |§#(t+AD) = Ugont+ ALY y#(1))

U#(t,0) such that exp( — i HerAt)|4#(1))

| (1))=UH(t,0)]io). (2.12 = (0 ex —TAD gD} (2.16

where Ny,; denotes the number of quantum trajectories o
pure states involved in the average. In Eg9), eacho*(t)
denotes a pure state that can be rewritten in terms of it
corresponding wave function as

[y (tR% 8t)) = ULt [y (129- 1)),  (2.14

We decompose the time-evolution operator into a sequencghere|y*(t)) is the wave function of the system at tirhe
of products of two types of evolution operators, The effective Hamiltonian governing the continuous evolu-
tion between quantum jumps is given by

UA(t,00= U’c‘om(t,tn)gl UAL(LJUL (t ) (t=0).
(2.13

One factorUg,n(tx+1,t), stands for a continuous change of where the operatol’ describes the decay of each atomic
the wave function during the time periddy ;,tc] in be-  state in first order in the coupling to the radiation field. In the
tween stochastic processes. The other fatigy(t,), repre-  basis of statesi)(=|n,/,j,m;)) that diagonalizes{, [Eq.
sents a discontinuous change of the wave function, a quari2.7)], I' is diagonal to first order in the coupling to the
tum jump, at randomly chosen times=t,. Finite- radiation field[22]

dimensional representations of these operators have

dimensionN? and are easier to treat numerically than the full (ilrj)=T;8;, (2.18
representation oR in Eq. (2.4).

In the following two sections, we briefly sketch the con- where4,  is a Kronecker delta ant; is the decay rate of the
struction ofU# in Eq. (2.13 for radiative decay and colli- state|i), which is given by the sum of all partial transition
sions. The set of random timés,} is therefore subdivided ratesT';_,, from stateli) to all allowed statesk)
into independent subsefs®® and{t°"}, one for each pro-
cess.

i
HeffE Hatom_ E T, (2- 17)

FiZEK Fiﬂk. (219)
A. Radiative decay

For radiative decay during transport within our QTT ap- IN the electric-dipole approximatidi23]
proach we employ a variant of the so-called MCWF method 3
[19,20Q, recently developed in quantum optics. The MCWF T =4(Ei_Ek) (i |FIK) |20 (E;— Ep) (2.20
method was first introduced by Dalibard, Castin, and Ik 3c? bomkh '
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where © is a unit step function such thdt;,_,, =0 if E; energy transferred to the target electron is not negligible.
<E. For highly charged ions, relativistic corrections be- Thus we refer to these collisions as inelastic collisions. It
yond the electric-dipole approximation are not negligible.should be noted that this terminology refers to the target
We incorporate these corrections for Lyman and Balmer deframe. In the frame of the projectile both elastic and inelastic
cay following the work of Pal'chikoy24]. collisions lead to energy transfer to the projectile electron.
The present method for determinitly; differs from Ref.  Due to these collisions, the electron, initially in the ar-
[20] in that we employ Poissonian sampling of decay timesbital, is excited to higher-lying states. Successive collisions
{ti*% corresponding to an exponential lifetime distribution induce intrashell and intershell mixing and drive the system
rather than a sampling of the actual lifetime distribution fortoward the statistical mixing limit. The treatment of multiple
each state, which requires the explicit calculation of thecollisions within the QTT by means of a QTMC technique
“delay-time” function of all (perturbed states. This method has been described in Refgl3,14. We therefore only
is computationally advantageous, in particular, forbriefly summarize the main ingredients and necessary exten-
multidecay-channel-state systems as opposed to few-stagéons for highly charged ions.
systems usually encountered in quantum optics. To this end, Much like the procedure described for radiative decay,
we subdivide the set of decay times into subs{et{éo} one determines the rand_om time intervals betv_veen qL_Jantum
={{t"1};i,j=1,2,...N}. Each subseft\ "} represents the JUmMps and the quantum-jump operators associated with col-
random sequence of times at which a photon could be emitiSions. The random jump times are directly related, within
ted for a specific decay chanrielsj. Therefore, the decay linear response theory, to the collisional transition r4ggs
times are obtained by sampling multiple random time inter-

i—j

4y -1
valsAt, "’ for each decay channel-| according to Poisson coll —vpf dow dd|<k|exp(iciﬂ|i)|2d

coll — ~
distributions ' dwdq
PA) =T e —T, AL, (220 XOEEt om0y ), (220
Accordingly, the time for the next quantum jump-j (or ’ ’
collapse of the wave functions given by refl=> e, (2.27)
1

t =t AL (2.22
_ o whered*\ "Y/dw dg represents either the elastic or the in-
The process takes place subject to the condition imposegiasiic differential inverse mean free path for transport of
by the occupation probability of the stafie, free electrons as a function of the energy transferred to the
solid, w, (w=0 for elastic collisions and the momentum
gained by the solidj. Details concerning the calculation of
Therefore, another random numbeis chosen that is uni- d“ "*/dw dg for carbon foils can be found in Ref25,26.
formly distributed in the interval0,) such that ' There. exist a few_dlfferences betwe(_an radiative and cplh-
sional mixing. First, in contrast to the dipole operator, which
|¢M(t:(ﬂ' +6t))= Uffis(t::jﬂ W(tifj —8t)) (2.24  governs radiative decd¥q. (2.20], the form factor govern-
ing collisions in Born approximatiofEq. (2.26)] does not

Pi(ti )= [(i| gt - at)) |2 (2.23

) it e<P(tl) obey selection rules that severely limit the number of active
= ] ) NN (2.25 reaction channels. While radiative decay as an explicitly exo-
[yt =) if e>Pi(ty thermic reaction channel leads to a reduction of the degree of

excitation corresponding to a reduction of the populated Hil-
bert subspace, collisional transitions can be both exothermic
and endothermic resulting in an increased spread of the wave
packet over larger and larger subspaces of the internal-state
B. Multiple collisions space(including the continuum This fact leads not to only

The interactions between the projectile electron and th@dditional complicationgN becomes very largebut also to
solid-state environment provide a strong competing channedimplifications.
for the redistribution of the occupation amplitude among in- The central simplifying assumption utilized in previous
ternal states. We treat these processes on equal footing witorks [13,14, which makes the collisional problem trac-
the radiative processes. They can be described also in terri@Ple, is the quasifree-electron approximation. The basic idea
of a stochastic Schrdinger equation whose solution can be is that if the projectile is fast enough and collisional interac-
generated in a corresponding QTMC method in close analion times are sufficiently short the electron can be consid-
ogy to the radiative process. ered to be free during the interaction. This is equivalent to

When the electron in the ion collides with screened nuclethe assumption of the impulse approximation. Consequently,
in the solid, the energy transferred to the nucleus can bghe strength of the collisional interaction is not necessarily
neglected due to its large mass. We refer to this subset dgquired to be small. The random sequence of decay times

collisions as elastic collisions. On the other hand, when thétf”"} at whichU% is applied is obtained from a single Pois-

electron in the ion collides with electrons in the solid, theson distribution for time intervald t&'=t£o!— ¢

We refer to the stepgdq. (2.15), (2.16), and(2.25] as the
QTMC method for the radiative stochastic process.

tey,

032901-5



TATSUYA MINAMI et al. PHYSICAL REVIEW A 65 032901

PALCN =T exp — Atceleoly, (2.28 In the above equationsp is a random angle chosen uni-
formly in the interval(0,277). We neglect relativistic correc-
FcoII:vp/)\coll' (2.29 tions toE; j,q, and hencej is only dependent on,n’.
1 d\1 C. Calculation of photon intensities
W:f do dd7 dg Hw=0p0). (2.30 The total photon intensity(i.e., the number of photons

associated with a particular radiative decay channelk,
where " is the total elastic or inelastic collisional mean and the total intensity of all photons emitted from a particu-

free path for free electrons, integrated overdabind w. lar level are given by

The important consequence of the quasifree-electron ap-
proximation[Egs.(2.28—(2.30] is that the collisional mean I =T fwdt P.(t 23
free path is independent of the internal state occupied at the Ik ik ] i (2.38

transition timet=t". The quantum jump is described by

ugis(tﬁ"") corresponding to an impulsive momentum transferand
gy delivered to the electron, i.e.,

(100 SEYY = U (4O | gyt 10N — IiZFiL dt Pi(t), (2.39
[ (1> + 60)) = U™ [ (1™ = 61)).  (2.3D)

(2.32 respectively. These intensities provide direct information on
' the time-integrated populatior8;(t) (weighted by a con-
stant transition raje Note that the time integral involves the
population while the ion is both inside the solid and after foil
a1 exit. The population of excited states is initially zero, in-
(2.33 creases due to excitation inside the foil, and tends to zero
again fort— when the atom relaxes to the ground state by
) ) ) ) radiative decay after foil transmission. Since transport
Finally, since a single mean free path is assumed, thg,qugh foils of different thicknesses yield different interme-
continuous-time-evolution operator in E(@.16) is unitary  giste populations, changes in the intensities provide direct
without renormalization. Note that in tHenphysical limit,  eyidence of the changing populations due to transport. Since
the radiative decay rates for all states would be identical, th%nergy levels are independentraf, the experimentally ob-

continuous-evolution operatddf, = exp(—iHaondt) [EQ.  servable intensities correspond to
(2.16] would also become explicitly unitary.

The quasifree electron approximation can be modified for
deeply bound states of highly charged ions without changing Tnij= ; Lo/ jum (2.40
the algorithm for the stochastic sequence of collision times !

[Ed. (2.30] by incorporating the constraigt=const=|q| on  which provide direct information on the populations of the

=exp(iGy 1) (12" - av)),

whered, is chosen at random from the probability density

momentum transfers resulting from thefunction in Eg. l, j subshells.
(2.26, which yields In practice, the time evolution of the populations is ex-
plicitly evaluated using the QTT only while the ion is inside
o=(Ej—Eit o)/vy. (2.34  the foil. In free space the effect of residual coherences is

negligible and the Liouville equation reduces to a system of

We choose the absolute magnitude of the momentumfate equations for the state populatidi®., the diagonal

transfer at random according to the probability density matrix elements of the density matrix, E@.3)],
(2.33 and we apply am-dependent momentum boost to the

electron whose matrix elements in the,l,j,m;} represen- d
tation are given by apj(t):; T Pi(t)—TP(t) (t=d/vp).
H Iy o ! (24]’)
(nLj,mg[Ugdn, 17,37 mp)
—inli - A’ 1 m Thus, the time evolution of the populations after foil exit is
=(n.1,j,m;|exp(dn,nr-F)[n",17,]7,m)), most easily evaluated by solving the system of rate equations

(2.35 (2.41). The initial conditions of Eqs(2.4) at t=d/v, are
given by the populations of zero-field eigenstates at foil exit.

with
) . 1. EXPERIMENT
. (g, cose,q, sing,q)) if g;<q )
G = 0 i a>q (2.39 Our experiment has been performed at GANIGrand
%9-=d Accderateur National d’lons Lourdson the LISE (Ligne
_ d’lons Super Epluchs facility. The experimental set-up has
a,=VAG*—qf. (237 been already described in detail elsewhf2@]. Here we
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TABLE |. Labeling and branching ratios of the Balmer lines. @ mr'adiaﬁveldecay‘ o Lamb shift 1 (¢) nG wake |
Transition Label Branching ratio
381/2—2P3s2 Bay 0.644 85 05 .
3d3/2—2p3/2 Ba 0.15379 .
3ds/2—2p3/2 Bag 1 E 0 oo -
3p1/2— 28172 Bay, 0.12087 13 - |
3S1/2—2P1/2 Bayp 0.35515 L @
— A
3P3/2— 28172 Bas, 0.12340
3d3/2—2p1/2 Bagp, 0.846 21
0.5~ - 05~ - 2p,,| 7
L ] L —_ 251/2
summarize its main characteristics. Beams are directed ontt  glareeommagerme e g ] gl ey
self-supported amorphous carbon foils with measured thick- 0 10000 20000 0 10000 20000
nesses and purify\27]. The foils can be tilted to fine-tune the Propagation distance (a.u.)

effective transport thickness. Foil thicknesses are changed
from 3 to 220 ug/cn? to study the ion transport from the
lr)ear-SIngIe-COIIISIOS “m.lt to;heheQUIlllbr[um lelg Balmq ._and the &y, state as the lower level. The calculationgdhinclude
Ines are measured using high-resolution hig -tra}nsmlssm e parameters of the upper levels that control the time evolution in
Bragg-crystal spectrometers. Each photon detection systep}ss+. he | amb shift|AE| =6.3x 10" 2, the radiative decay rates

is placed at a specific angle with respect to the beam direg- . =0,T,, =2.567710 2[16], and the Stark coupling due to
tion to assure polarization insensitivity of the measurementsy, o' ake field w=5.43x 10~ 3 [16], all in a.u. Some of these pa-

From the Balmer Iirles and branching rgt(see Table)l, rameters are set to zero @), (b), and (c). Initially, at d=0,
we can obtain the ratio between the total intensities of phop,_ (0)=1,p,. (0)=0, andP,, (0)=0
: 28y 1 2Py ' sy :
tons emitted from the [3,,, and 35, States,

FIG. 2. Population dynamics in the=2 shell obtained within a
three-state model involving thesg, and 24, states as upper levels

subshell splittings in the population dynamics of excited

|3P1/z_ 1 Bay 0550 31 states. If we write the projection of the wave function onto
|351/2_ 0.1874\Ba, (3.3) the upper two levels of this model system as
and from the 83, and 3, states, [pup(t)) =as(t)|1)+ax(1)[2), 4.0
| it can be showr[22] that the dynamics of the two upper
|3d3/2=6 5025_32 (3.2 levels is governed by the Scliioger equation
3d
3 ii ay(t) i d(E:’ll(t) 4.2
Details of this analysis are given in RgR7]. Differences dt\ax(t) Mm% a,(t) )’ '

between the coefficients above and those in R&f] are due )
to the relativistic corrections to the radiative transition rateswith
taken into account in the present work.

_ E,—iT./2
( i " ) 4.3

H o= .
IV. RESULTS mel Ep—iT /2
In this section we present the application of the quantunwhereE; andE, are the energiesy is the coupling strength,
transport theory introduced in Sec. Il to the case of 60andI’; andI', are the decay rates of the upper levels. The
MeV/u Kr®®" (1s) ions interacting with carbon foils. We population of the third level is simplyPs(t)=1—P(t)
begin by performing a simplified analysis of the time evolu- — P,(t), whereP,(t)=|a,(t)|? and P,(t) =|a,(t)|?. Equa-
tion of the internal state of the ion in the absence of multipletion (4.2) can be solved analytically by diagonalizift,eg.

glolltllsmrés In ort(r:i]er tobh'k?r”'ghlt.éhe mofc{;rf:catlons dlue tlo ra- |7, |€) are the eigenstates éf o4 With eigenenergies ,,
iative decay, the subshell splittings of the energy levels, an nds,, the solution is

their interplay with the intrashell mixing due to the wake

field. t))=a,0)e '“!|&)+a, (0)e ' y), (4.4
For simplicity, we choose a three-level system with two lwu')( N1=2a0) 9 0 I “-4

coupled upper leveléstates1) and|2)) and one lower level a,(0)=a,(0)(£|1)+a,(0)({£|2), (4.5

(state|3)) to which radiative decay occurs. The benefit of ¢ 1(0(E D) +a2(0)(¢]2)

first investigating this simplified system is that its time evo- a,(0)=a;(0)(7|1)+a,(0){7|2). (4.6)

lution can be evaluated analytically. Therefore, it can be used

to test the accuracy of the QTMC approach described in the In Figs. 2 and 3 we analyze the time evolution of this
preceding section. In addition, much can be understood corthree-level system as a function of the propagation distance
cerning the relative importance of the wake field and thed=wv,t. The energies and radiative decay rates have been
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FIG. 3. Population dynamics as in Fig. 2 but in=3 shell
obtained within a three-state model involving the;3 and 3.,
states as upper levels and thg, ] state as the lower level. Atomic
structure parameters: Lamb shifa E|=1.9x 10 2, the radiative 10
decay ratesl'zs ,=2.9454<10°% Tj, =7.6762<10 % [16],
Stark coupling due to the wake field, 1.2760 2 [16], all in a.u.
Some of these parameters are set to zefa)ir(b), and(c). Initially,
atd=0, P35 (0)=1, P3, (0)=0, andPy, (0)=0.

— with radiative decay
— — without radiative decay

1000 10000 100000

chosen such that in Fig. 2, the two upper levels 1 and 2,

respectively, represent thesg, and 2p,/, states whereas in Foil thickness (a.u.)
Fig. 3 the two upper levels represent the;3 and 34,
states of K#**, all of them for a fixed valuen;=1/2 . Thed
states of then= 3 shell are neglected in this simplified-model
system. The level splittind E=E, —E, between the levels
is given by the Lamb shift. The value of the coupling-matrix
elementw between states 1 and 2 is set each to the couplin
strength between the states due to the wake field f&? Kat

a speed ob,=47 a.u. The initial condition is chosen such
that statgl) (the ns,, state is occupied with unit probabil-
ity. In panel(a), the Lamb shift is set to zero, i.AE=0 and
the radiative decay is turned off. In this case, both states arg,
completely mixed by the wake field. In pan&l), the Lamb

shift is turned on by which the mixing due to the wake field

is considerably reduced. The effective degree of mixing de- P.(d)= > Py jm (d), 4.7
pends of the ratio of the coupling to the level splitting Lm0

|AE|. Forn=2,|AE|=6.3x10 ?2a.u>w=5.43x 10 % a.u.

and, therefore, Stark mixing is almost Comp|ete|y Sup-Of realistic transport simulations including multiple colli-
pressed. In turn, forn=3, |AE|=1.9x10 ?a.u~w sions and with the radiative decay during transport either
=1.176<10 2a.u.[16] and a considerable amount of mix- Switched off or on. As a function of foil thickness, the popu-
ing can take place. In pané) of Figs. 2 and 3, we turn on lations of excited states first increase monotonically and sub-

the radiative decay but turn off the wake field. Since thesequently decrease monotonically for foil thicknesses larger
system is initially in thes,, states, the population of thm,,  than A2’ since the “source” state 4 of Kr begins to be
states remains equal to zero for all times. Since the, 8tate  depleted and ionization starts playing an important role. For
is metastable, its population is approximately constant. Irsimulations without radiative decay, the populations of ex-
panel (d), we turn on the wake and, therefone,, states cited states approximately maximize at a thicknessy !
acquire a finite population. Note that this population is much(depicted by a horizontal arrgwin the presence of radiative
larger inn=3 than inn=2 because of the larger ratio of decay, however, the positions of the maxima move towards
Stark coupling to level splitting. Clearly, the population dy- smallerd. The presence of radiative decay becomes visible at
namics within a givem shell strongly depends on the rela- foil thicknesses of the order of the fastest radiative mean free
tive size of the wake field, the Lamb shift, and the radiativepath within a given manifolde.g., forn=2, whend~)\r2%d).
decay rate. Thus, any realistic simulation must consider their The maximum foil thickness utilized in our experiment is

combined effects in the full transport simulation. Since the2.5x 10% a.u.. In this range of thicknesses, the populations do

FIG. 4. Analysis of the effect of radiative decay on the popula-
tions of then=1, 2, 3, and 4 shells at foil exi®,(d). Solid lines:
calculations with radiative decay. Dashed lines: calculations without
radiative decay. The horizontal arrows indicate the mean free paths
for the collisional excitation from the sl state and for radiative
gecay.

populations forn=3 exhibit the most pronounced effects,
we will mainly focus on the dynamics of this shell.

Figure 4 displays results for the populations of different
ells at the foil exit,
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FIG. 5. Analysis of the effect of radiative decay on the subshell FIG. 6. Ratio between the populations of thp;3 and 3,
relative populations within the=3 level at foil exit. Solid lines:  states at foil exit. Solid line: full simulation. Dashed line: calcula-
calculations with radiative decay. Dashed lines: calculations withoution without radiative decay but with wake field. Dotted line: cal-
radiative decay. The horizontal arrows indicate the collisional anctulation without the wake field but with radiative decay.

radiative-decay mean free paths. . . )
probabilities from the ground state of Kr to different final

not reach the maxima of the-shell popu]a’[ions shown in states under Single-collision conditions. Note that the popu-
F|g 4 and, hence’ excited states are mosﬂy popu|ated H?tion of the “source” state is still almost constant. The
direct transitions from the ground state rather than from mulcurves start to separate from the single-collision limit at a
tiple excitations involving several levels. In turn, there ex- foil thicknessd~10° a.u., which is of the order of the colli-
ists a larger degree of intrashell collisional mixing comparedsional mean free path for transport of free electran®)
to other systems studied in the past. All the calculations iffdepicted by a horizontal arrgwin turn, results with and
the following were performed using an expansion of thewithout radiative decay during transport start to separate
wave function of the projectile electron in a basis set involv-from each other for foil thicknesses of the Ordi?Fké"’Ld-
ing hydrogenic bound states of the ion uprie-6, which ~ Without radiative decay, the relative populations approach
corresponds to a total number of 182 states. Typical simulathe statistical limit for intrashell mixing, i.eR3s:P3,:P3q
tions involved Ny,= 10* quantum trajectories. The ioniza- =2:6:10.Simulations with radiative decay during transport
tion probability in our experiment is relatively small and, indicate that radiative decay effectively slows down in-
therefore, using this truncated basis is a good approximatioritashell mixing. The reason for this, at first glance, puzzling
Note that the transitions form factors allow direct transitionsfinding, is as follows: a single collision from thessource
from the states in the basis to states outside the basiseset state” mostly populates the @B orbital. For increasing foil
the complement of the basis set, including transitions to thé¢hicknesses, the populations of the &d 3 orbitals are, in
continuum. However, transitions from the complement back addition to their direct excitation from thes $tate, enhanced
into the truncated basis set are neglected. The norm of they a second source, the intrashell redistribution from the 3
wave function provides a good indication of the total loss oforbital. However, when the foil thickness exceeds the 3
probability due to the transition to the complement. In theradiative decay mean free path, the absolytep®pulation
present application, the norm remains close to unity. Fodecreases compared to the case without radiative deegy
V¢{f), we use the dipole approximation with an Fig. 4 and, hence, the®and 3 states begin to lose one
n-dependent electric field from RdfL6]. We have tested the source of their enhanced population. Note that even though
accuracy of the resulting Stark couplings and energy levelthe 3s and 3 relative populations obtained with radiative
against calculations we performed using a more elaboratdecay during transport are larger than those without radiative
approach in which the wake field was obtained in linear re-decay in the thick-foil region, this certainly does not mean
sponse theory from the dielectric function of Ashley and co-that radiative decay increases thdsolute population of
workers[28]. these states. This observation is key to understanding of the
Figure 5 displays theelative populations ofn, / sub-  enhancement of the population ratigs;3 to 3s,,, as a func-
shells inn=3 as a function of foil thickness, i.e., the popu- tion of the foil thicknesgFig. 6) in the presence of radiative
lations at each foil thickness are normalized to the totadecay. The effect is further enhanced by the wake field.
population in then=3 shell. For thin foils, the populations While with the wake field turned on, a pronounced maxi-
are nearly constant reflecting the ratios of direct transitiormum develops nead~2000 a.u., switching off the wake
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FIG. 7. Ratio between the populations of the, 3 to 3s,,, states
for different initial coherences. The calculations were performed
within a three-state model involving thes3, and 3,,, states as
upper levels and thesl,, state as the lower level and neglecting
multiple collisions. Initially, the electron is in a coherent superpo-
sition of the two upper levels such that the ratio of the amplitudes is

A3p, ./ 83s,,,= *1V2. Foil thickness (itg/cm’)

field leads to a reduction of this population ratio. Both wake- FIG. 8. Total intensity ratios as a function of foil thicknesar
field effects and radiative decay are crucial in order to un4 3p,,/ 135, [EQ- (3.D)], (0) lsq,, /154, [EQ. (3.2]. Symbols with
derstand the experimental population ratio discussed beloverror bars: experiment. Solid lines: full simulation. Dashed lines:

There is a third ingredient that needs to be included ircalculation without the wake field. Dotted lines: calculation without
order to reproduce the experimental photon-intensity ratiostadiative decay inside the foil.

the collisionally induced coherences betweenglaad thep . - )
states, i.e., the off-diagonal elements of the density matrix 1€ combined effects of initial coherence, the wake field,

and radiative decay during transport are directly observable

under single-collision conditions. In order to illustrate the: th X - In Fia. 8 th > al
importance of the initial coherences, we consider in Fig. 7h the experiment. In Fig. o we compare the experimenta

the simplified three-level model discussed abfkg. (4.2)] zirgi((jest?eoritlmal rae:éjllts of/;che ful_:_k%TLtfigr (;[P teh(raait:ge?]fsligteesn-
where the two upper levels represent the 3and 3y, 3p12" 38y Sdgp" " 3dgyy

states for an extreme case of a fully coherent initial state wittpf dhstat_es IIS rellzli_tlyely mlsenfsmve”in? 'ths. vkalue IS velry close
eithera3p1/2/a3sl/2=—ix/2 or a3p1/2/a351/2:+i‘/2- The first (o the single-collision value for all foil thicknesses. In turn,

o ) , > the ratiol s,  /13s is very sensitive and changes by more
choice is not arbitrary but it approximately corresponds to V2 Sz oo

; . 4 . than a factor of 2 within the range of foil thicknesses can be
the actual value obtained in our full QTT simulations under

inal lisi diti A relati h of /2 b observed. In the thin-foil region, the radiative-decay mean
Single-collision ‘conditions. A relative phase aimlz e gqaq nath s longer than the foil thickness and the intensity of
tween thes and thep amplitude is also consistent with the

L ! : X hotons emitted inside the foil is negligible. In fact, simula-
Born approximation, which gives rise to coherences of odcﬁ

; , : ons with and without radiative decay during transport yield
PT symm'e.tr'y{zg]'. Choosing the negative sign of the phase’approximately the same result. However, the results for thick
the ratio initially increases, reaches a maximum, and subs

! ; IDS§sils are quite different. The calculated ratig, /ls  Ob-
guently decreases, much like the result of the fuIIS|muIat|0n§ ined f the full OTT simulation i 1’2f S12 .
in Fig. 6 (the subsequent oscillations observed in the simpli—aIne rom the full QTT simulation increases for increasing

fied model for thick foils are not observed for the real colli- foil thickness whereas calculations neglecting radiative de-

sion system because of damping due to multiple colligions cay during transport give a decreasing ratio for thick foils.

On the contrary, the ratio obtained with an initial phase ro-.AISO’ only calculations with the proper coherence phase and

tated by initially decreases, reaches a minimum, and sub-InCIUding t_he wake field ir_lduced by the ion can account for
sequently increasdse., the oscillations are phase shifted by the behavior of the experimental data.

). Clearly, since the two levels are coupled by the wake
field, the initial coherence between the two levels plays a
crucial role in the time evolution of the photon intensity ratio  In this paper we have presented a comparison between a

for thin foils [30]. gquantum-mechanical transport thed@TT) for the transport

V. CONCLUSIONS
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of internal states of ions through thin foils with experimentalground state of Kr can be identified in the experimental data
data. In order to explain the experimental findings, the incordue to the interplay of wake-field mixing and initial-state
poration of radiative-decay, fine-structure, and Lamb-shiftcoherences.
splittings as well as the wake-field coupling into the present

stochastic Hamiltonian for the open quantum system was
necessary. Radiative decay and collisional excitation was

treated on equal footing within a quantum-trajectory Monte This work was supported by the NSF and F\(Austria).
Carlo technique. Our simulation revealed that radiative de€.0.R. acknowledges support by the DCS, OBES. U.S. DOE
cay inside the foil effectively slows down the mixing be- managed by UT-Battelle, LLC under Contract No. DE-
tween the states. Our simulations showed that the wake fieldC05-000R22725. We thank the University of Paris 6 et 7
is not strong enough to mix the states with differequan-  for allowing us to organize a working meeting with B.G.,
tum numbers in any of the low-lying shells observed in theJ.B., and C.O.R. We also wish to extend our thanks to L.
experiment. In turn, the wake-field coupling can be compaAdoui, A. Cassimi, J-P. Grandin, H. Rothard, and C pBtan
rable with the Lamb splitting. Stark mixing modified by the for their participation in the data acquisition. We acknowl-
Lamb shift was clearly observed for thes;3 and 3,, edge J-M. Ramillon from the CIRIL for his technical support
states. We also found that effects due to coherences genemd the exploitation staff of the GANIL for providing us
ated by the primary direct-excitation process from theassistance and high-quality beams.
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