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Excited-state evolution probed by convoy-electron emission in relativistic heavy-ion collisions
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We present a joint experimental and theoretical study of convoy-electron emission resulting from highly-
charged-ion transport through carbon foils at moderately relativistic speeds. Energy spectra of electrons ejected
at 0° have been measured for 390 MeV/u hydrogen-liké"Arons and 460 MeV/u g=v/c=0.74;
=1.49) Fé>" (1s), Fé*" (1s?), and F&*" (1s?2s) incident on carbon foils with thicknesses from 25 to
8700 ng/cn?. Due to this unprecedented wide range of thicknesses, the sequential excitation and ionization of
initially deeply bound electrons to highly excited states and continuum states can be followed in considerable
detail. The analysis of the spectra is aided by simulations based on the classical transport theory which has
been extended to relativistic energies and to multielectron projectiles. The motion of the projectile electron
inside the solid target is calculated taking into account the Coulomb potential of the projectile ion and the
multiple stochastic collisions with target cores and target electrons. Different phases of the convoy-electron
emissions can be disentangled: direct ejection to the continuum, the transient buildup of an excited-state wave
packet followed by ionization, and postionization modification of the continuum spectrum. We find good
agreement between experiment and simulation for the evolution of charge states and the emission spectrum.
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[. INTRODUCTION been frequently analyzed by comparing them with the ECC
and ELC electron spectra for ion-atom collisions. For the
The angular and energy distributions of electrons emittedeCC process, the electron spectrum was reported to be
in ion-atom and ion-solid collisions have been studied extenskewed toward lower enerdyt]. On the other hand, for the
sively during the last few decades in the regime of nonrelaELC process, the shape of the electron spectrum is forward-
tivistic projectile velocitieg1,2]. One of the most prominent backward symmetric. In the projectile frame, the ELC elec-
features of these emission spectra is that in the forward ditrons tend to be emitted transversely, i.e., perpendicular to
rection they exhibit a cusp-shaped peak at the energy corréhe beam direction, which leads to the narrow cusp peak in
sponding to the same velocity as the incident ion. This peakhe laboratory fram¢10,11]. Berry et al. measured the an-
is referred to as convoy-electron pe&BEP. Mainly two  gular distribution of convoy electrons in ion-solid collisions
processes are responsible for this electron emission: the eleld2]. The observed angular distribution of convoy electrons
tron loss to the continuurfELC) originating in a direct tran- resembled that of ELC electrons except that the former is
sition from the initial state of the projectile electron to the more strongly transverse. For convoy-electron distributions
low-lying continuum of the iori3] and the capture of a target of 36 MeV/u A" ion collisions with thin carbon foils, Gib-
electron to the low-lying continuum of the projectiECC) bonset al. [13] found rapidly changing anisotropy param-
[4-6]. At intermediate projectile velocities both processeseters as a function of the target thickness which were attrib-
significantly contribute to the CEP, posing complicationsuted to electron emission inside the solid from higlstates
when extracting detailed information about each emissiorf the projectile.
mechanism separately. Moreover, in ion-solid collisions, a All experiments on convoy-electrons to date have been
large array of multiple-scattering processes in the solid conperformed in the MeV/u energy region. In this energy range,
tributes. Relating the emitted electron spectrum to the microi is difficult to fulfill single collision conditions because the
scopic scattering processes that generate them is therefoagerage distances between two collisidtise mean free
exceedingly difficult. Convoy-electron emission is one sig-paths(MFP’s)] for capture, excitation, and scattering of free
nature of the evolution of an electronic state of the projectileelectrons are short in comparison to the experimentally avail-
traversing a solid. The latter problem continues to attractible and reliably controllable foil thicknesses. Therefore, a
considerable interest, among other reasons, because of dstailed study of the evolution of convoy-electron spectra
relevance for the injection problem of high current spallationfrom the near-single collision regime to the thick-foil
neutron sourcef7] and for x-ray emissiof8,9]. multiple-scattering regime has been missing. In order to fol-
The convoy-electron spectra for ion-solid collisions havelow this evolution in detail and to disentangle microscopic
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processes governing the emission and modification of the 70 80 90 100 110 120 130 140
convoy spectrum we have employed much higher, moder- Energy (arb. units)
ately relativistic, energy Af* ions of 390 MeV/u @8 _ _ S _
=vp/c=0.71,y=1.42) and carbon foils with thicknessds FIG. 2. Typical pulse-height distribution measured with the

from 25 to 8700’“9/(:”? [14]. For amorphous carbon a SSD. The dashed line shows the fit to the background.

thickness of 1ug/cn? corresponds to 100 a.u. or to the 20- _ _

fold of the atomic mean nearest-neighbor spacing. The thickEe data requires the extension of the_ one-electron transport
nessd is also a direct measure for the elapsed time, in théheory to multielectron projectiles, which can be performed
frame of the projectile~d/(vpy) (vp: ion velocity), for Wlthln the framework of the independent-particle approxima-
the evolution of the wave packet of the projectile electrontion (IPA) [21]. _ _
inside the solid. We will use thickness and time interchange- The plan of this paper is as follows. In Sec. Il we briefly
ably to parametrize the evolution of the initial projectile describe the experimental setup. In Sec. Ill we discuss the
state. This wide range of thicknesses provides the opportdnodlflcapons and extensions of the classical transport .the(.)ry
nity to follow the electronic evolution for a single active @S required to describe the current range of projectile
electron from its initial ground state to its final state in thecharges. Detailed comparisons between experiment and
continuum subject to up to hundreds of collisions. In thistheory are given in Sec. IV, followed by a short summary in
energy range: Sec. V. Atomic units are used unless otherwise stated.

(i) The electron capture process is completely negligible
compared to the ionization process. Accordingly, contribu-
tions from target electrons to convoy-electron emission can
be safely neglected. Consequently, only the electrons carried Figure 1 displays the experimental setup schematically.
into the collisions by the projectile are active participants andBeams of 390 MeV/u Ar* and 460 MeV/u F&'(q
they provide the exclusive source for the observed electroe=23,24,25) ions were provided by the Heavy lon Medical
spectra. An effective one-active electron picture is thereforéccelerator in ChibHIMAC). A 50-mm thick Fe collima-
applicable. tor with an inner diameter of 1 mm was located 6.5 m up-

(it) All relevant MFP’s are long at this energy. For ex- stream from a carbon foil target. In the case that the size of
ample, the MFP for projectileslionization in carbon is es- the beam spot was small enough, the collimator was re-
timated to be 300Q.g/cn? [15]. Even the shortest MFP in  moved. Although the beams of Ar and Fe ions are stopped in
the system, the MFP for free-electron scattering, isthe collimator, the light particles produced via nuclear reac-
~30 uglcn? [16] and thus larger than the thickness of thetion in collisions of the beam with the collimator escape
thinnest foil used. Moreover, dependences on the initial statrom it. In order to eliminate such fragments, a 150-mm
of the electron to be ionized can be investigated by employthick Pb baffle with an inner diameter of 10 mm was placed
ing different projectiles. We have therefore also measured th@.35 m upstream from the target. We prepared carbon foils
spectra of convoy-electrons produced by 460 MeV@ ( with thicknesses from 25 to 87Q@g/cn? as targets. The
=vp/c=0.74;y=1.49) hydrogenic F&" (1s), helium-like  diameter of the beam was about 2 mm at the target.
Fe4"(1s?), and lithium-like F&%"(1s%2s) incident on car- The energy of the detected convoy-electrons is around
bon foils with thicknesses ranging from 50 to 190@/cn¥. 200 keV. An electrostatic electron analyzer is not suited for

In this paper, our experimental findings are comparedneasuring the spectra of such high-energy electrons. In order
with results of calculations performed with the recently de-to obtain the spectra of the electrons ejected at 0°, we
veloped classical transport theof€TT) [16—18. Within  adopted a magnetic analyzer with a 105 mm central orbit
this framework the electronic motion is determined by theradius and a 90° deflection angle. A silicon surface-barrier
projectile Coulomb potential and the stochastic forces due tdetector(SSD with a depletion layer of 5 mm was used as
multiple scattering with target electrons and target cores. Apan electron detector. By scanning the strength of the mag-
plication of the CTT to the present experimental conditionsnetic field, we obtained the momentum spectra and trans-
for highly charged ions requires the extension to the treatformed them to the energy spectra. Figure 2 shows the pulse-
ment of deeply bound electrons where quantum effects maleight distribution measured with the SSD with the fit for
play an important rol¢19,20. Moreover, the analysis of the background subtraction. The use of the SSD is essential to

Il. EXPERIMENT
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discriminate against the background signal such as electrons . R R R
from other sources angl rays. Two 5-mm thick Al apertures p=—VVp(r)+ EI Ap;o(t—t), ()
with an inner diameter of 5 mm were placed at the exit of the

magnet and also in front of the electron detector. These aRyhere v, denotes the interaction potential between the
ertures determine the momentum resolutiolp(p  active electron and the projectile. Here and in the following,

~0.02) and the acceptance artglba(~t°). The stopping (F, |5) denote the position and the momentum of the electron
power for 214 keV electrons, isotachic to 390 MeV/u Ar . - . T
in the projectile frame whereas primed variablas,p’)

lons, in carbon is 2.4 eVi{g/ent) [22] and, therefore, the correspond to the target frame. For hydrogenic ions
energy loss is completely negligible for a thin tardetg., - i ST ) '
25 wglen? carbon foil. The absolute electron energy was VP()=—Zp/r, with the projectile charg&p. For multi-
thus calibrated assuming that the peak energy of convotf_?lec.tron prolect|le$/p_represents the effective pote.nt|al tat<-
electrons for At"" and F&>" ions incident on a thin target is Ing into account pa”'f”" screening effects.by passive projec-
equal to that of an electron with the same velocity as thetIIe electrong._ The high projectile vglomty a”O.WS one to
incident ion. During the measurement, the beam intensit neglect modifications oW/, by dynamical screening of the

) . ' rojectile by target electrons inside the s . The effec-
was more than TOparticles per secontpps. We placed a )b ) ytarg ]

Cu foil of 50 wm thickness at the end of the beam line, ang!'Ve screening length for dynamical screenifg=uvp/wp

itored the b intensity b ing € ~100 a.u. p: plasma frequency of the medionn the
monttore € beam ntensity by measurning BUX-rays —ogiframe of the target and the corresponding screening
emitted in collisions of the projectile ions with the Cu foil

, . length in the projectile framk,.=1./y is large compared to
using a ISGLI) detectog he ch distributi ¢ hthe size of(even highly excited projectile states. At high
. We also measured the charge-state distributions of thgeqities; the electron-solid interaction can be treated in the
ions transmitted through the carbon foils. The ions wergyy isive momentum-transfer approximation, i.e., momenta
charge separated by a magnet with a field strength of 0'5_ p; are transferred instantaneously at collision tirhesre-
located 1.3 m downstream from the target and detected wit ucing the transport problem to a random walk of the pro-
a two-dimensional2D) position-sensitive Si detectéPSD  jetile electron along Kepler orbits subject to a stochastic
located 5.6 m downstream from the targe(t)sa. In this measur&sequence of momentum transfers. The probability distribu-
ment, the beam intensity was reduced-a0” pps to avoid tions of Ap; andt; are microscopically determinefl7]

pileup. within linear-response theory, i.e., Ed.) does not contain

For thicker targets £1000 ng/cnt), we evaluated their . S
thicknesses by measuring the energy loss. A beam of &Y adjustable parameter. TAg; distribution follows from
e relativistic differential inverse mean free path, whereas
t

MeV/u protons was supplied from the tandem accelerator a fliaht imesA L — b lisi b
the University of Tsukuba. The energy of the proton trans-'¢ "9 timesAt;=t;—t;_, between two collisions are ob-
mitted through the carbon foil was measured with a SSD Otalned from the corresponding integral inverse mean free
500 um in thickness. The observed width of the energy-losspath' Outside the solid the time evolution of the electron
peak was broader than the energy resolution of the SSD a sociated with the projectile is determined by the Coulomb
the energy straggling of the proton. Taking into account th orce r_epresented by the first term in I.m) onI_y. Ir.] a clas-_
widths originating from these contributions, the inhomoge_S|cal picture t_he unperturbed electronlc motion is described
neity of the target thickness was extracted from the widthPY Kepler_ ort_nts at constant energigky].

[full width at half maximum(FWHM)] of the proton energy- Essential inputs for th_e treatment of the rapdom walk of
loss peak. For thinner targets:(L000 ug/cn?), we adopted the electron(bound and in continuujnas described by the

the values for the thickness estimated by a carbon foil Supl__angevin eqfuatior(%% afre :Ee _ditfferertt_tial an_;jh t{rrl]tegrza;t dinﬁ]
plier with an accuracy and inhomogeneity ©fL0% [23]. verse mean free paths for the interactions wi € sold. The

collisional interactions determinirtgﬁi andA t; are the scat-
tering of the electron at the screened heavy nuclei in the solid
Il THEORY on one hand and interactions with the fermioNibody sys-
tem of target electrons on the other hand.

The evolution of the state of the electron is represented We briefly review the calculation of the differential in-
within the classical transport theofCTT) [16—18 by a  verse mean free pathIMFP’s) used as input for the
probability density in phase spapg|(r,p) which is initially ~ Langevin equatior(1). More details can be found in Refs.
given by a microcanonical ensemble with the binding energy16,17,23. Different scattering processes involving the pro-
of the active electron in the ground state. For hydrogenic 14€ctile electron are considere) scattering at the screened
states, the momentum distributign,(p) agrees with its ~core of target atoms ari#h) scattering at a quasifree electron
quantum counterpart. The time evolution of the electron iggas of the valence electrons leading to longitudinal and trans-
then given by a reduced Liouville equation which is solvedverse excitations. _ _
by test particle discretizatiofi.e., classical trajectory Monte ~ The screened Coulomb potential of the target cores is de-
Carlo sampling Microscopically, the dynamics of each test scribed byV(r’) = —(ZT/r’)e‘r"a wherea=0.88% WBis
particle is governed by a Langevin equation involving both athe Thomas-Fermi screening radius ahdthe target nuclear
deterministic Coulomb force and a stochastic force acting orhargd 26]. Since the projectile electron is much lighter than
the electron: the target atom it scatters at, practically no energy is trans-
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ferred to the projectile. Therefore we will refer to scattering(3), the DIMFP for transverse excitation can be expressed in
at atomic cores as elastic interaction hereafter. We point ouerms of the complex dielectric response functiofy, )

that elastic collisions in the rest frame of the target, never=¢,(q,w)+ie,(q,w) as

theless, result in excitation of the projectile electronic state.

The qloubly d_ifferent.ial inverse mean free paiMFP) as a d;t 2p°2 £,SIPVY codWw
function of differential energy and momentum transfisg dodd -2 , (4
anddgq, is given in first-order Born approximation %7,27 4 mciq (1—B'%e,c08W)%+ B s 2cod W
d\ ;! 8wZ2N 8 w) where 8’=v//c and ¥ is the angle between the incident
dwdq = Uéz [1+(qa) 22’ ) momentump; and the momentum transfer

The key ingredient for the description of both longitudinal

and transverse projectile-target electrons interaction is the
with the atomic number density=9.9x 10°7cm’ for amor-  jnverse dielectric response functien }(q, ). In the present
phous carbon corresponding to a density ef2 g/icm?. The  approachs ~1(q,w) is parametrized in terms of a sum of
delta functioné(w) corresponds to zero energy transfer to pryde-type functions introduced by AshlE30]. The param-
the projectile electron and,, is the electron velocity. More eters are determined from the optical limig=£0) where
accurate elastic-scattering potentials can be treated within thexperimental optical data for the loss function[ knl/e(q
partial-waves methof8]. We choose Eq(2) in favor of a  =0,w)] are available for many materials. For carbon the loss

faster evaluation within the Monte Carlo simulation in orderfunction can be fitted by a sum of five Drude-type functions
to decrease the statistical error which dominates over thgz1, 3(

error introduced by the simplified potential.

The interaction with the target electron gas leads to the _ n 2
. . . . . 1 W, 7w
creation of a plasmon or particle-hole pairs. The high projec- Im = 2 5 TR (5)
tile velocity allows us to treat the problem in linear-response e(@.0)] =1 (0f(9)— 0?2+ 7o

theory. The electrostatic Coulomb interaction between the
projectile electron at position’ with a target electron at fiXing the parameters,;, w; for »; (j=1,...,5) in Eq.
position ﬂ’ can be expressed as a Fourier integral over th(—@ for g=0. The use of a relativistic free particle dispersion

L. i relation for the resonance frequencywg;(q)= wo;
momentum transfeg=p;—p; written as a tensor product +c2(JV1+g%c?—1) allows one to access regions with

acting in the projectiles subspa¢p; |V, (q) |f>i’) and in the 0,
targets (n|V,(q)|0) subspace asV,(q)=q 2 9" We discuss in the following briefly the extension of the
®2jeiq-rj'_ This interaction exerts a force parallelcicand is CTT required for the present application of sequential ion-
accordingly called “longitudinal” hereafter. In first Born ap- 1zation of deeply bound electrons. A recently developed
proximation the probability for exciting a target atom from duantum trajectory Monte Carlo methd@TMC) [20,24
the ground state to an excited state of enegyvhile trans- reduces to the CTT when the electron-solid interaction is
. - N treated as quasifree electron scattering and the classical limit
ferring momentung and energyw to the projectile electron

. R is taken. For deeply bound electrons, the quasifree electron
per unit pathlength is given by the DIMFP E29] approximation is poorly justified. Because the continuum

emission spectrum is difficult to treat within the QTMC we
employ the CTT instead, taking into account, however, the
' ©) suppression of small momentum transfers in soft collisions
for deeply bound electrons. In a qguantum-mechanical treat-
ment of the projectile electronic system, the final state after a
where £ "*(q,w) is the inverse dielectric function of the coliision is restricted by the discrete level structure of bound
electron gas. states. A classical description of the transport problem does
At relativistic energies a second inelastic interactionnot contain such a feature. To partly account for this inad-
mechanism with target electrons is the ?miSSion and rea%quacy we introduce the requirement of a minimum energy
sorption of virtual photons with momentaq exciting inter-  transferw,;, in the rest frame of the projectile ion, which is
mediate target states with energeg+ E,,. The interaction determined by the energy gap between the binding energy

term for the projectile emitting a photon with momentgm  before €,) and after €, ) collision as wpin=En —Ep,

is given by —ca-Ase 4" with the Dirac current operator = En[n?/nf—1]. For excitation to the next higher energy
—ca and the unit polarization vectoks with the two or-  level (ng=n;+1), the expression simplifies tawpmi,
thogonal polarizations=1,2 [29]. The probability ampli- =E,[(1+ 1/nj)"2—1]. Within a classical simulation the
tude for absorbing this photon by the target is proportional tqprincipal action(quantum numben) is a positive real num-
the matrix elements of the operaterca-Ae '9"i. Since  ber given byn=2Z,/\/—2E, whereE, is the binding energy
this force is orthogonal to the propagation direction of theof the electron in the rest frame of the projectile ion. Accord-
emitted/absorbed photon, we refer to this interaction as thengly, we introduce a minimum momentum transtgy;, as a
“transverse” excitation. As for the longitudinal excitations function of binding energ¥,., which is given by

d,t 2 |
= m
deodq  7y/2%q

-1
&(q,)
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10" qizl0 =5 gl are no longer suppressed by the requirenmgeny,;,. The
0 2 "4 ' ' ' latter start to significantly contribute to the interaction with
gy 7 e solid by perturbing the highly excited states while the
1 o | the solid by perturbing the highly excited states while th
= 10T | "“1%.;;\ 2 ' large momentum transferred by core collisions tends to im-
Z % | D mediately ionize the electron. Finally, for transport of free
St | % ~2 longltudinal electrons all values off are allowed (,,;,=0). In this re-
2 7 2 transverse gion energy straggling is primarily caused &ye scattering
B g7 7 while the electrons are removed from the small-angle for-
gt L | hile the elect d from the small-angle f
3 g g % e ward cone by deflection in elastic collisions. In our Monte
& 107 2 7 2 = Carlo simulation we have the opportunity to follow the time
g % % ‘\‘«\\ evolution of the electrons from the deeply bound ground
. 2 % 2 state to highly excited states and then finally into the con-
P T 100 10 1o tinuum. Their signatures in the spectra of emitted electrons
Momentum transfer (a.u.) will be discussed in detail in the following section.

A second modification concerns the treatment of multi-
FIG. 3. Momentum-transfer distributions for elastilid line),  electron projectiles. In the presence of additional electrons
inelastic longitudinaldotted ling, and inelastic transverdelashed  hound to the projectile, the interaction potential of the active
line) collisions evaluated at the initial projectile velocity of 97 a.u. glectronk with the constituents of the projectile becomes
with cutoff for the minimum momentum transfer for excitation of
the ground staten(=1) and of excited states=5 andn=10 in-

dicated by vertical lines. Zp 1

= =, 8
rk(t)—'_i;k [r(t)—r(t)] ©

Vp(r,t)=—

wnin E
Omin=—","=—, [(1+=2E/Zp) *~1].  (6)
Ve Ve consisting of the Coulomb interaction with the bare nucleus
(1st term and a sum of the Coulomb interactions with the
other projectile electron@nd tern). Solving Eq.(1) with the
potential[Eq. (8)] represents a formidable task since every
projectile electron is subject to transport and thus performs a
d2n -t d2n 1t coupled random walk in phase space during the time evolu-
: ) S 6(q— Amin)» (7)  tion. To further complicate matters, a classical many-electron
dodq/ ~ dedq atom is highly unstable due to spontaneous autoionization.
We therefore simplify the problem by invoking the
through the Heaviside step functidi{q—qmn). In Eq. (7)  independent-particle approximatighPA) [21]. Accordingly,
dz)\flldwdq is the original DIMFP for free electrons in first we employ a state-dependent yet time-independent mean-
Born approximation differential in energy transféw and  field potentialV{" for a given electron which accounts for
momentum transfedq for electron-target core scattering ( partial screening. The construction B makes use of the
=1) and electron-electron scatterinig<2,3). In the limit of  fact that for that high projectile velocities and a strong sup-
states with small binding enerdy,— 0, qnin tends to zero-  pression of capture, multielectron ionization in a multiple-
like gmin— — (Ee/vg) V—8E¢/Zp. Consequently, the modi- scattering environment is sequential with the more weakly
fied DIMFP, [(d®\; })/dwd(q],, in Eq. (7), resembles the bound electrons emitted first. This feature allows us to intro-
free-electron DIMFP in this limit. We thus partly include the duce the initial binding energy of each electron as an order
guantum-mechanical suppression of small momentum trangarameterf,<E,,,, whereE is given by the sequential
fers in our classical treatment of collisions of bound elec-ionization potential of théth electron. The potential of Eq.
trons. (8) can be simplified within the IPA by including M (r )
Figure 3 i”ustrates the eﬂ:ect in the CutOf‘f fOI’ the DIMFP Only the sum over more deep'y bound e|ectr0hg K) [i_e_,
for both core scattering and relativistic longitudinal and assuming that during the excitation process of kite elec-
transverse contributions to theee scattering(for details of  tron the more deeply bound electrorjs<(k) remain in the
the relativistic MFP calculation see R¢R5]) for different  ground statk Consequently, for the electrdrin the statenl
principal quantum numbers (i.e., different binding ener- the potential takes the form
gies. The relative importance of the cutoff is largest for
electron-electron scattering while for core scattering the ef-
fectis less dramatic because the mean momentum transferis ., - Zp
larger. In the early stages of the excitation ladder when the Vei(rn)=- f_k
electron is still close to the ground state, the cutoff leads to a

Equation(6) defines a lower cutoff for the momentum trans-
fered by the collision in the modified differential inverse
mean free path,

clear dominance of core scattering contributions in the sto- - w9 -
chastic perturbatiofEq. (1)]. In the later stages when the + 2 W1, Z8) | =———=|¥(r;,Z¥) ).
electron has been already lifted into higher excited states the J=k |rk—ri|

cutoff for small values ofj tends to zero and-e collisions 9
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s Foil thickness (a-g-) . Therefore, we can follow the time evolution of each projec-
10° 10 1 tile electron as a random walk in phase space in separate
CTMC runs. Furthermore, the charge state of the projectile
can be determined by binomial statistics with probabilities
determined by the CTT probabilities for each electron. Let
a,(d) be the probability for finding théth electron in the
continuum at the propagation distanck and by (d)=1
—a,(d). The resulting charge-state fracti®y_. o (d) of the

iron projectile F&* during the transport can be determined
from these independent electron emission probabilities
a,(d). For example, for incident Li-like F&" we have

Charge state probability

[)
[)
v
1
1
[}
1
)
1

10 100 1000

3
10600 P2s25(d)=[1 by(d), (12a
Foil thickness (ug/cm?) k=1

FIG. 4. Outgoing fractions of Af* and Arf®" ions as a func- 3
tion of foil thickness resulting from the transmission of 390 MeV/u Pos o4(d)=
Ar'” jons through amorphous carbon foils. Experimental data for k#j#
Arl’ (squares and Art8* (circles; short dashed line, simulation

a,(d)b;(d)b(d), (12b

=1

neglecting multiple excitatiori.e., direct ionization from ground 3
statg; solid line, full CTT simulation; and long-dashed line, elec- Posofd)= 2, add)aj(d)b(d), (129
tron emission probability per £a.u. path length. k#j#1=1

. 3
For k=1 the potential V(" (r;) reduces to the state-
) . P d)= a(d), 12
independent bare Coulomb potential of the unscreened pro- 23-26(d) kll «(d) (129

jectile nucleus. The experimental studjég] have been per-
formed with iron projectiles carrying up to three electronsand analogous expressions for other incident charge states.
into the collision. The explicit form ON(F,“')(FK) for (k
=2,nl=1s) and k=3,nl=2s) is obtained using the radial IV. RESULTS AND DISCUSSION
hydrogenic wave function
A. Thickness dependence of convoy-electrons produced by 390
v, ,Z(Pk)):e—z;k)rj 700% 7 (10) MeV/u Ar'™ ions

Figure 4 shows the charge-state distribution as a function
of the (1s) ground state in Eq(9) with the effective nuclear  of carbon foil thickness for 390 MeV/u incident X ions.
charge ofZ{’ which accounts for the screening -2  Since at very high collision energies the electron-capture
electrons. Accordingly, fok=2,2?)=7,. Fork=3,Z8is  process is negligible, only AF* and Af®* ions were ob-
found for the He-like core by minimizing the ground-state served. The fraction of AP* ions was 0.8% at 2m.g/cn?,
energy to bez¥)=7,—5/16[32]. The chargar=5/16 rep- and increased to more than 99% -atl0000ug/cn?. The
resents the screening effect felt by each electron during itsharge-state distribution is still not fully equilibrated even at
motion in the Coulomb field of the nucleus due to the pres—~ 10000ug/cn?. The agreement with the simulation based
ence of the other electron in the fround state. This simple on the CTT is excellent over orders of magnitude in thick-
screened hydrogenic eigenfunction causes a decreasing errmgss and probability. We also show the calculated charge-
with increasingZp resulting from the fact that the interaction state probabilities when only direct ionization from ground
of each electron with the nucleus increaseaswhile the  state is taken into account, i.e., when stepwise excitation in
electron interaction energy increases only linearly vdth multiple collisions prior to ionization is neglected. The
Because in this work we consider a lag=26, the use of ~charge-state probabilitP,,(d) for the initial state (At'")

such a simple approximation appears justified. obeys in this case the simple exponential decay Raw(d)
Performing the integration in Eq9) gives a screening =exp(—d/\;9 with the MFP for ionization from the 4
potential ground state\ ;c=3000 ug/cn?. The fact that we observe

clear deviations from such a simple exponential decay pro-
vides direct evidence for the random walk in state space prior
to ionization. The probability per atomic unit path length for
(11)  emitting an electron is proportional to the slope of the ion-
ization probability and is also shown in Fig. 4. For very thin
which properly interpolates between the limitsZp/r for  foils the emission rate of electrons is constant at a value of
r—0 and[Zp— (k—1)]/r for r—oo. With this choice forthe w=1.1X10"7, because ionization from ground state is
potential, the time evolution of each projectile electron isdominating the electron-loss process. With increasing foil
independent from the state of the other projectile electronghickness other processes start contributing thereby enhanc-

Vg”)(l’k)z _ Lk_l)_(k_l)

2004 1| o220
M

Mk
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FIG. 5. Calculated populations of varionshells of A" as a
function of propagation distance in carbon.

ing the emission rate and reaching a maximum around a
propagation distance ofi=1000 xg/cn?~10° a.u. before
rapidly decreasing.

The stepwise excitation in a random walk results in the .~ 35
buildup of a transient excited-state population inside the g
solid. Figure 5 shows the simulated evolution of the shell —
populations as a function of the propagation distance. Prior =
to transport(corresponding to the limit of thicknest—0)
the electron is in the ground state=1). Since the energy
gap separating it from the next excited shell is largeE(
=120 a.u.) also the required minimum momentum transfer
is rather large ¢,i,=1.3 a.u.). Thus, mainly elastic colli-
sions are strong enough to contribute to the excitation pro- (_)10 5 0 51050 5
cess of this state. Because the ground state is depopulated by v, (a.u.)
a single process with a constant probability and the reverse I

process of increasing its population is entirely negligible, the g1 6. (Color onling Contour plot of the velocity distribution
probability for ground-state occupation obeys an exponentiad convoy-electrons emitted by an & (390 MeV/u traversing
decay law as a function of propagation distance for swhall carbon foils of different thickness. The foil thickness is denoted in
Excited levels display a very different behavior. Initially, each graph and the intensitiésn a logarithmic scalehave been
they are populated by excitation from the ground state. In th@ormalized to one. We show the distribution of the paraite) @nd
region below a foil thickness af<<5x 10" a.u. the one-step one perpendiculary(, =v, or vy) velocity component.
excitation processn=1)—(n>1) is dominant and the rela-
tive populations increase quickly by orders of magnitudetation provide a measure of the momentum distribution
Further steps in the excitation sequente:n’ transitions (Compton profiles immediately before ionization. As the
becomes significant at around=5x10* a.u.. For even momentum distribution of the excited states scaleg =8,
thicker foils the processes of populating and depopulatinghe velocity distribution of electrons directly ionized from
excited statesr(>1) equilibrate, resulting in an almost con- such states becomes narrower for increasing
stant ratio between the populations of the variouevels Up to a foil thickness ofl= 250 ug/cn? post-ionization
(Fig. 5. transport is not yet important. The velocity distribution re-
While the evolution of the excited-state populations havesembles that of ion-atom collisions, more specifically, that of
not been directly accessible in the present experiment, thegn ensemble of initial states with increasing weight of ex-
leave a clear mark on the convoy-electron distributions. Theited states. The distribution becomes increasingly oblate el-
energy and angular distributions of emitted electrons carryipsoidal[33,34] with a pronounced dominance of transverse
signatures of different pre-ionization and post-ionization pro-components. During the transport through thicker foils, post-
cesses. Detailed information about the convoy-electron emigenization collisions have a significant effect on the angular
sion and the postionization interactions can be obtained fromaelocity distribution: broadening alongwa direction is the
the two-dimensional distribution of the parallel)) and a  result of elastic collisions of continuum electrons whereas
perpendiculafv, ) component of the velocity with respect to inelastic post-ionization collisions modify the distribution
the beam direction (Fig. 6). For thicknesses d in two ways:v| is broadened and also shifted towards lower
<250 puglen?  the distribution becomes increasingly energies due to an overall energy lés®opping while leav-
squeezed in bothj andv , , reflecting the growth of ioniza- ing v, almost unaffected.
tion from excited states buildup in preceding collisions. This  Since core collisions and electron-electron collisions have
is due to the fact that electrons emitted via a stepwise excidifferent strengths(compare momentum-transfer distribu-

0
-15-10 -5 0 5
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intensities are normalized to unity at the peak positions. The vertical » fesp y.
dashed line indicates the energy where the electron velocity equals
the projectile velocity. Measurements are denoted by symbols. Thdent ion is estimated to be 0.2 MeV/u for the thickest target
solid lines show the result of the CTT simulation convoluted with (8700 .g/cn?) leading to the energy shift of only 0.1 keV
the experimental resolution. for convoy-electrons. Accordingly, the peak shift toward

i i Ei th fectivel difv th i di lower energy seen in Fig. 7, does not result from the energy
lons In F1g. .3’ ey etieclively mo ify the continuum dis- loss of the ion but from the energy loss of the electron after
tribution at different propagation distances. We thus have the

opportunity to disentangle the contributions of these two Col_lonization. The stopping power for 214 keV electron in car-
lisional interactions. After reaching the minimum in the per- bon is 2.4 eV/fg/ent) [22], and the MFP for projectiles

pendicular width atd=250 ug/cn?, core collisions of the ionization is~3000 ug/cn? ,[15]’ l.e., the mean energy _IOSS
free electrons effectively spread the distribution along thef the elgctron for the thickest tafget (87p@/cn?) is
“Newton circle”; this is spreading the angular distribution ~ 16 keV in reasonable agreement with the observed energy
while preserving the kinetic energy. On the other hand, inJ0SS. Almost all electrons ionized along the path escape the
elastic collisions transfer, on average, a smaller amount drget even for thickest target since the range of 214 keV
momentum to the electron and broaden thedistribution ~ €lectrons in carbon |s.56OQ@g/cmZ [22].
noticeably after propagation through foils thicker theln The position and widttFWHM) of the convoy spectrum
=1000 ug/cnt. as a function of target thickness are shown in Figa) 8nd
Figure 7 shows the experimental energy spectra of eled3(b). The CTT simulation reproduces the peak energy and
trons ejected at 0° in collisions of 390 MeV/u Af ions  peak width very well for all thicknesses. Several stages of
with carbon foils. The vertical dashed line indicates the enthe convoy peak evolution can be discerned.
ergy of the equivelocity electrof214 keV). The intensities (i) For targets thinner than 5Q@g/cn?, the peak position
are normalized to unity at the peak positions. The lines shovis at the nominal energy 214 keV isotachic to the projectile.
the calculated spectrgsee Fig. 6 convoluted with the ex- As expected from the 2D distribution§-ig. 6) the peak
perimental energy and angular resolutichE=9 keV,A9#  widths decrease as the target thickness increases from 25 to
=1°). 500 wgl/cnt.
It is noted that the observed peaks are not visibly cusp (ii) For targets with thicknesses between 500 and
shaped because the finite-energy resolution of the electraB000 wg/cn?, the peak positions still remain at 214 keV and
analyzer smoothes out the cusp. The energy loss of the incihe peak widths remain near the minimum.
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FIG. 9. Simulated convoy-electron spectra for an acceptance [ T
angle of 1° through carbon foils of a thickness d 0 ettt Qual
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=50 ug/cn?, (b) d=500 uglcn?, (c) d=3000uglcn?, (d) d - 2
=5400pug/cn?, and (e) d=9000ug/cn?. Intensities have been Carbon foil thickness (pg/cm”)
normalized to unity.(Multiplication factor for intensity ratio be-

f 17+
tween different thicknesses in parenthsis. FIG. 10. (8 Yields of the convoy-electronsy(Ar-""), as a

function of carbon foil thickness for 390 MeV/u Af incidence.

(iii) For targets thicker than 30Q@g/cn?, the peak is The simulated yields are normalized to the data at B8Ln?. (b)
shifted to the lower-energy side and broadened with increadRatios of the convoy-electron yields to those of the total electrons
ing target thickness. In this region of foil thicknesses, wherdost from the inciglent _ioqu(Ar17+):y(Ar17_+)/F17(Ar18+), for
most of the incident ions are already ionized, the post390 MeV/u Ar™ ions |Tg|dent on carbon foils (Ar'®") repre-
ionization transport process, i.e., multiple collisions betweerfeNts the fraction of AP* ions transmitted through the carbon foils
liberated electrons and the target is dominant. This results jfpr A" incidence. The closed and open circles show the experi-
energy loss, energy straggling, and angular straggling of th&'ent and the CTT simulation, respectively.
electron.

In the CTT simulation two peaks appear when the energ
resolution of the electron analyzer is neglected, as shown i
Fig. 9. One is a cusp-shaped peak at 214 keV and the oth
one is a broad peak at the energy lower than 214 keV. Th
electrons forming the latter have suffered energy loss b
multiple collisions. The double peak structure was indeed
observed in the MeV/u energy regi¢,18]. However, only
one peak is observed in the present experiment because of
the insufficient energy resolution of the electron analyzer. The experimental and theoretical results in Sec. IVA
For thick targets, the cusp-shaped peak disappears even d@monstrated the importance of the transient buildup of ex-
the simulation neglecting the energy resolutiee Fig. cited states for a one-electron system initially in the 1s
9(e)]. While the previous comparison between experimeniground state. One hallmark was the narrowing of the cusp
and theory refer to normalized datasets, Fig. 10 presents thgeak until post-ionization multiple scattering sets in. Related
comparison between CTT and experiment for absolute yieldsut complementary information can be extracted by investi-
per incident At ions. These yields were obtained by inte- gating the initial-state dependence. Since preparing excited
grating the singly differential spectra in the intervl), initial states of a one-electron ion is experimentally not fea-
=20 keV (g, is the peak energy If all the electrons lost sible in view of the extremely short lifetimes, the initial-state
from the incident ions were detecte¥(Arl’") is propor- dependence can, instead, be explored by using multielectron
tional to the fraction of A¥* ions after passing through the projectiles. In view of the sequential nature of the stripping
carbon foil, F,(Ar'®"). We evaluated the ratio of the elec- process ordered according to the binding energy as discussed
tron vyields to the charge-state fractionR(Arl’™) in Sec. lll, the initial-state dependence can be investigated.
=Y(Art™)/F 4 Ar'®") which is shown in Fig. 1®). In-  As test case we employ hydrogediE€>"(1s)], helium-

eed,R(Arl’) is almost constant for the targets thinner than
00 wglcn?. However,R(Ar'™") decreases with increasing
arget thickness where the yield of the electrons detected
ith the analyzer with a finite acceptance angle decreases
ecause of angular straggling.

B. Initial-state dependence of convoy-electrons produced by
460 MeVlu F&** ions
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like [FE*"(1s?)], and lithiumlike [Fe**(1s2,2s)] ions.
Figure 11 shows the evolution of the charge-state distribution
of 460 MeV/u F&* for q=25,24, and 23 incident on a car-
bon foil as a function of the thickness. The CTT simulation
employing the IPA discussed in Sec. Il is in good agreement
with the data. It should be noted that no empirical charge-
changing cross section, as frequently used in rate-equation
approaches, enters the simulation but the charge-state and
continuum spectrum is calculated self-consistently from the
microscopic Langevin equatiaiq. 1).

Spectra of emitted electrons ejected near 0° were mea-
sured for thicknesses ranging from 50 to 190§/cn? (Fig.
12). Overall, good agreement with the CTT can be found for
all incident charge states and all thicknesses. More detailed
information can be extracted from the yield and the width
(FWHM) of the convoy peakFig. 13. The yield[Fig. 13a)]
clearly indicates the sequential nature of the stripping pro-
cess. Initially, the loss process is fastest for the relatively
loosely bound 2 electron followed by the heliumlike 1s
electron(already a factor=6 smallej while the hydrogenic
1s electron produces a yield initially somewhat below the

FIG. 11. Charge state fractions as a function of foil thickness forstatistical ratio(1:2) relative to the heliumlike configuration.
different incident projectiles(a) Fe>", (b) F*", and (c) Fe?®*
with an energy of 460 MeV/u. Lines represent the CTT simulation:djstribution (1:2:3) for hydrogen-, helium-, and lithium-like
full line, FE%"; dotted, F&"; dashed, F&"; and long dashed,
Fe3". Symbols represent the experimental data: circlé®Fe
square, F&*; triangle, Fé*'; and diamond, F&".

25 24+
Fe™" Fe

For thick foils we observe the approach to a statistical yield
ions when all electrons had sufficient time to complete their
random walk to the continuum irrespective of their initial
state.

23
Fe™"

Y

150
Jug/em®

FIG. 12. Energy spectra of
electrons ejected at 0° in colli-
§330 sions of 460 MeV/u F&* 2423+

2 ions with 50, 530, and
{ug/em 1900 wg/cn? carbon foils. The
solid lines show the result of the
CTT simulation.

d’c /dEdQ (normalized)

0.0

11900
lug/em’

330 340 250 260 270 330 240 250 260 270 330 240 250 260 270

Electron energy (keV)
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1000 —————r———— In the MeV/u energy region, the convoy-electron spectra
5(a) ] reflecting the initial state of the electron in the projectile
[ . ] could not be unambiguously detected because single-
.70 ] collision conditions are difficult to fulfill. We note however
that Moshammeet al.[35] have recently measured the spec-
tra of the low-energy electrons ejected from a target atom in
gas phase in ion-atom collisions of 3.6 MeV/u %Al ions
with Ne and Ar atoms and observed a structure in the elec-
tron spectrum dependent on the initial state in the target
CTT A atom. These electrons in the target frame resemble convoy-
3 electrons in the projectile fram{eeversed kinemati¢gexcept
that the former is emitted from a neutral atom by ion impact.
In either case, electrons are produced in the soft collisions
where the transverse momentum transfer plays a more im-
—— HH e portant role than the longitudinal momentum transfer, i.e.,
E(b) exp. CTT 1 parallel to the beam direction. Thus, the momentum distribu-
30 3 o R ] tion of the initial state is projected onto that of the continuum
state providing complementary information on the initial-
state dependence in the single-collision regime.

100 |

10 |

Yield (arb. units)

25k
I S
20 : V. SUMMARY

15 [ .- We have presented a joint experimental and theoretical
10 3 ] study of the charge-state evolution and energy spectra of
[ ] electrons ejected in forward direction in collisions of 390

st ] MeV/u Art™ and 460 MeV/u F&*24"23* jons with carbon
[ 3 foils of various thicknesses. Because of the high charge, high
0 S R S projectile energies, and a wide range of thicknesses the path
10 100 1000 120000 of sequential excitation and ionization of an initially bound
: : electron could be followed—for ion-solid collisions—in un-
Carbon foil thickness (u g/cm ) precedented detail. The buildup of excited states is, through
function of carbon foil thickness for 460 MeV/u incident?Ze, ~ narrowing of the convoy peak. The width of the convoy peak
Fe**, and F&", respectively. The simulated yields are normalized €volves nonmonotonically as a function of the foil thickness:
at 530ug/cn? for FE%" incidence.(b) Width (FWHM) of the  narrowing due to the generation of projectile excitation by
convoy-electrons as a function of carbon foil thickness for 460multiple scattering is followed by broadening in both energy
MeV/u incident F&*. The closed and open symbols show the ex-and angle due to further multiple scattering of the liberated
periment and simulation, respectively. electrons. The charge-state distributions of the transmitted
) ) ) _ ions and the convoy-electron spectra calculated by the CTT
The cusp widtlFig. 13b)] provides evidence for the role ' gjmylation are in a good agreement with the experiment over
of highern shells in narrowing the cusp, either being initially 5 \wide range of target thicknesses, i.e., from a single-
available or being later dynamically produced during thecojjision regime to a multiple-collision regime lending sup-
evolution inside the solid. For Li-like F&" ions incident on  port to this scenario. Apart from corrections for the minimum
thin targets (5Qug/cn? carbon foil, the width of the momentum transfer for deeply bound states, the simulation
convoy-electron peak is significantly narrower than those folyroceeds within the framework of classical dynamics. As
Fe>" and Fé*". In the single-collision regime the contribu- guantum effects have recently been analyzed for x-ray emis-

tion of the initially more loosely bound<2electron to the  sjon [8,9], their presence in the convoy-electron spectrum
convoy-electron production is dominant. As mentionedremains an open question.

above, the peak width of ELC cusp for higher-lying states

(the 2s electron is narrower than for & electrons reflecting

fch_e_ momentum distril_)ution, i.e., the Compton profile of the ACKNOWLEDGMENTS
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