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Abstract

Dielectronic excitation of H-like S, Ca and Ti is shown to
occur in the dense electron gas of a crystal channel. Cross
sections for coliisional ionization of the short lived excited
states can then be determined. Ionic excitation can also
be achieved by resonant coherent excitation in which case
specific m states can be excited for further study.

Introduction

In recent years considerable progress has been made in
the study of collisions of multiply charged ions with elec-
trons. Areas which have been opened to investigation in-
clude excitation, ionization, radiative recombination and
dielectronic recombination. All of these processes are con-
tributors to the dynamics of hot plasmas. However, in
high density plasmas collisions of short lived excited ionic
states with electrons also play a significant role and, until
now, have not been amenable to study. We have utilized
the channeling effect to create conditions under which such
processes may be studied.

Ions entering a crystal at small angles with respect to low
order crystaline axes and planes are constrained in their
motion and interact only with weakly bound conduction or
valence electrons [1]. Thus ions passing through a channel
with velocity Vj >> v/, the Fermi velocity of the conduc-
tion electrons, may be viewed a being bombarded with
a flux of electrons with velocity tic ~ t), with a distribu-
tion of energies determined by the Fermi distribution of
momenta for the electrons in the channel. These electrons
can participate in the formation of excited states by either
direct excitation or by recombination processes [2]. Then,
because of the great electron density (> 10"/cni3), in the
channel they can participate in secondary electronic colli-
sions which further excite or ionize the short lived excited
species.
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Specific excited states of ions in channels may also be
prepared by the process of resonant coherent excitation
[3, 4, 5]. Here the ion is excited by the periodic poten-
tial of the crystal lattice. As it passes a row of atoms
with atomic spacing, d, it experiences a perturbation with
frequency (vi/d). Excitation from state i to state j can
occur when hK(vi/d) = AEij where K is a harmonic
= 1, 2, 3 Ions excited in this manner may be pre-
pared in specific m states and ionization of these species
by electronic collisions in channels may also be studied.

Experimental

The experiments were carried out using the 25-MV tandem
accelerator of the Holifield Heavy Ion Research Facility
(HHIRF) at ORNL. Ion beams were colimated and passed
through channels in thin crystals and measurements were
made of a) the charge state distribution of the emer-
gent ions using either electrostatic or magnetc deflection
and a solid state position sensitive detector and, b) the
X-ray spectra using a Si(Li) detector. In some cases coin-
cidences between charge capture and X-ray emission were
measured.

In fig. 1 we show a measure of the "frozen" charge state
effect using 315 MeV Ti'+(q = 20,21,22) beams passing
through a < 100 > channel in a 2.G /im Si crystal and com-
pare it to passage through the same crystal in a random
direction. In the random direction, we obtain an equilib-
rium charge-state distribution independent of input charge
state. For injection in the channeled direction, > 85% of
the beam exits in its initial charge state.

The Si(Li) X-ray detector used had a resolution of 145 eV
at 5.9 keV. For ions Z> 15 we are easily able to resolve
K-X rays from relaxation to a totally empty K shell from
those arising from filling a K vacancy in an ion already
containing a Is electron. In fig. 2, we show X-ray spectra
for 315 MeV Ti'+(q = 20,21,22) channeled in < 100 > Si
(2.6 fim) taken in coincidence with electron capture, g —>
q — 1. The peak at 5.1 KeV corresponds to a (2pls) —» Is7

transition. The peak at 5.3 KeV comes from & 2p —> Is
transition in the one electron ion.
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Fig. 1. Exit charge state distributions for injection of 315 MeV
Ti M + (o), Ti" + (A), Ti" + ( v ) in a < 100 > channel in Si
2.6 fim thick, and ([ ]) exit charge distribution for ruidom
direction.

Radiative Electron Capture

The radiative electron capture (REC) peaks shown in fig. 2
arise from recombination of Fermi electrons (e/) with the
penetrating ions. In the case of the bare ion t/ + Ti13+ —»
Ti"+{U) + hu (fig. 2, part III) and for the one electron
ion cf + Ti2i+(U) -+ Ti"+(U2) + hu (fig. 2, part II). The
shapes of the peaks are determined by the Compton pro-
file of the electrons in the channel and fit very well with
a 10 eV Fermi distribution. Moreover, since the Fermi
width is determined by the electron density and the radia-
tive recombination cross sections are accurately known,
we have a measure for expected profile for resonant col-
lisional excitation processes, the electron target thickness
and hence the cross section for production of other X-rays
in the spectrum.

Results and Discussion

Consider, for example, a hydrogen-like ion passing through
a crystal channel at a velocity v, >̂ vj, with a relative ve-
locity corresponding to that required to excite a K electron
and to simultaneously capture the exciting electron into an
L shell. The formation of this doubly excited state is the
exact reverse of a KLL Auger transition.

A summary of most of the reactions which could occur
under thei- conditions is given below, in equation 1.

+ e.

+ hi/,

/ / a)

III. a)

b)
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Fig. 2. X-ray spectra (singles) for 315 MeV Ti'+ channeled
thorugh < 100 > Si 2.6 /im thick: (1) q = 20, (II) q = 21,
and (III) q = 22 taken in coincidence with emergent charge
state (q — 1). Specific features identified in the spectra are,
respectively: (a) Ia2/ — la3, (b) 2p — la, (c) \s3l — la1, and
(d) 3/> —» la. K-radiative electron capture X-rays appear at
10.3 KeV in II and 10.7 keV in III.

In a dilute electron target, only eqns 1-1, 1-lII.a, and 1-
IV.a are involved. The observable end products would be
hi/j from a 2£2f —» Is2( transition and hv2 from a ls2C —»
la2 transition and an ion of decreased charge - 4 ( Z ~ 2 ) + all
in coincidence. However, in a dense medium when col-
lisional rates become comparable to radiative rates, tlic
other channels come into play. The collisional path leads
to either hv$ from a 2( —• Is transition (eqn. I-V.a) or to
complete ionization (eqn. I-V.b).
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Fig. 3 . (a) Yield of /ij/,(2/n/' - . lsnt') plus hi>3(2l — Is)
calcium X-rays (see eqn. 1) and (b) charge fraction of C a "
ion« u a function of C » " ion energy incident on a < 100 >
channel in Si (1.2 fim thick). The smooth curves are result* of
a computer simulation as described in the text.
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Fig. 4. (a) Yield of hv,(2tnl' — 1W') plus hi^(2t — 1»)
sulphur X-rays (see eqn. 1) and (b) charge fraction of S16+

ions as a function of S" ion energy incident on a < 110 >
channel in Si (1.2 /im thick). The smooth curves are results or
a computer simulation as described in the text.

Magnitudes of these contributions can be estimated by
assuming rapid collisional substate mixing [6], nt «-» nt
and then using the fastest available radiative and Auger
rates. The radiative and Auger rates have been tabulated
by Seely (7]. The ionization cross sections are estimated
from the Lotz semi-empirical formula [8]. The excitation
cross sections used are obtained from the Seaton formula
[9].

No calculations exist for the cross sections for fine struc-
ture mixing (eqn. 1-II.b) for the ions in question. How-
ever, if we use the recent calculation [C] on, e.g., (2s2) —»
(2s2p 3P2) transition in KeM+ we obtain a cross section of
~ 3 x 10~16 cm2 at a velocity corresponding to KLL exci-
tation of Fe23 . Since the fine structure splitting decreases
with decreasing Z, the corresponding cross sections for the
ions in question should be even higher. The main point is
that these cross sections are so large that complete mixing
is assured. We have no dire-.t calculation for the dielec-
tronic excitation cross section (i.e., eqn. 1-1) instead, we
estimate it from measurements of RTE cross sections on
the same or similar systems. The collisional rates, r,-, are
obtained from

»"• = <*i Pt Vi

where pe is the electron density taken to be 1.44 x ]023 cm'3

for the Si < 110 > channel[10] and er, is the cross section
for the considered process. However, since the d-electronic
excitation process (eqn. 1-1) is a resonant one, the actual
rate is grossly reduced (factor of ~ 1000) due to the Comp-
ton spread in relative energies. In our calculation, we use
a 10 eV Fermi distribution for the electrons in a < 110 >
Si channel. This value is taken from the work of Apple-
ton et a!. [10], and we derived a similar Fenni width from
our measurement of the radiative electron capture (R£C)
peak (e.g., see fig. 2).

In fig. 3a, we show for channeled Ca18+ the yield per in-
jected ion of (fci/i +hu3) (eqn. 1-IIl.a and 1-V.a) as a func-
tion of ion energy. The features correspond to dielectronic
excitation of KLL, KLM, KLN, etc., and, at 300 MeV, to
direct Is -» 2p excitation. The energies at which these
contributions should appear are indicated by the arrows
at the bottom of fig. 3a. The solid curves in fig. 3a are cal-
culated from rate equations shown in eqn. 1, folded with
the Compton profile of the 10 eV Fermi distribution. The
populations of the ten lowest hydrogen- and helium-like
configurations (la to 3f and las to 3£3f, respectively) are
iteratively solved and summation bins for numbers of X-
rays emitted are accumulated in 400 steps through the
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Fig. 5. (a) Yield of h^{2l,it' - lant) plus hi^(2l — 1»)
titanium X-rays (see eqn. l ) u t function of Ti31 ion energy
incident on a < 110 > channel in Si (1.2 fim thick). The smooth
curve is a result of a computer simulation as described in the
text.

crystal length of 1.2 /jm. charge-state fractions and x-ray
yields per ion are calculated, including effects of Auger and
X-ray decay of excited ions downstream of the crystal. It
should be noted that the only normalization is the addition
of backgrounds linear in projectile energy and that the
predicted values are absolute in X-rays per ion. Using the
same rate coefficients, we can calculate, e.g., the yield of
Ca20 ions (cf. eqn. 1-V.b) and plot it together with the
experimental data in fig. 3b.

In the case of Ca1B+, the radiative processes dominate,
e.g., the ratio of rates for the first branch point in eqn. 1
(Ill.a/III.b) =; 5. In the case of S15+, the radiative rates
are slower and the excitation and ionization cross sections
are higher so that the collisions! channel comes more into
play, i.e., for G15+ (III.a/IH.b) =s 1. In fig. 4a, we show,
as a function of S15 ion energy, the data for the yields of
(/ii/j + hu3). In fig. 4b we show the S " charge fraction
which is correspondingly higher than the totally stripped
ion fraction for Ca. The solid curves are calculated in the
same manner as for Ca19 above.

In the case of Ti2 I + , (Hl.a/III.b) S 9. Accordingly, the
number of totally stripped ions becomes vanishingly small,
but the effect is easily seen in the X-ray channel alone as
demonstrated in fig. 5.

In all the above we have made many assumptions con-
cerning rates. To validate these assumptions we take a
simpler case where radiative processes should dominate
(i.e. where secondary electron collisions are unimportant)
and see whether we can derive a cross section for dielec-
tronic recombination. For this we chose the case of the
KLL resonance in Ti21 and measured the X-ray spectra
in coincidence with Ti20 . This measures the dielectronic
recombination rate. The importance of secondary colli-
sions can be measured by varying the thickness of the Si
crystal used i.e. in the absence of secondary collisions the
yield will be linearly proportional to thickness. The results
for the yield per unit thickness is shown for the three

360 3S0

Fig. 6. Coincidence measurements for Ti21 + e—• Ti20 -\-Uv
in < 110 > Si as a function of Ti ion energy. Yield in the KLL
resonance region as a function of crystal thickness; 0-1.1 /mi,
+ 2.1 pm, X 2.8 /im.

thicknesses used 1.1, 2.1, and 2.8 /im in fig. C and are
sensibly independent of thickness. The curve in fig. G is
for a 10 eV Fermi distribution fit to the points. From this
we can derive a cross section of 0.70i'J-10 x 10~21 cm2 per
electron. To compare with RTE data [11] (where the width
of the resonance is determined by the Compton profile of
H2) we multiply our values by 1.2 and, since the RTE cross
sections are given per molecule, we divide those values by
two. The value thus obtained is 0.72 ± 0.12.

Resonant Coherent Excitation

In previous work [1,3,4,5] we showed that hydrogenic ions
passing through axial and planar channels could be excited
from n = 1 to n = 2 when the frequency of perturbation
by the atoms in the crystal spaced a distance d apart cainc
into resonance when the spacing between eigenstatcs 1 and
j ,

&Etj = hK(Vi/d)

where K is a harmonic 1,2,3 . . . of the (v,/d) frequency.
We also showed that the degeneracy in the « = 2 levels
is removed; first by the assymetry in the crystal field and
second by Stark mixing of 2s with 2p, (z being the di-
rection of ionic motion) which is caused by the wake field
following the ion. The main point in the context of this
paper is that the resonant frequency, and hence velocity,
for excitation to 2pr,y is different than that for 2ps and
they can be excited selectively.

In our previous work we used C, N, O and F ions available
at EN Tandem energies. These light ions when excited
ton = 2 had a high probability of ionizing by secondary
collision in the channel (cf. eq. 1) and the resonances
were observed as an increase in the population of totally
stripped ions.
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Fig. 7. Ilesonant coliercnt excitation of Mg" (•1th harmonic)
in < 100 > Au observed as Mg Ly a emission; Yield of X-rays
as a function of Mg energy.,11 +

Fig. 8. Resonant coherent excitation of Mg11 (4lh harmonic)
in < 100 > Au observed by increase in ionization; charge frac-
tion of Mg13 as a function of Mg" energy.

In the present work [12] we report preliminary results on
a higher Z ion, Mg11 , where the n = 2 ionization cross
section is small enough to permit escape of some of the
excited ions trom the crystal with the subsequent emission
of radiation. Since we can excite different orientations (m
states) of the ion selectively by varying the velocity we can
measure the separate ionization cross sections for these
states by determining the yields of totally stripped ions
compared to those which emit a Ly o X-ray.

We used the HHIRF to supply beams of MgI1+ at ener-
gies from 145 to 170 MeV. These were passed through an
Au crystal 1200 A thick in the < 100 > directions (d =
4.08 A). The emergent ion charge distribution and two Mg
K X-ray yields were measured as a function of ion energy.
The results are shown in figs 7 and 8. The fourth harmonic
of the n = 1 to 2 resonance (AE,; = 1468 eV) should ap-
pear at 163 MeV if the transition were to occur in vacuum.

The crystal field effects shift the peaks to lower encrpi-s.
The upper of the two peaks corresponds to excitation into
a 2px state and the lower to a 2pr or 2pjl state. A com-
parison of the two curves shows that the probability <:f
escape from the crystal without ionizatjon (X-ray cyrvr)
is greater for ions in the 1p, state than those in the 2;i,s

state.

At this point these RCE data are not yet quantified and
are presented as proof of principal for experiments which
measure electron bombardment ionization cross sections
for short lived excited states with specific polarization.
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