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Abstract Specificexcitedstatesof ions in channelsmay alsobe
prepared by the processof resonantcoherentexcitation

Dielectronicexcitationof"H-likeS, Ca and Tiisshown to [3,4, 5]. Here the ion isexcitedby the periodicpotcn-
occur in _he dense electron gas of a crystal channel. Cross tial of the crystal lattice. As it passes a row of atoms
sections for collisional ionization of the short lived excited with atomic spacing, d, it experiences a perturbation with
states can then be determined. Ionic excitation can also frequency (vid). Excitation from state i to state j crm

be achieved by resonant colmrent excitation in which case occur when hK(vid) = AEii where K is a harmonic
specific m states can be excited for further study. = 1, 2, 3 .... Ions excited in this manner may bc pre-

pared in specific m states and ionization of these species

Introduction by electronic collisions in chammls may also be studied.

In recent years considerable progress has been made in
the study of collisions of multiply charged ions with elec- Experimental

trons. Areas which have been opened to investigation in- The experiments were carried out using the 2b-MV tandem
elude excitation, ionization, radiative recombination and accelerator of the Holifield Heavy Ion Research Facility
dielectronic recombination. Ali of these processes are con- (HHIRF) at ORNL. Ion barons were colimated and passed
tributors to the dynamics of hot plasmas. However, in through channels in thin crystals and measurements were
high density plasmas collisions of short lived excited ionic made of a) the charge state distribution of the emer-
states with electrons also play a significant role and, until gent ions using either electrostatic or magnate deflection
now, have not been amenable to study. We have utilized and a solid state position sensitive dctcctor and, b) the
the channeling effect to create conditions under which such X-ray spectra using a Si(Li) detector. In some cases coin-
processes may be studied, cidences between charge capture and X-ray emission were

measured.
Ions entering a crystal at sm,41 angles with respect to low
order crystaline axes and planes are constrained in their In fig. 1 we show a measure of the "froze,C charge state
motion and interact only with weakly bound conduction or effect using 315 MeV Tiq+(q = 20,21,22) beams passiug

valence electrons [1]. Thus ions passing through a channel through a < 100 > chaunel in a 2.6 pm Si crystal and com-
with velocity vi _ vi, the Fermi velocity of the conduc- pare it to passage through the same crystal in a random
tion electrons, may be viewed a being bombarded with direction. In the random direction, we obtain an cq_filib-
a flux of electrons with velocity v, "" vi with a distribu- rium charge-state distribution independent of iuput charge
tion of energies determined by the Fermi distribution of state. For injection in the channeled direction, > 85% of
nmmenta for the electrons in the chromel. These electrons the beam exits in its initial charge state.
can participate in the formation of excited states by either
direct excitation or by recombination processes [2]. Then, The Si(Li) X-ray detector used had a resolution of 145 eV
because of the great electron density (> 1O2a/cma), in the at 5.9 keV. For ions Z_'15 we arc easily able to resolve.
channel they can participate in secondary electronic colli- K-X rays from relaxation to a totally empty K shell from
sions which further excite or ionize the short lived excited those arising from filling a I( vacancy in an ion Mready

species, containing a ls electron. In fig. 2, we show X-ray spectra
for 315 MeV Tiq+(q = 20,21,22) channeled in < 100 > Si
(2.6 pm) taken in coincidence with electron capture, q

" Presently visiting Tage Erlander Professor at Manna
q- 1. The peak at 5.1 KeV corresponds to a (2pls) --, ls 2

Siegbahn Institute of Physics, Frescativi_gen 24, S-104 05 trmlsition. The peak at 5.3 KeV comes front a 2p --* ls
STOCKHOLM, Sweden transition in the one electron ion.
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The radiative electron capture (REC) peaks shown in fig. 2 II ! I_nnm_/_=lu_
arise from recombination of Fernd electrons (el) with thv I04 i/1_ I I
penetratingions.Inthecase ofthebareioneI+ Ti_2+ _ Io3
Ti21+(la)+ hu (fig.2,partIII)and forthe one electron

ion el+ Ti'Z+(1.s)_ Ti'°+(ls=)+hv (fig. 2, part II). The ,o, _ f_ttv.c_
shapes of the peaks are determined by the Compton pro- 10 I z.. , _ab cd; h
fileofthe electronsin thechanneland fitvery wellwith s _ 7 B 9 I0 I;
a 10 eV Fermi distribution. Moreover, since the Fermi X.RAYENERGY(k,oV)

width is determined by the electron density and the radia-
tive recombination cross sections axe accurately known, Fig. 2. X-ray spectra (singles) for 315 MeV 'l'i++ channeled
we have a measure for expected profile for resonant col- thorugh < 100 > Si 2.6 #m thick: (I) q --- 20, (I1) q = 21,
lisional excitation processes, the electron target tlfickness and (III) q = 22 taken in coincidence with emergent charge
and hence the cross section for production of other X-rays state (q - 1). Specific features identified in the spectra are,
in the spectrum, respectively: (_) ls2l ---*1__, (b) 2p ---+Is, (c) 1._3L--, l.s_, and

(d) 3p _ la. K-raxJiative electron capture X-rays ai)pear at

Results and Discusslon 10.3 KeV in II and 10.7 keV in III.

Consider, for example, a hydrogen-like ion pas3ing tln'ough In a dilute electron target, only eqns l-I, 1-1II.a, and l-
a crystal channel at a velocity vi _ v I, with a relative va- IV.a are involved. The observable end products wouhl be
locity corresponding to that required to excite a K electron hv_ from a 2_2__---+ls2£ tremsition and hu_ from a ls2g
and to simultaneously capture the exciting electron into an 1__ transition and an ion of decreased charge A (z-'2)+ ali
L shell. The formation of this doubly excited state is the in coincidence. However, in a dense medium when col-

exact reverse of a KLL Auger transition, lisional rates become comparable to rmliatiw: rates, the
other chaxmels come into play. The collisional lmth lea(is

A summary of most of the reactions which could occur to either hv3 from a 2_ _ la traasition (cqn. fV.a) or t.o
under these conditions is given below, in equation 1. complete ionization (eqn. I-V.b).
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Fig. 8. (a) Yield of hu_(2_nt' -, la,rf') plus hva(2t ..-, ts) Fig. 4, (a) Yield of hvt(2t',at' --, ts,al') plus ht,_(21 ---, Is+}
calcium X-rays (see eqn. 1) and (b) cimrge fraction of C__°+ sulphur X-rays (see eqn. 1} and (b) charge fraction of S_°
ions as a function of C_ t°+ ion energy incident on a < I00 > ions m • function of S=s+ ion energy incident on a < li0 >
channel in Si (1.2 #m thick). The smooth curves are results of channel in Si (1.2 #m thick). The smootl_ curves are results of

computer simulation as described in the text. a computer simulation as described in the text.

Magnitudes of these contributions can be estimated by where pe is the electron density taken to be 1.44 x 1023 cm -a
assuming rapid collisional substate mixing [6], ne ,--, ng for the Si < 110 > channel[10] aad tr_ is the cross sectioa
and then using the fastest available radiative and Auger for the considered process. However, since the dielectrouic

rates. The radiative and Auger rates have been tabttl_ted excitation process (eqn. 1-I) is r_resommL oae, the actual
by Seely [7]. The ionization cross sections are estimated rate is grossly reduced (factor of,--, 1000) due to the Comp-
from the LStz semi-empirical formula [8]. The excitation ton spread in relative energies. In our calculation, we use
cross sections used are obtained from the Seaton formula a 10 eV Fermi distribution for the electrons in a < 110 >

[9]. Si channel. This value is taken from the work of Apple-
ton et al [10], and we derived a similar Fermi width from

No calculations exist for the cross sections for fine strue- our measurement of the radiative electron capture (REC)
Lure mixing (eqn. 1-II.b) for the ions in question. How- peak (e.g., see fig. 2).
ever, if we use the recent calculation [6] on, e.g., (2s _) --,

(2s2p _P_) transition in Fe _+ we obtain a cross section of In fig. 3a, we show for channeled Ca t_+ the yield per in-
,-, 3 x I0 -_ cm 2 at a velocity corresponding to KLL exei- jetted ion of (hv_ +by3) (eqn. 1-IIl.a and 1-V.a) as a fimc-
tation of Fe_3+. Since the fine structure splitting decreases Lion of ion energy. The features correspond Lo dielectronic
with decreasing Z, the corresponding cross sections for the excitation of KLL, KLM, KLN, etc., and, at 300 MeV, to
ions in question should be even higher. The main point is direct ls _ 2p excitation. The energies at which these
that these cross sections are so large that complete mixing contributions should appear are indicated by the arrows
is assured. We have no direct calculation for the die|oe- at the bottom of fig. 3a. The solid curves in fig. 3a are cal-

tronic excitation cross section (i.e., eqn. l-I) instea/J, we culated from rate equations shown ia eqn. 1, folded with
estinaate it from measurements of I'tTE cross secti.orm ota the Compton profile of the 10 eV Fermi distribution. The

the same or similar systems. The collisional raters, ri, are populations of the ten lowest hydrogen- and helium-like
obtained from configurations (1_ to 3£ and ls _ to 3t'3_', respectively) are

ri = ai p= vi iteratively solved and summation bins for mm_bers of X-
rays emitted are accumulated in 400 steps through the
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incident on a < 110 > channel in Si (1.2/_m thick). The smooth
curve is a result of a computer slmulation as described in the
text. Fig. 6. Coincidence meaaureme_ltsfor '|'i 21+ + e --* Ti 2°++ I_l_

in < 110 > Si as a function or Ti ion e.ergy. Yield in the K I,[,
resonanceregion as a function of crystal thickness; 0-].1 tim,

crystal length of 1.2/am. charge-state fractions and x-ray + 2.1 #m, X 2.8 pm.
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 'he addition
of backgrounds linear in projectile energy and that the
predicted values axe absolute in X:rays per ion. Using the thicknesses used 1.1, 2.1, and 2.8 pm in fig. 6 mid arc
same rate coefficients, we can calculate, e.g., the yield of sensibly independent of thickness. The curve ia fig. 6 is
Ca 2°+ ions (cf. eqn. 1-V.b) and plot it together with the for a 10 eV Fermi distribution fit to the points. From this
experimental data la fig. 3b. we can derive a cross section of 0.704-0.10 × 10 -21 cm 2 pcr

electron. To compare with RTE data [11] (where the width
In the case of Cs 1_+, the radiative processes dominate, of the resonance is determined by the Compton profile of
e.g., the ratio of rates for the first branch point in eqn. 1 tI2) we multiply our values by 1.2 said, since the RTE cross
(III.a/III.b) __ 5. In the case of S Is+, the radiative rates sections are given per molecule, we divide those values by
are slower and the excitation and ionization cross sections two. The value thus obtained is 0.72 4- 0.12.
are higher so that the collisional channel comes more into
play, i.e., for S15+ (III.a/III.b) "_ 1. In fig. 4a, we show, Resonant Coherent E_citatio_l

as a function of S 15+ ion energy, the data for the yields of In previous work [1,3,4, 5] we showed that hydrogcnic ions
(hPl + hv3). In fig. 4b we show the S 18+ charge fraction passing through axial and plmmr chammls could be excltcd
which is correspondingly higher than the totally stripped from n = 1 to n = 2 when the frequency of perturbation
ion fraction for Ca. The solid curves are calculated in the by the atoms in the crystal spaced a distance d apart came
same manner as for Ca 19+ above, into resonance when the spacing between eigenstates i and

In the case of Ti 21+, (III.a/III.b) _- 9. Accordingly, the J'
number of totally stripped ions becomes vanishingly small, l_Eii = hK(vid)
but the effect is easily seen in the X-ray channel alone as where K is a harmonic 1,2,3 ... of the (vid) frequency.
demonstrated in fig. 5. We also showed that the degeneracy in the n = 2 levels

is removed; first by the assymetry in the crystal field and
In ali the above we have made many assumptions con- second by Stark mixing of 2s with 2pz (z being the di-
cerning rates. To validate thence assumptions we take a rection of ionic motion) which is caused by the wake fi('hl
simpler case where radiative pl.'ocesses should dominate following the ion. The main point ia Lhc colitcxt of this

(i.e. where secondary electron collisions are unimportant) paper is that the resonant frequency, and hence velocity,
and see whether we can derive _t cross section for dielec- for excitation to 2p:,u is different than that for 2p, and
tronic recombination. For this 'we chose the case of the they can be excited selectively.
KLL resonance in 'ri_+ and me_._sured the X-ray spectra
in coincidence with Ti _°+. Tiffs measures the dielectronic In our previous work wc used C, N, O and F io_s available
recombination rate. The importance of secondary colli- at EN Tandem energies. These light ions when excited

sio_s car, be measured by varyin_ the thickness of the Si to n = 2 had a high I)robability of ionizing by secondary
crystal used i.e. in the absence of secondary collisions the collision in the channel (el. eq. 1) and the rcsollanccs

yield will be linearly proportional to thickness. The results were observed as an increase in the population of totally
for the yield per unit thickness is shown for the three stripped ions.
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