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K x-ray production in H-like Si **, S'*, and Ar'™ ions colliding with various atom
and molecule gas targets at low collision energies
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K x rays have been observed in electron capture processes of H-fikg St°, and AL (1s) ions
colliding with various atom and molecule gas targets over the collision energy of 1—70. Keh&seK x rays
are the final results of cascade-down to the grounsf) ktate from highly excited states formed through
electron capture. It has been found that at low energiesQ keVL) the cross sections for the production of
K x rays are nearly constant, and decrease slowly when the collision energy is increased. The cross sections
also have been found to increase roughly with the inverse square of the ionization energy of the targets. It is
also noted that the intensity ratios of thg line to theK « line increase slightly as the ionization energy of the
target increases, suggesting that an electron is captured in diffefgstates in different targets. These ratios
are found to decrease slightly as the collision energy increases. The meldsurag production cross sections
also have been compared with total electron-capture cross sections based upon an empirical formula, and it has
been found that, on average, roughly two-third of total electron capture processes ré&sSulray emission,
with the remaining one-third ending at the metastable state level after electron capture without dfnitting
rays.
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INTRODUCTION The electron in such a high Rydberg stgteocesg2) given
below], instead of going down directly to the ground state

In the past decades there have been reported a series\0& a single stepprocess3) given below, tends to cascade
extensive experimental and theoretical investigations of thelown through a series of lower states via multiple steps
electron-capture processes involving low-energy, highlyprocess(4) given below before finally reaching the 2 or
charged ions A9") in collisions with atoms and molecules. 3p states which, in turn, emKa or K3 x rays, and then get
These investigations were fueled mostly by the urgent reeompletely stabilized.
quirement and applications to diagnostics and modeling of

high-temperature fusion plasmils2]. There most of the at- AT+ B A@ D () +BY 2
tention was paid to studying their electron-capture processes
by measuring either the electron-captusetiarge-changed —AA~D*(1s) (3)

products including recoiled target ions or electrons or pho-
tons emitted in the collisions. To obtain a detailed under-—>A(q_1)+*(n,|,)*)A(q_l)*—*(n”l”)*)‘"*)A(q_l)_'—(ls),
standing of the electron-capture processes and also to apply
these processes to a number of different fields, not only a 4
knowledge of “total” electron-capture cross sections is nec-
essary but also so-called “state-selective” electron capturelhough the general trend indicates that, as the collision en-
namely(nl) distributions, is a requisite. So far little attention ergy increasen, becomes smaller and its distributions be-
has been paid to x-ray emission processes involving lowcome broader, such a variation is expected to be relatively
energy, highly charged ion collisions, and only a few havesmall over the present collision energ(€g.
been performed to understand the processes through x-ray Most recently, since the first observation of x rays from
observation. comets, such as Hyakutaké,7], x ray emission processes

It has been established that in such processes an electritvolving such highly charged ions have caused considerable
of the target is captured into a highly excited) state of the attention in astrophysics applications. The observed x-ray in-
incident ion and, before it becomes stabilized, electrons, phdensities were far more intense than expected. The detailed
tons or x rays are emitted at various energies. The principanechanisms for x-ray emission from comets are still under
quantum numben, of the dominant states for electron cap- hot discussion. Among various models proposed to explain
ture into bare ions with chargg can be estimated through the observed x rays, the most likely is x-ray emission follow-

the relationshig3—5] ing electron capture of highly charged solar ions in collisions
with neutral constituent particles evaporated in the coma or
no=9%"%(1,/13.6)%5, (1)  tail of the come{8,9].

In some fusion research devices, SiC, having a high melt-
wherel, represents the ionization energy of target species iing temperature with lowZ elements, is a good candidate
units of eV. For examplen,=9 for Arl’*+0, collisions. material for covering the plasma-facing inner walls of
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vacuum systemg10]. Photons, particularly their spectra, rates are kept to about 50 counts per second using a series of
emitted from Si ions in various ionization stages confined inbeam attenuators placed in the ion-beam path. Following the
such high-temperature plasmas provide important clues famanufacturer’s data sheet, the observed x-ray yields are cor-
the diagnosis of high temperature plasma features of fusiorected for the Be window transmissidestimated to be 82%
reactor categories, where C ions are completely ionized. Refor SiKa, 90% for SKa, and 98% for AK« x rays from
evant cross sections of electron capture fdt*Sbns have these ions
been found11,17. The linear increase of x-ray yields is confirmed when the
On the other hand, Siions are also among the most abumas pressure of the target chamber increases, as measured
dant ions in the solar system after C, N, and O i¢h3].  with a Baratron vacuum gauge. It also has been checked that
Recent data for low-energy electron capture have been pulthe x-ray spectrum does not change when the target gas pres-
lished for low charged 8f (q=3-5) ions for astrophysical sure changes. Absolute x-ray emission cross sections are de-
interest(Ref.[14] and references thergirin some solar sys- termined through normalization to known Krx ray produc-
tems such as Jupiter, S ions also are expected to play a sitien cross section in 150-kV proton impddt7].
nificant role, but few investigations have been performed so Uncertainties of the measured relative cross sections are
far [15]. So far, few investigations have been performed toestimated to bet20%, which originates mostly from the
determine the cross sections for x rays that originate in elednstabilities of the current integrator at low ion current ranges
tron capture into slow, highly charged ions colliding with used in the present work and of low target gas pressure mea-
neutral atoms and moleculgs6]. surements. In addition, 15% uncertainties should be added to
In most of the present work, we have obserked rays  absolute cross sections due to those of the origind Aray
produced in collisions of H-like $t(1s), S (1s), and  production in proton-Ar collision§17].
Art’*(1s) ions, instead of bare 8i", S'%*, and Af®" ions,
colliding with various gas targets including rare-gas atoms
and molecules at relatively low energies (1-70 keV/
There are two reasons for this choice. The first is due to the A. Observed x-ray spectrum
fact that more ion beams can be provided from the KSU
EBIS ion source, compared with bare ions. The second iB
because it is easy to differentiate them from the commonly
present impurity ions such as;HC®*, and & ions with a
same mass-charge ratio equal tgRuring the course of the
present work, we have found in the EBIS that this differen-
tiation is, in principle, possible because heavier bare ion
tend to have lower kinetic enerdy-0.5% due to trapping
deep inside the electron space charge potential, compar
with light ion impurity ions] Some additionald?lbs_ervgtions simply [ (K 8). Furthermore, in & and A7 ions, theirL
of x—raﬁ/ spic_tra also have lt()jeen Eerformed f d ‘Sion Im-l X rays also are observed, though they are strongly attenuated
Fhact, though its cutr.rent could r;)otdetmea_lsu(rje accurately arm the Be window(in addition to AlIK x rays from the cham-
US No cross sections could be determined. ber wall. On the other hand, in 8" ion collisions,L x rays
are almost completely absorbed in the Be window, and thus
EXPERIMENTAL SETUP AND PROCEDURES no trace of them is seen in the spectrum. The energi&nof
: 13+ a5 7e x rays observed in collisions of §f, S'**, and A*"" ions
H-like Sit3*, S!®" and Af’" ions of about 10 pA are

; . ) are found to be 1.88, 2.44, and 3.18 k&ée Table), which
produced in the KSU EBIS through feeding of giHH,S, is in reasonable agreement with a simple expectation for

and Ar gases. They are first extracted at 4 kV from the EBI ransitions (Bnl—1s?) of He-like ions. The energies of
and charge analyzed and, then, either accelerated up to 1 eseK o andK B peaks are found to be the same for all the

kV_toL'deceleratetd d%wn t9 aboE:t 2. k\/% Aftgr pa|155|ng atarget gases studied within the energy resolution limit of the
switching magnet and various steering-focusing iens _Sysf)resent detector. It is noted that there are slight changes of
tems, they are sent into a differentially pumped collision

S . K B/K « intensity ratios, depending on target gases, suggest-
chamber containing target gas and then arrive at a Farad o vy P 9 9’ g 99

The i t at the Farad is int ted 10 ob g that the electron is captured initially into differefntl)
cup. fhe ion current at i€ Faraday cup IS Integrated 10 Obgiai05 for gifferent targets, resulting in different cascade
tain the total number of the incident ions and subsequentl

¥lown to lowern states. Also, thesE B/K « intensity ratios

the cross sections. The inner surfaces of the collision cham,_ o' cen found to change when the collision energy is var-
ber are carefully coated with carbon-containing aquadaq tg, (see discussion that follows

avoid intense x rays from its aluminum wall which is im-
pinged by the scattered projectile ions.

The x rays are observed with a Si Li detector with a
0.0125-mm Be window, which is energy calibrated withy It is noted that the intensity ratios #fg line to K« line,
and KB x rays from®Mn and also SiK and ArK x rays | (KB)/l(Ka), emitted from these ions varied when the tar-
emitted in photoionization. Its energy resolution is measuredjet gas or ion energy is changed. In the following these two
to be about 200 eV for 5.9-keV x rays. The x-ray countingfeatures are discussed in detail.

RESULTS

Typical x-ray spectra emitted from low-energy
91-keVA Sit*", 0.92-kevui S, and 1.33-keWii Art’*
Yons in collisions with neutral gas targets are shown in Fig. 1.
In these ions, peaks due ko as well asKB,Ky,... xrays
corresponding to 4np— 1s? transitions resulting from one-
electron capture into H-like ions are clearly observed: the
Yatter KB andKy,... xrays are inseparable due to the lim-
ited energy resolution of the present detector. Hereafter, we
§ present the sum of the&eB andK ... peak intensities as

B. KB/Ka intensity ratios
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FIG. 1. Typical x-ray spectra from low-energy E 0.10 . .
0.91-keV Si**, 0.92-keVL S**, and 1.33-keVd Ar'™* jons =
colliding with neutral gas targets. Note that the peak energies moveg-
toward higher energies as the atomic number of ion increases fron = !
Si to Ar. Low-energy tails just below « peaks are believed to be 0.05
due to incomplete collection caused by the detector defect. [
0.00 b e :
0 5 10 15 20 25 30
TABLE I. The observedKa andK B x-ray energiegin units of lonization Energy of Target (eV)

keV) emitted from a H-like ion which captures an electron from

neutral gas targets. FIG. 2. Intensity ratios of theKg line to the Ka line,

I(KB)/I(Ka), observed in 0.91-keW (@ Si*, (b
K« transition K B transition 0.92-keVl S, and (c) 1.22-keVA Ar'™ jon collisions as a
function of the ionization energy of targets

lon Observed Calculated Observed Calculated

i3+ 188 101 223 297 1. Dependence on ionization energy of targets

Sist 2.44 2.51 2.89 2.98 As shown in Fig. 2,1(KB)/I(Ka) ratios observed in
Art’ 3.18 3.20 3.77 3.79 0.91-keVu Sit** ion collisions are found to be roughly of

the order of 0.12, and to vary when the targets have been
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' RN ; ' down to the lower states, and, thus, some fraction of them
. 030 (a) o :Siwf;rAr cannot em_it X rays within a limited vi7evx_/ing zone of the
2 . Si™+Ar detector. Similar features are seen for/Arions in He and
; 0.20 pacg; CH, targets, as shown in Fig(l3. For the electron captured
. i RN into higher excited states, as their lifetimes become longer,
5 ™~ oo more time is required to come down to the lowest excitpd 2
= . = and 3 states before emitting x rays.
& 0.10 = From the observed decreaseldK B)/1(Ka) ratios as a
¥ 0.09 = - - function of the collision velocity of the projectile ions, we
- 0.08 <] . [P TP .
0.07 S can estimate the averaged _Ilfet|me fact their lifetime dif-
0.06 . ~— g ference of these states of ions. It has been found that the
’ e average lifetime difference is 6—7 ns, and varies slightly with
0.05 ~—~—— target species and ions. This may be caused by the fact that
0.04 through a larger number of cascades from highstates for
R B : larger charge iongsee Eq(1)], the(nl) distributions of elec-
° 10 20 30 40' 50 60 70 80 trons become statistically equilibrated and thus the initial
features among the targets is lost.
o ®
'% &\\ C. Dependence of total cross sections on collision energy
& 0.0 R S — It is known that the electron capture cross sections for
3 0.08 b T o T highly charged ionsd>5-6) are roughly constant at low
§ - collision energy regions, and then slowly decrease as the ion
= 006 collision energy increases. At higher energies, they decrease
X rapidly. Such a feature is one of the most common of
™ 0.04 electron-capture processes for highly charged ion-atom col-
e Ar'”* + He lisions[2]. The collision energy (1-70 keMy dependences
o Ar™ + CH, of the observed total x-ray emission cross sections resulting
(b) from Sit3* colliding with He and Ar targets are shown in Fig.
0.02 4(a). Indeed the observed cross sections are found to be

0 1ol N .20“ 30 40 S0 60 70 80 roughly constant at low energies, and then decrease only
slightly over the limited collision energy range investigated
Colision  Energy  (keV/amu) in the present work. These constant cross sections at lower
FIG. 3. Intensity ratios of theKg line to the Ka line, energies are used in t_he following discussion. On the other
I(KB)/1(Ka), ratios observed ifa) S and SH* ion collisions ~ Nand, those for Af* ions are nearly constant over the
with Ar targets, and(b) Ar'”* ion collisions with He and Cii  Present collision energgroughly 160 keMi), as shown in
targets as functions of collision energy. F|g A(b) This can be understood from the fact that the
electron-capture cross sections can be expressed universally
changed. In fact,(K 3)/1(K a) ratios increase when the ion- using the energy (keW) divided by the ion charge as the
ization energy () of target gas increases, tending to beenergy scal¢18].
saturated at higher ionization energy. This indicates that, for
different targets, the electron is captured into differémij D. Dependence of total cross sections on target ionization
states, depending on their ionization energy, and, in turn, energy
cascades down differently. This can easily be understood to
be due to the fact that the principal quantum numipgrof
electron captured states becomes larger for target with lo
ionization energysee Eq(1)]. For example, based upon the

classical-over ba”.'g{ model, the electron is .captured MOhnderstood classically to be due to the increase of the radius
likely to no=>5 of Si=" ions fqr H.e target atom;, ”?ea’.‘Wh"e' of the electron orbit when the ionization energy of the target
Ng=14 for O molecules, which IS the lowest ionization en- decreasef22]. The observed dependence of total x-ray pro-
ergy used in the present work. Similar features also are S€&{\,ction cross sections for 0.91-kaVsit® ions colliding
for S and A’ ions, as shown in Figs.(B) and Zc). with various neutral tar o A i
gets is shown in Figapas a func

tion of the inverse square of the ionization energy of targets.
Indeed, the cross sections are shown to increase roughly lin-

I (KB)/I(Ka) ratios from SE* and also Si** for Ar, as  early as the inverse square of the ionization potential, though
shown in Fig. 8a), are found to decrease when the ion im- there is scattering of some of the data. This simple relation
pact energy increases. This is easily understood to be due tan be used to estimate the cross sections that have not been
the longer time of higher excited states required to cascadmeasured so far or those for targets too hard to measure, such

On the other hand, the cross sections of electron capture
decrease for targets with a high ionization energy and were
\gmpirically found to be roughly proportional to the inverse
quare of the ionization potential of targgil®—21]. This is

2. Dependence on collision energy
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FIG. 4. K x-ray emission cross sections resulting from one- [ (¢) AT
electron capture int¢a) Si*3* from He and Ar targets ang) Ar"" " o° .
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18] L
as water vapor or metallic atom vapors. Similar results have:.c> [ N
been obtained for’S" [Fig. 5(b)] and A*"* ions[Fig. 5(c)]. - I ’
c 10 F
[=] L
DISCUSSION AND SUMMARIES kat .
@
w3
It was already established that, in few-electron light target .
atoms such as He and,Hone-electron capture is dominant, ¢ S .
and probabilities of multiple electron capture are sngatl ©
most 1-2 % of total cross section23,24. On the other
hand, for multielectron targets such as Ar and other mol- ol i .. L . ,
ecules investigated here, multiple electron capture is knowr 0 0.002 0.004  0.006 0.008 0.01
to contribute significantly to total electron-capture cross sec- - on E 1/ev)
tions [25,26. For example, 20-30% of total electron- Inverse Square of lonization Energy (1/e

capture cross sections can be due to double- and triple- FIG. 5. X-ray emission cross sections (af 0.91-keVl Si***
electron capture in Ar targets over the present ion chargins, (b) 0.92-keViu S'* ions, and 1.33-ke\/ Ar'™ ions collid-
range. Then the cross sections for three-electron capture #9 with variogs gtorps and moelcules as functions of the inverse
greater are known to decrease quickly as the number of elegduare of the ionization energy of targets.
trons captured increases.

Electrons are also known to be captured into highly ex-sion of at least one electron and sometimes more electrons
cited states and, thus, most of the multiple electron capturduring a series of cascading de-excitation proceg2és In
forms so-called autoionization states that result in the emisthe present ion charge range, only a few percent of two
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TABLE II. Intensity ratios of Kg line to Ka line, the neutral gas targets used in the present work are quite
I(KB)/I(Ka), emitted from H-like S©**, S™°*, and AF"* ions  |arge, compared with those for neutral atoms, in particular
after electron capture collisions with neutral targets. The ratios fokgr |ower Z ions. In fact, though the ratios for neutral targets
neutral Si, S, and Ar atoms are marked with astefisk (Salem increase as th& increaseg35], depending strongly on the

etal). outer-shell electron configuratiorigarticularly forK 3 tran-
: sitiong, they seems to be roughly constant for all of these
I(KB)/1(Ka) Rat - g . ;
(KA)/1(Ka) Ratios highly charged ions investigated here. This feature seems to
Sit3* 0.110 Si 0.027 be quite reasonable as the electron is captured to highly ex-
Sits* 0.129 S 0.059 cited stategn=5 in most of the present cages ions with
Arl7t 0.118 Ar 0.10% oneK-shell vacancy and needs a number of cascades down

before reaching theor 3p state. A series of such cascade
processesat least relative branching ratijofor He-like ions
electron-capture processes had been found to result in radiands to maké(K3)/1 (K a) ratios almost insensitive to their
tive emissions, suggesting that the dominant part of multi-atomic number as far as the electron is captured into very
electron capture goes to autoionization and emits one dtighly excited states.
more electrong28-3(0. At least one of the captured elec- It is also important to know a relationship between elec-
trons goes down tof2 or 3p states, emittind x rays. It can  tron capture cross sections akdx-ray emission cross sec-
be assumed that all electron capture processes finally resuibns in highly charged ion collisions. As mentioned already,
in x-ray emission anyway, except for those formed in theK x-ray emissions from low energy, bare, and H-like ion
metastable states. Therefokex ray emission cross sections collisions are closely related with electron-capture processes.
would be expected to be related more closely with total elecAs an electron is always captured at highgrstates during
tron capture cross sections than with one-electron capturieighly charged ion-neutral target collisiofsee Eq(1)], it is
cross sections. theoretically and experimentally understood that probabili-
On the other hand, though the cross sections for a numbeies of direct decay from such highly excitedy(,) States to
of one- or two-electron capture processes have been reportéite ground state, namely,shyp— 1s? state transitions, is
[2], few cross sections of total electron capture have beegery small but a series of cascade-down processes is domi-
measured for these highly charged ions involving variousant[see processe8) and(4) abovd.
atoms and molecules. Based upon the classical overbarrier There are a number of measurements of electron-capture
model [22], total electron-capture cross sections can be reeross sections for some targets used here such as rare-gas
lated with the ionization energly, of the target and various atoms. Generally they covered only a limited range of colli-
empirical formulas already have been proposed to obtain tasion energy. In particular they are very scarce for molecular
tal electron-capture cross sections. According to this modetargets, except for molecular hydrogen. There are some rea-
total cross sections are proportional to the inverse square gbns for this situation. This is probably due to the fact that

the ionization energy of the targg20], such investigations involving highly charged ions are more
or less intended to be used for fusion applications where
o =2.680/15) (1071 cn?), (5)  practically no molecules, except for hydrogen molecules, ex-

ist. Recently a strong interest in highly charged ions in col-

whereq is the initial charge of the primary ion, arlg the lisions with molecules was raised in applications to astro-
first ionization energy of the targén units of e\). This and  physics, as mentioned in the Introducti@]. Fortunately we
similar empirical formulag19,21] have been confirmed to have relatively simple but reasonably reliable empirical for-
reproduce quite nicely the observed data for rare gas atomaulas to estimate total electron-capture cross sections to
over a wide range of parameters,{},) [15,24—-26,30-3} within about 20% uncertainties. Though this empirical for-

As shown above in Fig. 5, it is noted that there is somemula has not been tested fully for molecular targets, it has
scattering that may be due to special features of target gasdseen found that the existing electron-capture cross sections
For example, the x-ray production cross sections fera@  for molecular hydrogen and simple molecules are in agree-
always smaller than those having similar ionization energyment with this scaling36]. This can be expected to be valid
Probably this can be related to the fact thatfblecules are  for other molecular targets, too.
highly electronegative, compared with others studied here In the present work, we have shown that x-ray production
and thus tend to keep their electrons or take back electrorngoss sections are roughly proportional to the inverse square
which form the electron cloud of the quasimolecule duringof the ionization energy of targets including a number of
collisions. But the observed x-ray cross sections are, roughlynolecules, as seen in Fig. 5. To our knowledge this is the
speaking, found to be proportional to the inverse square diirst time such a trend is shown in x-ray production involving
the ionization energy of targets for all ions investigated herénighly ionized ions. This empirical knowledge is quite con-
(Sit3t, S5, and ART). venient for estimating cross sections for other targets.

Though there are slight variations of intensity ratios, As mentioned already, electrons captured into highly ex-
[(KB)/I(Ka), depending on the kind of targets, as shown incited states of highly charged ions are more likely to cascade
Fig. 2, we also can take some average over all of them, adown, instead of by direct transitions to the ground state,
shown in Table Il. It is interesting to note that the measuredefore complete stabilization. After electron capture and the
I(KB)/I1(Ka) ratios for these H-like ions averaged over all following cascading processes, some fraction of highly
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TABLE llI. A list of the measured x-ray production cross sections and their ratios over(étgdirica)
electron capture cross sectidisee Eq(5)] for ~1-keViu ions withq=13+, 15+, and 17 colliding with
various target gasen units of 10 *5cr). 1, is the ionization energy of the targéh eV).

X-ray cross section (10°cn?) X-ray total electron capture
Target |, (eV) Art7t Ste* Sitdt Art7t Ste* Sit**  Comments
He 24.59 4.81 4.01 3.79 0.659 0.622 0.679
Ne 21.56 8.07 5.56 3.99 0.849 0.663 0.549
Ar 15.76 11.6 10.8 9.14 0.654 0.687 0.672
N, 15.58 12.4 11.1 7.64 0.686 0.691 0.549
H, 15.43 14.8 9.55 9.64 0.796 0.582 0.679
D, 15.43 15.4 11.6 8.57 0.826 0.665 0.604
CcO 14.01 16.9 11.6 11.9 0.751 0.583 0.691
CO, 13.77 17.0 11.7 10.4 0.730 0.568 0.583
CH, 12.61 15.9 14.5 12.3 0.572 0.592 0.579
0O, 12.07 9.59 10.3 7.64 0.317 0.340 0.329

charged ions ends up in the metastable states such as in therays. Though these ratios strongly depend on various
1s2s states. Note that the metastables2$23S,) state de- atomic parameters such as transition probabilities, branching
cays only via the quadrupole magnetic transition, emittingratios, etc., no detailed theoretical analysis or models have
two photons with continuous energy distributions. The life-been proposed to know what fractions of the electron cap-
times in the present ion range are a few hundred ns, whickured ions emiK x rays[39].
are so long that photons cannot be emitted within a limited This fraction also can be interesting when compared with
detector viewing zone. Similarly, the metastableZ22'Sy)  those obtained in high energy (Me¥y experiments. Frac-
state He-like ion decays only via the two-photon electric di-tjons of the (k2s) metastable states in He-like’F and
pole transitipn, gmitting two x-ray photons with con_tinuousSi12+ ions produced when passing through thin stripping
energy distributions anq thus. ox-ray peak from this de- foils have been determined, with the enhancement of target
cay can be obse_rved \.N'th a single dEt.e‘tfﬂ]' Note that, as x-ray production, as a function of collision enelf®9,4qQ. It
the mgta;table lons in the present ion range-(4-18) was found experimentally that the fractions increased rapidly
have lifetimes of a few 10 ngE38], most of the metastable e . llisi
state ions at low collision energies decay within a viewingas Fhe CO||ISIOI’1. energy mcreaseq at the low collision energy
region and their maximum fractions reache®0% of total

zone of the x-ray detector. He-like i t d the incident i locit hl
It would be important to know what fractions of the cap- '€™'K€ 10nS at around the incident ion velocity, roughly

tured electrons come down to the metastable states, and cdffiual to the orbital velocity of theslelectron, where this
not emitK x rays within the viewing zone. A comparison eIectron_easny can be excneq to higher states_ or ionized to
between total electron capture cross sections lingtray the continuum. So far there is no clear quantitative under-
emission cross sections may provide important informatiorftanding why such large fractions of the metastable state ions
to this question. So far some detailed understanding ofan be formed. At low collision energies, the &lectron of
electron-capture processes has been obtained, and data tbe incident particle cannot be ionized or excited but, as the
electron-capture cross sections are availgbleBut data for  collision energy increases, production of such highly ionized
bare or H-like ions are still not sufficient. In particular, there or excited state ions becomes significant. In fact, through
are no systematic measurements for molecular targets yet, asntinuous collisions inside foils, one of the &lectrons in
noted above. In Table Ill we give a summary of both thehigh energy incident ions is successively excited to high
present x-ray emission cross sections and their ratios to totalstates(1s>—1snl—1sn’l’ --- for He-like ion9 and fi-
electron-capture cross sections. Those shown for electromally the(nl) distributions are equilibrated. Upon leaving the
capture are calculated values based upon the empirical fofinal surface of foils, the electrons in a highly excited state
mula[Eq. (5)]. Though some data are scattered, the averagstart to cascade down to the ground state with some going to
ratio for K x-ray emission cross sections to total electronthe metastable stat@here are also some chances for tise 1
capture cross sections is found to b®.62+0.08 (0.66 ex-  electron to be ionized and, in the succeeding collisions, an-
cluding O, datg, indicating that, on average, 38084%) of  other electron can be captured into highly excited states,
ions having electrons captured are tentatively stabilized intavhich are stabilized after leaving the f¢ilThis can explain

the metastable states without emittikgx rays. Under the the observed high fraction of the metastable state ions at
assumption that thénl) distributions are nearly statistically sufficiently high collision energies.

populated after a series of cascading processes from highly This comparison between the observed fractions of the
excited capture states, the fraction of ions reaching the 2metastable state ions strongly suggests that, both at low and
metastable state is estimated to be 1/3, with the remainingigh energies, the metastablesgk) state ions are formed
two-thirds going down to the d.ground state by emittingl ~ through a similar or practically the same mechanism, namely,
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