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IntenseL x rays have been observed-imn2-keV/u Ki* (q=27-33) ions colliding with various atom and
molecule targets. These x rays are understood to originate from electron capture processes into high-Rydberg
states of the projectile ion from the outermost shell of target where the captured electron cascades down into
the vacantL shell of the ion, thus emitting x rays. It has been found that the obsertexiray spectra move
toward higher energy as the ion chafggincreases. The observedk-ray spectra are compared with synthetic
spectra using various models. It has been found thak tkeay production cross sections obtained fofKr
ions are inversely proportional to the ionization energy of target, similar to those recently obsekvedags
produced from ions wittK-shell vacancy, and correspond to roughly 40% of total electron capture cross
sections, meanwhile the rest of the electron cascades into the metastable states and thus cannot decay within a
viewing region of a SLi) x-ray detector.
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[. INTRODUCTION with a minor contribution of multiple electron capture.
In such electron processes an electron captured into a

So far a number of experimental and theoretical investi-highly excited fylo) state of the incident ion gets stabilized
gations have been reported for electron-capture processes iafter emitting photons or x rays with various energies. The
volving low-energy ¢ keV/u), highly charged ions colliding Principal quantum number of the most dominant statgs
with neutral atoms and a reasonable understanding of thed@to which the electron is captured of bare ions with charge
electron-capture processes has been obtditiet is known ~ ¢an be estimated through the following relationsf8j
that in such low-energy electron-capture processes an elec-
tron is captured into a highly excited Rydberg state of the no— a
projectile ion through formation of quasi-molecular ion and m (1,/13.6)%5
the cross sections do not change very much with the collision
energy and are roughly constant. On the other hand, if thesherel, represents the ionization energy of target species in
projectile ion has vacancies Kor L shells, these innershell units of eV. For examplen,, is varied over 9 to 13 for
vacancies can be filled with the captured electron, either diion-target combinations used in the present studies. Unfortu-
rectly from the captured Rydberg state or indirectly through anately there is no simple way of estimating the distribu-
series of cascading-down processes, resultinganL x-ray  tions so far, though a model recently has been proposed but
emission. Very recently such x-ray emission processes hawntested yet9].
been hot topics in astrophysics since the first x rays had been The electron captured into such a high-Rydberg e
observed in the tail of comets such as HyakutgeK x-ray following process(1.2)] of ion with L-shell vacancies tends
emission processes involving ions with a singleshell va- 0 cascade down through passage of a series of lower inter-
cancy have been recently investigated in some detail an@ediate (l;) states via multiple stepgprocess(1.3)], in-
compared with the electron-capture proced@dsK x rays stead of decaying directly to the ground state via a single
from bare ions also have been obseryég). step [pr_ocess(l.4)]_, before finally reaching the (2 states

In the past, a series of x-ray spectra from heavy, highlyvhich, in turn, emitL x rays and then get stabilized
charged ions had often been investigated through high-power .
laser irradiatior{6]. Yet the atomic structure parameters are AT +B— Al DT (nglg) +B* (1.2
known to be strongly influenced with the presence of the
surrounding high-density plasmf#] and also often the ions  —A@= D+ (n/|7) S A@- D+ (7. Al D+ (2]

0.75
(1.9

emitting x rays are accompanied with some outer-shell elec- 1.3
trons which may result in satellite peaks and, thus, x-ray
spectrum analysis usually becomes quite complicated. —ADT (2], (1.9

In the present paper we experimentally study x-ray emis-
sion processes from ions wittrshell vacancies which cap- Here (*) indicates the excited state formed after electron
ture an electron from a neutral target under single collisiongapture and cascade. Though the general trend indicates that,
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TABLE |. The observed total x-ray production cross sections
from Kr?”" ions colliding with various neutral target atoms and
molecules and their ratios to total electron-capture cross sections
estimated from an empirical formu[43].

q=27
10° Target lonization energy Cross section Ratio
=28
o 10° a (ev) (10~ Y¥en?)
‘g’ q=29 He 24.59 0.44 0.38
10*
8 q=30 Ne 21.56 0.60 0.37
10° Ar 15.76 1.20 0.42
g=31 N, 15.58 1.15 0.40
107
q=32 CH, 12.61 151 0.34
10 q=33
10° 4 — way, finally emitting x rays. If these two electrons are cap-
0 5 8 tured into significantly different rjyly) states, such states
X-ray Energy (keV) formed tend to follow radiative transitions.

FIG. 1. Typical L x-ray spectra from ~2-keV/uKri*
(g=27-33) ions in collisions with Ar atoms, except for ¥ Il EXPERIMENTS

where target gas was Ne. The enrichedf®Krd* (q=27-33) ions used in the present

o ) paper have been provided from Kansas State University
as the collision energy increaseg,tends to become smaller, glectron-beam ion sour¢&BIS) under the pulsed ion extrac-

meanwhile its distribution becomes broader, such a variatiofion mode. As already described in detl, after preaccel-
is expected to be relatively small over the present collisioneration at 6 keV and mass-charge analyzing, about

energied 1]. ~ 1 pA Kr9" ions are introduced into a target gas chamber
It is generally understood that one-electron capture is th@yhose pressure is monitored with an MKS Baratron. x rays

most dominant at low-energy, highly charged ion collisionsproduced under single collisions of thesedKrions with

and thus radiative cascade transitions can be important fqfarious targets are observed with &L$) detector having

most of x-ray emission. In some multielectron targets, thergy 9125 mm thick Be window. The observed relatlve ray
are relatively high probabilities where tw@r more elec-

trons are simultaneously captured into nearly the same

\EOUSly . . Oass O4
(nglo) states of projectile ion, thus tending to form autoion-
ization states where one of the captured electrons goes to th
continuum, meanwhile the other electron cascades dowr 5
through the intermediaten(l;) stateq10] and, then, follows 1
the same process as the single electron-capture process arN 3
2.0 2
1
I 2,15
N,\ 1.5
£ | 5
o
: | 4
2, M 3
S 2
8 1
[72]
2 $
g o0s gt 112 1 3| 4] 5| 6] 1] 2| 3] 6
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FIG. 2. TotalL x-ray production cross sections from%f ions FIG. 3. Transition diagram involving. x-ray emissions. The

in collisions with various atoms and molecules plotted against theSiegban notation is use(Ref. [16]). Note that KF’" ion has a
inverse square of the first ionization energy of targets. The errosingle initial vacancy in thd_; shell and therefore only limited
bars represent relative uncertainties. transitions such as that froM, shell are allowed to emit x rays.
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FIG. 4. Comparison between the observed and synthefiaay spectra from K" (q=27-32) ions colliding with atoms. Only the
calculated transition probabilities with statistical populations are used for synthetic spectra.

yields for K" ijon impact have been converted into abso-Therefore, no cross sections can be determined but lonly
lute cross sections through normalizing to the known cros¥-Tay spectra have been observed.

sectiong 11]. Uncertainties in the present cross sections are

estimated to be about 25% including those of the normalized IIl. RESULTS AND DISCUSSION

cross section. The energy uncertainties in the observed spec-a opserved x-ray spectra for different charge Kri* ions

tra are about 20 eV. Higher charged=28) ions are too

weak to be integrated in the present current integrator to get General features of typical x-ray spectra observed are

the total number of the incident ions into the target chambers’hown n Flg. 1 where significant structures are clearly seen.
The most intense peaks are found to correspordstaays,
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FIG. 5. Comparison between the observed and syntheticay spectra from K¥* (q=27-32) ions colliding with atoms. The fitting
parametersP(nl), combined with the calculated transition probabilities are used for synthetic spectra. The best-fit parBmd)esse
given in Table II.

extending up to close to the ionization limit for each chargecharge increases froup= 27 (a singleL 5 shell electron ion-
state ion, though they become progressively less intensézed) to q=33 (all 2p-shell and single &shell electrons
This suggests that, instead of direct transition from the capionized but only a single 2shell electron left The ob-
tured Rydberg state to the I(j2 ground state, the indirect servedL x-ray spectra from the dominant transitions are
cascade transitions are dominant, as previously observed gompared with synthetic spectra which will be discussed in
collisions of ions with a singl&k-shell vacancy{3]. Their  detail later. Only slight variations of x-ray spectra have
peak positions clearly move toward high energy as the iobeen observed when the target gas was changed.
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B. L x-ray production cross sections emitL x rays. The observed ratios bfx-ray emission cross
The observed. x-ray yields have been converted to ab- sections, relative to total electron-capture cross sections esti-

solute x-ray emission cross sections after normalizing to thg'ated based upon an empirical formylg], are summa-
known cross section for AK x-ray production in proton rized in the fourth column of Table | which shows that ratios
impact on Ar atoms, as mentioned above. The absolute cro&4€ nearly independent of targets. It has been found that the
sections have been determined only foPKrion impact on ~ average ratios over all the targets including molecules inves-
various target atoms and molecules. The results are shown [fpated in the present paper are roughly 0.4. This suggests
Fig. 2 and in Table I. Indeed totl x-ray production cross that 60% of total electron-capture processes do not emit x
sections are found to increase roughly proportional to thd@yS Within a limited viewing zone of the present detector,

inverse square of the ionization energy of target, either atorfjidicating that a large fraction of the electron-captured ions
or molecule, as seen in Fig. 2. This trend is similar to that€sult in the metastable states with regard to x-ray emission.

observed inK x-ray emissions from an ion with single In collisions involving KF’* ions where the final state
K-shell vacancyi3] after a series of cascading process resulting aray emis-

This feature can be understood based upon the extend&Pn IS onlyLs state, as schematically shown in Fig. 3, the
classical over-barrier moddtL2] in which total electron- corresponding transitions can be oty (from Ms), La
capture cross sections closely relate with the ionization enffom Ma), LB25 (from Ng,Ns), LBs (from O,g), LBs
ergy |, of target. So far various empirical formulas already (from Ny), andLl (from M,) x rays[16]. Thus, transitions
had been proposed to get/estimate total electron-captufEP™m other excited states such s andMj states are pro-
cross section§13,14. This model has been known to suc- hibited through the selection rule, indicating that the ion with

cessfully predict that total electron-capture cross sections a@? electron cascading down to these states cannotlemit
proportional to the ion chargé) as well as to the inverse ays if the intrashell interactions or mixing are neglected. It

square of the ionization energy of targds], given as fol- is not easy to directly compare the observed ratios with the
lows: calculated ratios as they depend on a number of parameters
such as transition probabilities as well as the initial
6 (nolo)-state distributions just after electron-capture. It is nec-
o= > (10 %), (3.9 essary to develop models to understand the observed spectra
(1p) in detail (see next section

Furthermore, it is expected that intrashell interactions
where q is the charge of the primary ion ang the first  syuch as Coster-Kronig transition in the samshell can play
ionization energy of targetin units of eV). This formula g significant role in changing the intermediate|()-state
suggests that the electron-capture cross sections depend ogfi¢tributions through cascade and thus in determining the

on the ion charge but not on the electron-shell ionizedfinal (n,l;)-state distributions just before x-ray emission
Therefore it should be noted that the cross sections are |nd9\7hich are indeed one of the key issues in Shaping the final

pendent of the shells of the primary ions where the electrong.ray spectrum.
are present. Indeed, this and a similar empirical fornpilig
also had been confirmed to reproduce quite nicely the ob-

. D. L x-ray spectrum synthesis
served total electron-capture cross section data for rare-gas

atoms and molecules over a wide range of parametgrk,J The observed. x-ray spectra and shapes are strongly de-
independent of vacancy or ionized states present in the incRéndent upon a number of parameters in electron-capture
dent ions[15]. collision, cascade, and transition processes. Among them, the

most important are

(a) The final electronic if¢l ;) distributions and

(b) The transition probabilities in the finah{l;) states.

In the present paper, as shown above, we have determined The final electronicif;l ;) distributions are determined by
absoluteL x-ray emission cross sections in collisions of the following parameters:
Kr2’ ions with various neutral targets. Then, it is interesting  (c) The initial (ngl,) distributions just after electron cap-
to know what fraction of the electron-captured®®r ions  ture;

C. Comparison with electron-capture cross sections

TABLE Il. P(n¢l;) parameters used in syntheticx-ray spectra from K¥" (q=27-33) ions colliding

with atoms.

nflf Kr27+ Kr28+ Kr29+ Kr30+ Kr31+ Kr32+ Kr33+

3s 1 1 1 1 1 1 1

3d 1/100 1/60 1/100 1/20 1/20 1/10 1/80
4s 1/50 1/10 1/5 1/5 1/5 1 1/5
4d 1/200 1/200 1/200 1/50 1/35 1/25 1/100
3p 0 0 0 4 5 5 1/30

4p 0 0 0 0 0 2 1/30
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FIG. 6. Comparison between the observed and syntheticay spectra from K" ion colliding with Ne atoms(a) Only the calculated
transition probabilities with statistical populatior{) The fitting parameter®(nl) given in Table Il are used.

(d) The transition probabilities and branching ratios of thetrum can be expressed as a function of enefgy in the
intermediate ;l;) states during cascade processes; following form:
(f) Intrashell interactions which may change the interme-

N
diate (h;l;) distributions during cascade. n fIn2 1
As mentioned above, the number of the initialgky) 'S(E):Angl Gnln(Eo)2 755n
states just after electron-capture at low energies is known to
be distributed over a limited range. On the other hand, the E—Ej\?
number of cascades can be as large as ten which means that X ex _4|”2( SE, : 3.2

a huge number of the electronic states through cascade pro-

cesses are involved before reaching the final x-ray emissioAere the factoA is an adjustable parameter to get the best fit
stages and thus more than 1000 states have to be taken intith the observed spectrum.

account all the way do'wn to the ground state. As expected, this technique cannot reproduce the ob-
_ So three r_elat|ve|y simple ways have been used to syntheserved x-ray spectra and indeed significant discrepancy be-
size spectra in the present paper. tween the synthetic and the observed spectra is seen for all

(1) The first one is simply to use the calculated transitionthe ions, as shown in Fig. 4. Obviously this discrepancy
probabilities for all the possible electronic states, assumingriginates from negligence of the proper electronic state dis-
their statistical population distributions. tributions just before x rays are emitted.

To create the synthetic x-ray spectrum, first we have cal- (2) The second technique to synthesize the spectra is to
culated the transition energ¥f) and the(weighted transi-  completely neglect the detailed transitions from the initial
tion intensity @,l,) where g is defined as the statistical (ngly) distributions in electron-capture through cascading
weight, covering all the possiblenth) transitions, using the processes but to simply try to reproduce the observed spectra
Cowan codg18]. We calculate excitation energies and radia-by fitting the calculated spectra under assumption that the
tive transition rates for the £2p"-2s?2p"~13l, and final (n¢l;)-distribution paramete®(n;l), is used as a fit-
2s2p-2s3l transitions with I=s, d and n=6-1 in ting parameter. This parameter represents the final electronic
Kr?6*-Kr32*. We consider also all possible s2p” state distributions when x rays are emitted. Then x-ray spec-
—2s22p"~23p transitions as well as £2p"-2s?2p" 141 trum is determined b (n¢l ;) A, (n¢l;) where A (n¢l;) is the
and X22p"-2s?2p"~ 15| transitions withl=s, d and n radiative transition probability of thengl;) state. In the
=6-1 in KrP®"-Kr®?". Complete number of transitions in- present analysis, the summation is performed over those with
cluded in our synthetic spectra presented in Fig. 4 is equal teelatively large transition probabilities. As shown in Fig. 5
28 (Ne-like Kr), 245 (F-like Kr), 935 (O-like Kr), 1608(N-  with the best-fitted parameteP{n¢l;) given in Table II, the
like Kr), 1427(C-like Kr), 628(B-like Kr), and 269Be-like  synthetic spectra seem to produce nicely the observed spectra
Kr). for all the ions investigated in the present paper.

It is assumed that the spectr@nergy distribution of As noticed in Fig. 5, there are still some discrepancies at
each transition can be expressed with a Gaussian profile witthe lower-energy side. It is believed that this is caused by
the resolution ofSE,, (which is mostly due to the detector incomplete collection of electrons produced in x-ray colli-
resolution and here is assumed to be constant for a particulafons with the Si crystdl17]. It is important to note here that
ion and is slightly varied over 5-10% for different charge the distribution parameters best fitted to the observed spectra
ions to find the best fit to the observed spectruBumming have changed only slightly when the ion charge increases
up the Gaussian profiles for all the possible N transition linegrom q=27 to 33. Indeed it has been found that the main
composing the observed spectrum, the final synthetic specontribution to the x-ray peaks in the synthetic spectra comes

042509-6



L X RAYS FROM LOW-ENERGY (~2-keV/u) IONS ... PHYSICAL REVIEW A 65 042509

from the 3 states, with only a small contribution from other 1.0 -
states, for all the ion charges, as shown in Fig. 5.

In Fig. 6, we present similal x-ray spectra from
~2-keV/uKr®?" ions in collisions with Ne atoms. 0.8

This suggests that the electron cascade to the fisal 3
states to emit. x rays may be more likely than to thep3
states in hydrogenic ions as the probabilities 8£2| tran-
sitions are generally smaller than those @-3l transitions
[19]. Another reason for this can be due to the fact that ther
is no 2s vacancy, except for B?" ions. Thus, any transi-
tions leading to the & state are not possible or the relevant
states are metastable if no intrashell interactions are takel 0.2
into account. Thus the contribution fronp3tates to x-ray
emission is strongly suppressed for all%Krions (q=32).
This may also explain why such significant fractions 001
(~60%) of the electron-captured ions cannot emit
theL x rays.

(3) Finally, a time-dependent collisional-radiative model time (s)
that was originally developed to describe x-ray emission FIG. 7. Time-dependent population after electron-capture into
from hot, dense, laser-produced plasmas was modified to d%':e 0% K.r27+ P pop P
scribe the emission processes in the present paper. Starting '
with initial populationsX; in stated, this model numerically
propagates the radiative transfer of population to lower state;
using coupled rate equations:

q=27

2s°2p°3d

popLﬁation

10™ 10 10™ 10™° 10°

one radiative decay to the ground state. This confirms the
ypothesis that the low x-ray yield from K¢ collisions
(see Sec. llICis due mainly to the retention of captured
dX; o o electrons in metastable states. The average time-integrated
EZE XA =) =X > Adi—]). (3.3 populations ofnl states with relatively large radiative decay
1= I=! rates are given in Table 11l for comparison wig{nl;) from

Table Il. The agreement is best for Xf and worst for

The intensity of a transition is determined by the time- >~

integrated population of its upper level and its radiative deXr

cay rate. The synthetic spectra are constructed as in the pre- Comparisons between the experimental data and the syn-
vious subsection 1. thetic spectra calculated with this model are given in Fig. 8.

The kinetic model includes allS states of four ions with N all cases, the intensity of the contributions fror¥ 4 and
configurations 822p and 222p*~Inl, wherek varies from 5 fit the experimental data quite well. For the contributions

six (Kr27*) to 3 (Kr*®*) andn ranges from three to six. The from n=3, the shift of the main x-ray peak to lower energies

energy-level structures of the ions andE&ll radiative decay IS b?St for K™, which has ti‘e fewest states per excited
rates were calculated with the Cowan cdd8]. In addition, conf_|gurat|02ng,+a_nd worst for R¥*, which has the most. Bet-
for Kr2’*, all E2, M1, andM?2 radiative decay rates from ter.flt f(?r Kr*" ion coII|S|0ns_|s expected to be obtained by
excited states witm<6 to the ground state were calculated {@King into account states with>6.
with second-order MBPT20].

As noted above, the actual population distribution right IV. CONCLUDING REMARKS
after capture is concentrated in states with 9—13, which N
are not modeledsee Eq.(1.1)]. However, most of the ex- e have observed x-ray spectra for~2-keV/uKr
perimentally observed emission is from=5, so the initial (4= 27—33) ions colliding with various neutral atoms and
distribution will have only an indirect influence on the final Molecules and also det(e7r+m|ned their absoluteray emis-
spectrum as long as it is concentrated in states witrs.  SION Cross sections for Kf" ions which have been found to

Also, it has been shown that the distribution after capture irP® Proportional to the inverse square of the target ionization
keV/u collisions is roughly statisticdl21]. So the initial energy, agreeing with the classical picture of electron-capture

population is taken to be statistically distributed among thé®"0C€ss. Then, these x-ray production cross sections are

n=6 states, preserving these two important properties of the
actual initial state.

The time-dependent populations of 2Kt states are
shown in Fig. 7. the x-ray emission in the spectral region of

TABLE Ill. Average time-integrated populations aofl states
with large A, in the time-dependent kinetic model.

: h ) n Kr27+ Kr28+ Kr29+ Kr30+
interest occurs when population moves from an excited state’

to the ground state. The bulk of x-ray emission occurs in lesss 1 1 1 1
than 1 ns. The population at 1 ns is concentrated in thgg 1/96 1/17 1/8 1/3
ground state and the metastable sta$é2p®3s®P,, which s 1/40 1/45 1/33 1/7
has a magnetic quadrupole decay rate of the order %10 4d 1/220 1/130 1/62 1/26

After 1 ns, only 56% of the captured electrons have under
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FIG. 8. Comparison between observed and synthetic x-ray spectra¥or(ke=27-30) ions colliding with atoms. Line intensities of the
synthetic spectra are proportional to radiative decay rates and time-integrated populations.

compared with total electron-capture cross sections basqubrtant to extend similar experiments to a higher charged
upon an empirical formula of Kimurat al. [13] and have Kr9" ion (q=28), which has moré&-shell vacanciegin par-
been found that only roughly 40% of total electron-captureticular, Kr*** ions where nd_-shell electron is left anymoye
processes result in x-ray emission and others in the meta- and, thus, more different transitions can occur, in order to
stable states without emitting x rays within the viewing zoneknow variations of ratios ok x-ray emission cross sections
of the detector. over total electron-capture cross sections.

We also have synthesizddx-ray spectra using different
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