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The satellite and hypersatellit€ x-ray emission of a thin Mg foil and thick polycrystalline Si target
bombarded by 34-MeV C and 50-MeV Ne ions was measured using high-resolution crystal diffractometry. The
corresponding projectile reduced velocitigs were 1.09 and 0.92 for C ions and 1.02, 0.86 for Ne ions in
case of Mg and Si targets, respectively. An energy resolution of approximately 0.5 eV enabled separation of
contributions corresponding to states with different number-o&nd L-shell vacancies. The relative inten-
sities of satellite and hypersatellite lines were determined by fitting the measured spectra with line shapes
calculated using the GRASP92 computer code. To determine the production yields of initial states from the
measured x-ray yields, the total decay schemes of initial states were considered. The decay schemes were also
used to determine the relative intensities of components contributing to the obsarnsatellites and hyper-
satellites and B satellite intensities. Including theoretical predictions in the fitted model is crucial to analyze
properly theKa hypersatellite region which overlaps tHg satellites. The initial-state production yields were
then used to determine theshell ionization probabilities and the double- to singfleshell ionization ratio
corresponding to the four investigated collisions. The experimental values were compared to the theoretical
predictions obtained within the independent electron model using single-electron ionization probabilities cal-
culated by the three-body classical trajectory Monte C&IBMC) method. Since the targets used were thick
enough, the equilibrium projectile charge-state distributions in the solid media were assumed. While for the
double- to singlek-shell ionization ratios a satisfactory agreement was observed between the CTMC predic-
tions and our experimental results, theshell ionization probabilities were found to be overestimated by the
CTMC calculations by a factor of about 2.
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[. INTRODUCTION Several experiments with heavy ions on I@elements

Because of reduced nuclear charge screening due to addl2ve been performed in the pdst-3. Hypersatellites have
tional vacancies in the inner shells, x-ray lines emitted byP€en resolved in these works, but due to the high probability
multiply ionized atoms are shifted towards higher energies a8f addmon?l |orr11|zat|on ;nllg)tutgrtshe!lt_s, resultllgg mt %omgkix
compared to diagram lines of singly ionized atoms. In gen-x'irr"i‘ydspec r?’t |ype|:18ai : erirlnn ﬁ?s'\:ﬁtsh CO:J X :0 hew ?/err-
eral, the energy shift increases with the principal quanturﬁ“heere aag?jtijtignea?/. oute? gﬁell eion?zation r;so I(ész, r%bzbﬁa’
number of the electron undergoing the transition and is mosgouble-ionization cross sections for some IEIV\eIePnents '
pronounced in the case of an additional vacancy inKhe

shell. Spectral contributions corresponding to douklion- could be obtained4]. The same is true for heavy ions on
) - =P P 9 nijor mid-Z atoms[5], where additional outer-shell ionization was
ized atoms are called hypersatellites, while contributions

. . o also negligible. In both cases the dominant ionization mecha-
corresponding to additional vacancies in theshell are

: = nism was direct Coulomb ionization, since the collisions
calledL satellites. Apart fronKa transitions, where the ac-

. were quite asymmetri€Z, gjeciiie< Ztarge?-
tive electrons are from thep2subshell, there are als§g In the case of more symmetric collisions, capture of inner-

transitions involving 8-subshell electrons, but the latter are ghe|| electrons into the empty shells of the projectile be-
in the case of Mg and Si almost two orders of magnitude lesgomes important and in some cases even prevails. A detailed
probable. By measuring the x-ray spectra and identifying difinvestigation of the relative importance of the two main ion-
ferent contributions, one can infer on the number of vacancyzation mechanisms has been made for Ti bombarded by
states produced in collisions. In the case of light elementsieavy ions by Halkt al. [6,7]. A similar experimental pro-
such as Mg and Si there is an overlap of different contribucedure has also been used by Tribetlial. [8] to obtain
tions and also each separate contribution cannot be describddubleK-shell ionization and electron transfer cross sections
by a single peak. While this rich structure gives us the opfor Fe and Ni targets.

portunity to study radiation properties of the target atoms, it Since the majority of experiments have been performed
also makes proper peak identification and spectra analysisith semiconductor detectors, contributions corresponding to
more difficult. states with different numbers &fshell vacancies could not
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be resolved and therefore different fluorescence yields for25.778 A, whereas for Si first-order reflection on the $iO

these contributions were not considered. In the case of Mg110) crystal (2d=8.5096 A was used. The crystals were
and Si where the&Ka hypersatellites anig satellites are 5 oy wide and 10 cm high with a curvature radius of
overlapping, the use of a high-resolution instrument is manss 4 cm. Reflected photons were detected by a 27.65 mm
datory. However, even instrumental broadening as small ang and 6.9 mm high Peltier cooled CGEharged coupled
0.5 eV is not sufficient alone to unravel completely the COM-device detector with a pixel size of 2727 um? and a
plex spectra and a detailed theoretical modeling of the targ‘ﬂepletion depth of 5@m. The detector was thermoelectri-
x-ray emission is needed. As a consequence of these diffiqu:—a”y cooled to -60 °C. The background was reduced by
ties, which are very difficult to overcome, quantitative ex- sorting good event pixels with selected energy windows. For
perimental data for doubllg—_shell ioni_zation_ o_f IightZ_ ele- energy calibration, photoinducdtk x-ray spectra of Mg, Al,
ments such as Mg and Si induced in collisions with heavys;j and p were employed, using the bremsstrahlung from an
lons are very scarce. _ _ x-ray tube with a Cr anode for the production of the target
In this work we report on high-resolution measurementsorescence.
of the Ka spectra of Mg and Si induced by collisions with  Ag the slit is positioned between the target and the crystal,
34-MeV C and 50-MeV Ne ions. The main goal of the gjfferent parts of the detector collect x rays emitted from
project was to determine the double- to singflshell ion- giferent parts of the target. The beam intensity distribution
ization ratios for the four investigated collisions. The projec-gp, the target is therefore directly reflected in the measured
tile energies were chosen to maximigeshell ionization. A gpecira. Although it is possible to correct the spectra by mea-
the L-shell ionization probabilities are also quite high at gring the beam intensity profile, errors are introduced as a
these energies, rich satellite structures corresponding tsylt of the beam position fluctuations. Usually defocused
states with up to five additiondl-shell vacancies were ob- peams are used and the errors are insignificant. In this
served. To obtain a credible model of the measured spectrgygject, however, focused beams had to be used in order to
the line shapes of spectral contributions were calculated byptain a sufficient signal-to-noise ratio, and the instability of

the GRAsPo2computer code, and the number of free paramhe peam position represented by far the largest source of
eters in the fit was reduced by calculating the decay SChemQﬁlcertainty.

of initial states. The decay schemes were also used to deter- The peam intensity profile on the target was determined
mine the state production yields from the measured photoRy measuringKe intensities at different target positions
yields. As the investigated collisions are nearly symmetncmong the direction of the incoming beam. So colleckas
the probabilities for electron capture and direct ionization argjields are directly proportional to the beam intensity profile
expected to have the same magnitude. Both processes We{gross the target. The measured beam intensity profiles were
thus considered in the calculations. The ionization probabiliyhen ysed to correct offline the measured spectral intensities.
ties were calculated within the independent electron approXithe experimental errors of the profile corrections were esti-
mation, using single-electron ionization probabilities calcu-mated at 5% and an additional error of 10% was considered
lated within the three-body classical trajectory Monte _Carloto account for the finite stability of the beam position.
method. Obtained results were compared to the experimental gince at fixed crystal-detector position the energy interval
values. covered by the spectrometer was around 40 eV, the measure-
ment of each spectrum was performed by collecting data at
Il. EXPERIMENT seven different crystal-detector positions, with an overlap of
100 pixels between the neighboring parts. The spectra col-
The experiment was performed at the variable-energy cytected at different positions were normalized offline to ac-
clotron of the Paul Scherrer Institute in Villigen, Switzerland. count for the nonhomogeneous beam intensity profile on the
Metallic foil of Mg (0.35 mg cm?) and a thick polycrystal- target and different exposure time. Since only the signal is
line Si target(0.23 g cm?) were bombarded by 34-MeV’C  affected by the beam intensity profile, at least background of
and 50-MeV Né&' ions. Beam intensities of 10—100 nA one partial spectrum is needed to normalize two neighboring
were used. The spectra were measured with a high-resolutigpectra. The background is easily obtained in the region be-
von Hamos Bragg type crystal spectrometer which was defore theKa diagram line were no signal is expected, so we
scribed in detail i9]. The basic elements of the spectrom- started normalization at the low-energy part. The intensity of
eter are the target-slit system which defines the x-ray sourcéne second partial spectrum was normalized to the first one
viewed by the crystal, a cylindrically bent crystal, and aby multiplying it by a correction factor so that the same
position-sensitive x-ray detector. For a given crystal-detectointensity was obtained in the overlap region, both spectra
position the energy window of collected x rays is limited by been corrected before hand for the beam intensity profile and
the detector length. To cover different energy regions thelifferent levels of background. The same method was em-
crystal and detector are translated along their axes in a wayloyed to adjust the intensities of the third partial spectrum
that the slit-to-crystal and crystal-to-detector distances arand so on. This way of data normalization resulted in larger
kept equal. The whole spectrometer is enclosed in a 18Qncertainties in the higher-energy regions of the spectra. The
X 62X 24.5 cn? stainless steel vacuum chamber evacuatedverall experimental error in intensities of the final seventh
by a turbo molecular pump down to FOPa. For the Mg part of the total measured spectrum ranged from 20% to
measurements performed in second order of reflection th80%. It should be noted that relatively large normalization
spectrometer was equipped with aAP(001) crystal (2d  errors are due to finite stability of the beam.
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The normalized spectra were then corrected for detectauseful since the structure of a line shape can be calculated
efficiency, crystal reflectivity, and change in the solid anglemuch more accurately than its absolute position. The values
and in the target area seen by a single CCD pixel. The effief w were estimated as the sum of detector resolution and the
ciency of the CCD detector was governed by absorption irwidths of final and initial states. The state widths of singly
the 0.6(1+£0.05 um thick SiO;, dead layer. The crystal re- ionized atoms were taken frofil]. In the case of atoms
flectivity correction was calculated, using the ideal mosaicwith single vacancies in different shells, the Mo$$&] ap-
crystal picture with correction for crystal absorptiph0]. proximation was used. For multiply ionized shells, the values
The last two corrections were computed from pure geometriwere altered according to the Larkins riie8], using transi-
cal considerations. In the case of Mg, the largest correctionton rates of singly ionized aton{d4].
are due to the change in the solid ang®%) and crystal To calculateE; andT’;, the GRASP92[15] computer code
reflectivity (10%). For Si, there are two additional abrupt was used. The number of transitions and the corresponding
drops above th& absorption edge: one in crystal reflectivity I'; were calculated considering only initial and final electron
(factor of 5 and the other in detector efficien¢$0%). configurations and using the same radial functions for initial
and final states. The energies of initial and final states were
calculated separately in a multiconfiguration approach. Dif-
ferent additional configurations were considered and the line

In order to determine production yields of states with dif- shapes were tested on tKer satellite part of the measured
ferent numbers of vacancies K and L shells, the corre- spectra where separate contributions are clearly visible. The
sponding contributions in the measured spectra must beest results foKa spectral contributions were obtained by
identified—namely, theKa satellites and hypersatellites. adding configurations obtained from the original ones by
Photon yields must then be related to state production yieldsubstitutions 8 — 3p? and 22« 2p?.
with the use of decay schemes. For Mg the measure« spectra could be well repro-

The L-shell vacancies can be distributed differently be-duced by the calculated line shapes, the differences in peak
tween the 2 and 2 subshells. Thus, there are atoms with intensities being smaller than 5%, while the peak positions
2522pN=2, 2st2pN~1 and 2°2pN vacancy configurations con- agree within 0.2 eV. Since the calculatég3 line shapes
tributing to a satellite or hypersatellite of ordsr We will ~ were found to poorly reproduce the first Q3 satellites,
denote them akNa, LNb, andLNc. Since the line shapes and which are clearly visible in the Mg spectra, one Lorentzian
decay schemes of these three configurations differ substaand one Gaussian peak were used to describe si)gleat-
tially, we will treat them separately. ellites. In the case of Si, it was not possible to adequately

To illustrate the identification problem, refer to Fig. 3. reproduce either thEa or Kg contributions. By comparing
Peak identification below thi€ absorption edgél303 eVj is  the satellite parts of Mg and Si, it was observed that the line
relatively simple. There ar« satellites following theKa ~ shapes are similar in both cases. Due to a larger nucleus
diagram line in steps of approximately 10 eV. Above thecharge, theKa satellites of Si lie at approximately 40%
absorption edge there is an overlapkaf hypersatellites and larger energies than the Miga satellites and also energy
KB satellites and proper identification in this region is pos-Separations between the individual peaks of a spekitic
sible only on the basis of a theoretical model incorporatingsatellite are approximately 40% larger in Si spectra than in
calculated line shapes and predictions of their positions anflg spectra. Since Sa line shapes can be inferred on by
relative intensities. knowing the Mg ones, the Si spectra were modeled with
pseudo-Voigt curves, using several curves when such a need
was observed in the Mg spectra.

IIl. DATA ANALYSIS

A. Calculation of the line shapes

Radiative transitions are denoted by the initial and final
electron configurations. Due to multiplet splitting, there are a B. Decay schemes
number of possible radiative transitions between specific ini- |n order to relate measured photon yiel#&aLVi) to the
tial and final electron configurations. In light elements thejnitial vacancy-state yields produced in collisions, decay
differences in transition energies are larger than the naturgjchemes of initial state€XLNi havingX holes in theK shell
linewidths, resulting in complex line shapes. The line shapg&ndN holes in theL shell were calculated<L,L;, KL;L, 5,
of a specific transitiom can be written as KLpalp s KLiMy, KLiMy 5 KLy gMy, KLy gMp 5 Lily sMy,
-1 LiMiM3,  LiMiM35 Ly sMiMy, Ly MMy 5 and
T(E.ESw) = [E ri] 2 MLE-E-Ew), (1) L, M5 aM, 5 Auger transitions,LL, M, 5 Coster-Kronig
' ' transitions, anKa (KL, 3 andKp (KM, 5 radiative transi-
wherekE; is the energy of théth transition and’; its inten-  tions were considered. The probabilities for all other transi-
sity. The sum goes over all allowed radiative transitions betions are less than IHand were neglected. Since we did not
tween initial and final states. Since the natural line shape of distinguish betweeip,,, and ps;, subshells, the subscript 2,3
single transition and the spectrometer response are bothas used for either of the two. The probabilities for non-
Lorentzian, a single transition was modeled by a Lorentziamadiative transition rates of singly ionized atoms were taken
(L) with width w. The first factor in Eq(1) ensures normal- from Perkinset al. [14]. In the case of multiply ionized at-
ization of line shapes to 1. The parameris used to shift oms, the values were corrected according to the statistical
the transition lines while keeping their shape fixed. This isapproach first proposed by Larkiri43]. The Ka and KB
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KZ*a(2)
| FIG. 1. Decay scheme of the
o I ¥ [ ] 23 ;
ey Kooatod] L Mg K<L*a state with tv\(c_)M-sheI_I
17% 27 % 66% electrons. Only transitions with
iKiLta(2); ""-i‘(’ """I"“ probabilities greater than 5% were
I T T I T T considered. The notation in the
KLt P LpaMM LM Kool KLl KL L, LM boxes describes transitiongirst
12% 7% 16% 74% 7% | “% 5% BX lines), their probabilities(second
KOL%a(2): K9L7a(2 K'L*a(0] K'L%(1 K‘L‘b(1)§ K'L%b(1 K'L5a(1 K2L3c(0) . ! .
T T | lines), and atomic states after the
1 l l l l hi i I I T ) 7 transition with the number of
D Kaltaf [Kislps| | Kal® P [ KLy | [Kipatos] [LipsM] §kotse d i ] (L] el [t | i [Keast M-shell electrons shown in paren-
E 67% :| 93% 5% ' 13% 12% 88 % 286% § 15% B82% ; 6% : 23%)| 8% 34% theseqthird |ine$. TheKa transi-
H H i ; |KoL?: iKOL%a(1); |KOL7 iKIL4o(0): . ;
L0 a0l e ey ety it mlwn el ket K"]w" ']W)‘ m,‘"“ K'U,w K'LTM tions (dotted boxepare included,
l 1 l = 2 A = regardless of their probability. The
Yo 4 4 1 T 1 T firet line i these boxes, describ
Kato } [ ] ] i ke i) o] oo} [7r ] o] fea WO irst line in these boxes describes
5% i | 63% | | 32% 17% i | 4% | | 41% 56% : | 37% (| 39% | | 18% :15% i | 85% the emitted photon.
KOL%(0): [KoL7a(0)] |KOLb(0)|  :KOL®b(0): |koL7a(o)] [KOL7b(0)  iKkoLSc(0) |KoLea(0)] |Ktbo) [KOLSc0)  :KOLPa(0): |K%L7af0)

transition rates were derived frokrshell fluorescence yields W(ny,) the corresponding decay scheme matrix. It is there-
[16] by applying the Larkins approach. fore not possible to relate the photon yields to the initial state
As an example, the decay scheme of K¢ 3a state is  production yields without the knowledge df-shell ioniza-
presented schematically in Fig. 1. In the scheme only transidon. The values oP,, were determined using the three-body
tions with probabilities greater than 5% were consideredclassical trajectory Monte Carlo simulation as explained in
Since we are interested in photon yielt#fsy transitions are  Sec. IV.
also shown, regardless of their probability. Figure 1 demon- Whereas separat€*aLN contributions can be clearly re-
strates that atomic staté&€’L®a contribute not only to the solved in the measured spectfégs. 3 and 4 it is not pos-
K2al%a hypersatellite yield, but also t&?al3b, K?al3c, sible to resolve the three componertSalNi(i=a,b,c)
KalL®a, KalL%b, Kal®c, KaL%a, andKaL* photon yields.  within each contribution. However, the initial state yields of
Using the decay schemes of all excited states, the relatiomhe three components can be related to theirief initial-
between the measured photon yields and the initial vacancytate yield by assuming equal ionization probabilities for the
state production yields can be expressed in the following®@s and 2 subshells. Using this assumption, E8) can be

matrix form: rewritten in a reduced bade, and Y, which now incorpo-
Y= WOl o) ratesl (KXLN) and Y(KXLN):
The vectorY® stands for thek*aLNi photon yields and the Y, =W l,. (4)

vector | for the yields of initially produced*LNi vacancy
states. We considered states with one andKwnghell vacan- The W matrix in the reduced 16 dimensional base was de-
cies and up to five_-shell vacancies. In addition there are noted byW,,. W,, is an upper diagonal matrix and enables

three possibilities of distributing the-shell vacancies among direct determination of initial-state yields from the measured
the 2 and 2 subshellsi=a,b,c). We were therefore deal- photon yields.

ing with 36 states, which is also the dimension of E). In theK x-ray emission of solid Mg targets, spectral lines
The component indices were assigned according to the vatorresponding t& 3 transitions can be clearly observed even
ues ofX, N andi—namely, 18X-1)+3N+i. though such transitions are not possible for the free Mg

The same procedure can be followed %8 transitions  atom, since it has nogBelectrons. This can be explained by
and buildW# matrix from K3 photon yields. It should be noting that in the solid Mg targetyl-shell electrons belong
noted that the same states contributeKi® and KB transi-  to the conduction band and have therefore no fixed angular
tions, meaning thakKp photon yields can be determined momentum, allowing them to participate alsoKiB transi-
from Ka photon yields and vice versa. Since the same contions. SinceM-shell electrons move freely in metal, even if
clusions apply toV* andW? we shall use symbaN for both  anM-shell electron is ejected from the atom, other electrons
of them. rearrange so that the numberMfshell electrons of an atom

Decay schemes depend also on the numbeMeshell  remains practically the same. To accommodate for these
electrons in the initial configuration. Since it is not possiblesolid state differences, we have consideredNhehell elec-
to resolve contributions corresponding to initial states withtrons to have B and 3 character and kept the number of
different numbers oM-shell electrons, th&/ matrix must be  M-shell electrons constant during the entire Mg decay

written as a superposition: schemes.
B When measurements are performed on solid targets, stop-
W= 2 Pr(ny)W(ny), 3 ping of projectiles in the target and absorption of x rays on
1

their way out need to be considered in order to express the
whereny, is the number ofM-shell electrons in the initial measureK« satellite and hypersatellite yields with the ion-
state, Py, the probability of producing such a state, andization cross sections at the projectile impact energy. The
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effect of self-absorption can be included by additional matrix
Frin Eq. (4):

Yi o 2 W (i,))Fr(i, ) oy (Eo), (5) .
=i

whereg; is the cross section for producing a state with index
j andEg is the projectile impact energy. In case of thin Mg
foil the stopping of the projectiles can be neglected and only
the absorption coefficients are needed to calclHatén case
of Si the projectiles are completely stopped within the thick
target. Due to large absorption of photons with energies
above theK absorption edge, only the upper/n of the
target in which the projectiles lose approximately 10% of
their energy contributes to the hypersatellite yield. Since ab-
sorption of photons with energies below tKeabsorption
edge is much smaller, the contributions to satellite yields
come practically along the entire projectile patpproxi-
mately 25.m). In this case the cross-section energy depen-
dence along the projectile path within the target is also in- . , , . ,
corporated in the calculation of the matrix. Details of this 1 2 3 4 5
self-absorption correction are presented in the Appendix.

Relativeyield

FIG. 2. Top: initial values ofy (subscript § for the Mg metal
target and the values obtained at the end of the iteration procedure
for the C-induced spectruigsubscript ¢ and Ne-induced spectrum
(subscript Ng¢ Bottom: theKa photon yield distributions for the

Due to complex structure of Mg and Si high-resolutiontwo Mg spectra determined fron{8 photon yields using decay
spectra induced in heavy-ion collisions, it is important toschemes.
reduce the number of parameters varied in the fitted model to
make it credible. In this section we will calculate the relativeinitial values of » can be calculated without knowing the
intensities of components contributing to ed€h satellite  relative intensitiesr(K*XaLN) which depend on the collision
and hypersatellite ang g satellite yields. parameters. Initial and final values gfobtained for Mg are

Each spectral contributiok*alLN is generally composed shown in Fig. 2. As shown, only small deviations are ob-
of three component&*alNi (i=a,b,c) corresponding to served between the initial and final values of the iterative
different distribution ofL-shell vacancies between the@nd  procedure.
2p subshells. Knowing the relative intensity ratios and the The accuracy of the calculated line shapes was not ad-
line shapes of these three components, the line shapes efuate to determine the values#pfrom the measured spec-
spectral contribution&*aLN are well determined. This al- tra. Since the spectra can be fitted using the calculated val-
lows the calculated line shapes to be tested on the measureés, we estimate the errors gpfcorresponding to the largest
spectra and also helps peak identification in ihe hyper-  contributions to be of the order of 10%. It should be stressed

C. Reducing the number of parameters varied
in the fitted model

satellite region. that the values ofy which were used to determine the theo-
The relative intensities of componert$alLNi contribut-  retical line shapes employed in the fit in order to help peak
ing to a givenKXaLN contribution are defined as identification, do not have a significant effect on the intensi-
N ties of theK*aLN lines.
p(KXaLN) = Y(Kal™) _ For Mg and Si theKa hypersatellites cannot be resolved
Y(K*aLNa) + Y(K*aLNb) + Y(K*aLNc) from the overlapping<g satellites. A correct determination

(6) of the Ka hypersatellite yields requires thus precise knowl-
edge of theKg satellite intensities. The latter can be deter-

The values ofy can be determined from th&“ matrix in the  mined from the resolve« satellite yields with the help of
following way. From the experimentally measured decay schemes. Firkix satellite yields are used in E@) to
Y(K*aLM), I(KXLN) can be obtained using E@#). Assuming  determinel (KXLV). Since the same vacancy states give rise
equal ionization probabilities for thesznd 2 subshells, the also to theK 3 transitions,Y(KXBLN) can be determined from
values of|(K*L") can be related to the values BK*L"),  Eq.(4), replacingW, “ with W, 2. Again the problem must be
which are in turn related t¥(K*aLM) by Eq.(2). The latter  addressed iteratively.

can then be used in E¢) to finally obtain the values of. SinceKa satellites lie below, whilé 8 satellites lie above
Since these values are used in the fitting procedure to detethe K absorption edge, different absorption in the target must
mine Y(K*aLN) yields, an iterative approach is needed. be accounted for. When the yield of at least ¢ satellite

In the first step of the iterative procedure one can assumean be resolved in the measured spectra, the absorption edge
that onlyKXLN states contribute to thi€*aLN photon yields, effect can be excluded by fixing tHéa satellite yields ac-
neglecting the off-diagonal terms in E@). This way the cording to that valugFig. 2).
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D. Spectra fitting
The model spectr&™ were built as a sum of line shapes:

S'(E) = X iTi(E,Ef,w), (7)

Namalized yield

whereT,; are the calculated line shapes discussed in(Eg.
andY; the corresponding photon yields. The measured spec-
tra consisted olKa satellites,Ka hypersatellites, and3
satellites up to fifth order. Since contributions of less than
5% to a specific satellite or hypersatellite were disregarded,
the model contained about 30 components.

Relative intensities of components contributing to a spe-
cific Ka satellite or hypersatellite were fixed to the values
calculated in Sec. Il C, so that only thea satellite and
hypersatellite yield¥(K*aLN) were varied. Thék 3 satellite
yields were also fixed according to the values calculated in
Sec. Il C. In Mg spectra it was possible to determine lower-
order K3 satellite yields directly from the measured spectra
and fix the yields of higher-ordelKs satellites which are
overlapping theKa hypersatellites. Since in Si spectra none
of the K3 satellite yields can be determined directly from the
measured spectra, it was required that ki@ satellite yield
ratios agree with the ones determined in Sec. Ill C.

The central energieBC of the KXaLNc contributions can
be resolved directly from the measured spectra. The central EiVl
energies of other contributions were restricted by demanding g 3. Measuredk x-ray spectra of Mg fitted with the model

that the values obtained in the carbon and neon induceghsed on the calculated line shapes. Kaesateliite and hypersat-
spectra agree within 0.5 eV. This constraint is very helpful,gjjite regions of the spectrum induced by C impact are shown in the
Since Contributions Corresponding to IOV\[eshe” ionization upper and center graphs’ respective|y. The lower graph shows the
are more pronounced in the carbon induced spectra, whilgx hypersatellite region of the Ne induced spectriw. contribu-
those corresponding to higher orderlethell ionization are  tions are shown by solid lines an€B by dotted lines.

more pronounced in the neon induced spectra.

For Mg, only the positions of the first thré€g satellites  sical trajectory Monte CarlgCTMC) simulation[17]. The
could be determined, while for Si at least one component ofnodel used is described in detail [ib8], while the initializa-
everyK g satellite was clearly resolved. Where the positionstion parameters are described[®]. Single-electron direct
were uncertain, an equal energy spacing within a couple ofind capture ionization probabilities obtained fef, Ps-, and
eV betweerK g satellites and also between the two compo-
nents of eactK 3 satellites were required.

The values ofy; derived in Sec. Il A. were used as a first
guess and as the lower limit in the fitting procedure. The
values obtained in the carbon- and neon-induced spectra
were required to agree within 0.5 eV and to differ as little as
possible from the estimated values.

The results of the fitting procedure for Mg and Si are
presented in Figs. 3 and 4, respectively. Since peak identifi-
cation below theK absorption edge is straightforward, only
the carbon induced Mg spectrum is shown for this energy
region.

Normalized yield

IV. THEORETICAL CROSS SECTIONS

In the ion-atom collisions studied, direct Coulomb ioniza-
tion and electron capture by the projectile are the major
mechanisms responsible for atomic inner-shell ionization. F|G. 4. Measured and modelét hypersatellite spectra of Si
The cross sections for multiple ionization Kf L, andM induced by Qitop) and Ne(bottom) impact. The spectra were mod-
shells were calculated within the independent electroreled with pseudo-Voigt curves, using several curves when such a
model, considering these two mechanisms and using singleeed was observed in the Mg spectax contributions are shown
ionization probabilities obtained within the three-body clas-by solid lines andk;3 by dotted lines.
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tion resulting from direct ionizatioDl) and electron captur@eC)

into the projectile’sk shell. (SI) denotes elastic scattering. The
single-electron probabilities indicated in the scheme are the CTMC
predictions calculated for bare projectiles. The two-step model is
needed, since electron capture probabilities are inversely propor-
tional to the number of electroridl) in the projectile’sK shell. We
must separate the case of a bare projeéhlg=0), projectile with
oneK-shell electron(N.=1), and projectile withK shell full (Ng

=2), where only direct ionization contributes to the douldlehell

ionization.
2p-subshell electrons of Mg bombarded with 34-MeV C ions

are shown in Fig. 5.

FIG. 5. CTMC direct ionizatio\DI) and electron captur@eC)
single-electron probabilities calculated #¢f (top) andL- (bottom)
shell electrons of Mg atoms in collisions with 34-MeV C ions as a
function of impact parameter. The correspondifg and L-shell
radii of Mg are 0.18z and 0.6%9g, respectively. For each point
plotted in the figure, 20 000 trajectories were calculated.

. - tions. The CTMC capture probabilities are valid only for
The calculations showed that for the collisions studled, fully stripped projectiles (N,=0). For not completely

andM-shell ionization is dominated completely by the direct _ . A .
stripped projectiles, however, single-electron capture prob-

ionization. Since electron capture into the projectile’shell L .
. . . . abilities can be assumed to be proportional to the number of
is approximately 10 times larger than capture into outer

shells, only thek-K transfer channel was considered. In this electrons in the projectile’s shell. This dependence of the

case there is no coupling between the ionization of dil‘ferengapture cross section on the projectile’s charge has already
een confirmed6-§|.

shells, and the cross sections in the independent electron ap- When considering doublii-shell ionization, a change in

proximation can be written as the ionization probabilities after electron capture in the pro-
. y \ « jectile K shell must be consideredK-shell ionization was
a(KL )ZJZWP(M )(b)P(L™)(b)P(K”,Ng)(b)bdb, thus treated as a two-step process, shown in Fig. 6. The
probabilities P(K,N,) are determined from the scheme by
(8) multiplying the terms for the first and second electrons and
whereP(KX,N,), P(LN), andP(M") are the probabilities for SUMMING the terms leading to the desired state.
the multiple ionization in the&K, L, and M shells, respec- Since prpjec_:ule.s in solid med_la acquire d|ffergnt charge
tively, andb is the impact parameter. By, we have explic- sta}[tes, th;el;omzi?on cross section measured with solid tar-
itly denoted the dependence of tKeshell ionization on the gets must be written as
number of electrons in the projectilels shell. K¥ =S PUNDo(KX N 10
When direct ionization is the only important mechanism, oK =2, (N (K, Ne), (10
the ionization probabilities can be approximated by the binowhereP,(N,) represents the probability for a certain projec-

mial expression tile charge state in solid media. The projectile’s charge-state
X distributions depend on the projectile’s energy and atomic
P(XN)(b) = ( N°>p§'(b)N(1 -p%'(b)e N, (9)  number and were obtained frof0,23. In Table I the cal-

culated double- to singl&-shell ionization ratios for all pos-

wherepQ' is the single-electron direct ionization probability sible projectile charge states can be found.

of theX shell,N is the number of vacancies produced, aid

is the number of electrons in the shell before collision.
Electron capture is possible only when there is a vacancy

in the projectile’sK shell. Since this limitation stems from Using the fitting procedure described in Sec. Il B¢

guantum mechanics, it is not incorporated in CTMC simula-satellite and hypersatellite photon yielt§ were extracted

V. RESULTS
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TABLE |. Experimental(Expt.) and theoretical double- to singkeshell ionization cross-section ratios
for the measured collisions. The ratios and relative ergorparenthesgsare given in %. The theoretical

ratios were calculated for projectiles with zero, one- and Kwshell electrong0, 1, 2, and for projectiles
with equilibrium charge-state distribution in the tardat).

oyl 05(0) ogqloy(1) oql04(2) o4l o(av) Expt.

Mg+34 MeV C 16.6 12.3 10.2 15.8 330
Mg+50 MeV Ne 24.1 125 11.7 15.3 125)
Si+34 MeV C 12.2 8.4 7.6 11.6 9@0)

Si+50 MeV Ne 12.2 75 8.2 9.0 9@5)

for the four investigated collisions. Photon yields are relatedlent electron model, the distributions should not depend on
to the vacancy-state production yields by E4), which are  the number of vacancies in the shell. The distributions
proportional to ionization cross sections. Since the matrix irshown in Fig. 8 agree with this statement within the experi-
Eq. (4) is upper diagonal, the normalizedK?L%) ionization ~ mental error, but a systematic shift of the distributions cor-
cross sections were determined first, the(?L?), and all  responding to theK?LN states towards higher orders of
the way too(KLO). L-shell ionization can be seen. The shift which was observed

After ionization cross sections are determined, relativdfor the four investigated collisions might indicate that the
contributions from differenK*LN states to a specifikXalLN  Yields of higer-ordeKg satellites, which are overlapping the
photon yield can be obtained. As shown in Fig. 7, severaKa hypersatellites were underestimated in our analysis. In
initial states contribute to a particul&aLN photon yield. the Mg spectra th&BL* andK AL® satellites are completely
The effect is more pronounced in the case of Mg, due to th&idden by the strongéfa hypersatellites and their yields are
metallic character of solid Mg, where the numbef\fshell ~ practically undetermined in the measured spectra. By adjust-
electrons is not reduced during the decay scheme, makini§d these twok g satellite yields so that thgLN and K2LN
the schemes significantly larger. Since the contributiokdo  initial-state production yield distributions would match, an
satellite yields of initial states with twék-shell vacancies approximately 25% decrease in the overall doutishell
increases with the satellite order, there is a shift inhe  Vvacancy production yield was obtaineds satellite yields
satellite photon yield distributions to higher order as com-are better determined in the case of Si. Hé@L? andK AL°
pared to the distributions of the initial-state productionphoton yields were adjusted. The increasek@ satellite
yields. yields needed to match th€.N and theK?LN vacancy yield

The distributions of theKLN and theKZ2LN initial-state  distributions was the same within the errors for all four spec-
production yields are shown in Fig. 8. Within the indepen-tra, supporting our assumption that the calculated yields of

higher-orderK 8 satellites were underestimated.

25
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FIG. 8. Initial vacancy production yield distributions for states
with one(Sap and two holegHyp) in theK shell for C-Si collisions

(top) and Ne-Mg collisiongbottom). The dotted lines correspond to
the best fits to the binomial distribution.

FIG. 7. Contributions of differenik*LN states to th&aLN pho-

ton yields in the Ne-Mg collisiongtop) and Ne-Si collisions
(bottom).
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0.4 ' Bp. resolve »—1s radiative transitions of singly and doubly
= N'“ij;v K-shell-ionized atoms with up to five additionkishell va-
- s N=0 cancies.
& N,=2 In light elements such as Mg and Si, spectral contribu-
T o0al N tions KXaLN cannot be approximated by single peaks. The
| 4 line shapes of spectral contributions were calculated by the
I s GRASP92computer code. In the case of Mg, the calculated
01 1 I Ka line shapes obtained by calculating the energies of initial

and final states separately and considering configuration mix-
ing with configurations obtained from the original ones by

FIG. 9. Comparison of the experimental double- to single-Substitutions & —3p* and $2<—>_2p2_ were found to repro-
K-shell ionization ratiosry/ o5 obtained in the present work with duce the measured shapes within a precision of 0.2 eV.
theoretical predictions computed in Sec. IV. Since the theoretical Nese theoretical shapes were used to model the measured
values depend on the projectile’s charge, the values calculated f&P€ctra. As for Si a poor agreement was observed between
bare projectile$N,=0), projectiles with two & electrons(N,=2),  the theoretically determined line shapes and the experimental
and projectiles with the equilibrium charge in solid medl, ~ ONes; the Si spectra were modeled using pseudo-Voigt
=av) were plotted. For Mg the ratios obtained by fixing tigL4  curves. The number of pseudo-Voigt curves used to model a
andK LS intensities to the calculated values are also presgited ~ SPecific contribution was determined from the theoretical
fix). line shape of the corresponding contribution in the Mg spec-

trum.
- N 2 N s In order to determine the initial-state production yields
For each collision, th&L" and theK<L" initial-state pro- from the corresponding photon yields, decay schemes of

duction yields were fitted with a binomial distribution, as multioly ionized Mg and Si atoms were calculated and the
expected from the independent electron model. From the in- Py 9

relation was given in a matrix formulation. From the decay
dependent electron model values of 0.47, 0.75, 0.43, an . . ac
0.70 in the case of C-Mg, Ne-Mg, C-Si, and Ne-Si collisions’ chemes the relative photon yields of components contribut

. . ing to a specificKa satellite or hypersatellite were deter-
grg ex%egtgd f?hpL(O), Wh”ef f(;oorg the fit \l;?l'flesdo'_l?hs' O'All’ mined, and theKB satellite yields fromKa satellite yields
-, and ©.5 with an error of 1).05 were obtained. 1he valuegq e geduced. The so-obtained values were incorporated in
p.(0) represent thé-shell ionization probabilities for near-

o ) the model to make it well determined and credible. The cal-
central collisions[22] and were found to be approximately

fold ller th df he CTMC calculati culated relative photon yields of components contributing to
two old smaifler t 1an _expecte rom t et calculations. specificKa satellite or hypersatellite were found to be a
Deviation of distributions from the binomial shape was also

good estimate, while the yields of higher-or satellites
d estimate, while th Ids of high tellit
observed. ; :
The doubl inaléc-shell ionizati . were underestimated by our calculations.

_'he 03 e- 1o S|3g -shell lonization cross-section ra- 4 the initial-state production yieldssshell ionization
tios were getermined as probabilities and double- to singke-shell ionization cross-

25 o(K2LN) 25 1(K2L) section ratios were determined. The corresponding theoreti-
O _ “N=0 _ N=0 (11) cal values were calculated within the independent electron
o5 S sk S oKLM approximation using single-electron probabilities from the

N=0 N=0 CTMC model. While the calculated.-shell probabilities

Results are presented in Table I. Quoted errors originate frofaverestimated the experimental ones by approximately a fac-
experimental error, uncertainties in thié matrix (estimated tor of 2, an agreement between the experimental and theo-
to 5%-10%, and the uncertainties of tHeg satellite yields  retical values for double- to single-shell ionization cross
overlapping theKa hypersatellite partapproximately 15%  sections was found. An exception was the C-Mg collision, in
In Fig. 9 the experimental ratios for the double- to single-which experimental problems were most probably encoun-
K-shell ionization cross sections are compared with the thetered.

oretical predictions presented in Sec. IV. A satisfactory We have demonstrated that, for nearly symmetric colli-
agreement is observed except for the C-Mg collision forsions of heavy ions with light elements such as Mg and Si,
which the experimental value is twofold bigger than the thethe spectra are very complex. Due to the energy overlap of
oretical one. We are inclined to believe that this discrepanck8 satellites andKa hypersatellites, high-resolution spec-
may have an experimental origin. The setup of the C bearffometry employing crystal spectrometers is essential for
was indeed slightly changed during the measurement, whicRroper peak identification. Even so, careful modeling of the
could have affected the normalization of the hypersatellitesPectra, based on detailed theoretical calculations, is further

part of the spectrum with respect to the satellite part. required to properly identify separate contributions. It was
also shown that there are significant differences between the

initial-state production yield distributions and the photon
yield distributions.

Mg and Si solid targets were bombarded by 34-MeV C
and 50-MeV Ne ions, and the x-ray emission was recorded ACKNOWLEDGMENTS
using a wavelength dispersive crystal spectrometer. The in- The authors thank Dr. Schmelzbach and the PSI Philips
strumental energy resolution of about 0.5 eV enabled us tayclotron crew for providing good beam conditions, M. Ber-
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VI. SUMMARY AND CONCLUSION
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/, . i Cos )
. o . : -
§ 2 N " dYI ; Wrr(lil)UJ(EO)S](E)eX’< Sin(eo + ¢)X>dv
| i (A1)
S"‘\ Ly % Indicesi,j correspond to a particulak*LN state through
R i,]=6(X-1)+N+1. The angles are depicted in Fig. 10, while
P dV represents the volume of the slice. In E41) the ion-
P .‘\e\/’/// \ ization cross section was written as a prodetE,)s;(E) in
e order to separate the absolute value at the impact energy
Nz from its energy dependence, which can be more accurately
- A Beam predicted by theory. The energy dependence was calculated
k with the model presented in Sec. IV. The exponential term in
N Eq. (Al) describes the absorption of the photons in the tar-
Lo get. The absorption coefficientswere taken from the tables

of Thinh and Leroux23]. The energy of the projectile at a
FIG. 10. Schematic view of the beam-target geometry used irdepthx was calculated from

th t i t.
e present experimen E(x+dx) = E(x) + SE)dx, (A2)

set for his help during the measurements, and M. Zitnik fowhere the stopping powe&E) were taken from Ziegler and
theoretical consultations. This work was supported by théManoyan[24]. Using Eq.(A2), the contributions from thin
Slovenian Ministry of Education, Science and Sport of Slo-layers given in Eq.(Al) can be summed over the target
venia through the research program “Low Energy Physicsthicknessd:

(Grant No. PO-0521-0106-02by the Swiss National Sci- dicos ¢

ence Foundation, and through a bilateral Scientific and Tech- Yoo WG )| D s(E(X)
. . . | rr\ts |

nological Cooperation between Slovenia and Hungary i x=0

(Project No. BI-HU/04-05-013
i CO
Xex4—~#ﬂ——§flx>dv 5(Ep).  (A3)
sin(fp + ¢)
APPENDIX
The term in the squared brackets can be written as a matrix,

In this appendix the procedure leading to K§) that yielding the final equation
incorporates a self-absorption factor accounting for the stop-
ping of the projectile in the target and absorption of photons Y; o 2 Wi (i,j)Fr(i, ) oy (Eo), (A4)
on their way out will be outlined. Since the photon absorp- 1=
tion and projectile energy depend on the penetration deptRynich has been used in Sec. V.
the target was sliced into thin layers in which the projectile  \when thin foils are used, the energy loss of the projectiles
energy and the photon absorption can be considered Oy the target can be neglected agtk)=1 for all j. In such

stant. The beam-target geometry of our experiment is presases all the elements in tith row of theF; can be written
sented schematically in Fig. 10. The slit widthwas small simply as

enough that the emission angleand central angl#, could

be assumed equal. Th_e photon yield from the target layer at Fo(i) i{l _ exp{— . Mi d)] (A5)
depthx can be determined from E): i sin(y + ¢)
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