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Periodic variation in thd.B;-to-La x-ray intensity ratio of | and Ag projectiles has been observed as a
function of the atomic numbet, of the collision partner. It is shown that this periodic behavior is linked to the
enhanced intensity of theB; andLB, x-ray components, which are not resolved from the domihasy
x ray. The enhancement of tthe3; andL 8, components is attributed to the increasgdsubshell ionization
via molecular orbitals. The x-ray intensity ratio is also found to be nearly the same, in a few selected cases
studied, irrespective of the role of the emitter as target or proje¢8lE050-29478)05606-§

PACS numbds): 34.50.Fa, 34.50.Gb

I. INTRODUCTION Compared to the target-subshell ionization, detailed
studies on the projectile-subshell ionization are very much
Extensive studies have been carried out in the past tbmited. In one of the earlier studies conducted by Deital.
understand the ionization of inner shells of target atoms in17], large periodic variation in the relative number of the
collisions with energetic light iong1—3]. The experimental L-subshell vacancies of the iodine projectile, in the energy
data obtained, particularly for the ionization of tkeshell of ~ range 15-60 MeV, was observed as a function of the atomic
the target atoms using proton beams, have been of immeng@mberzz of the collision partner. These authors observed
help in the improvement of the theoretical models. An extenStrong variation in the projectile L x-ray intensity ratig,
sive study of the existing<-shell data was performed by 0L as a function oZ, between 6 and 82. Hagmaetal.
Paul and Muhi4] and also by Lapicki5]. The ECPSSR _[18]_ hqve also observed similar results for iodine prOj_ectl_Ie
calculations[3], which include energy loss of the projectile MPINging on selected targets between Ag and U. Qualitative
(E), its Coulombic deflectior{C), target polarization within understanding C.)f these. periodic va_nano_ns were made_ n
the perturbed stationary statESS approximation and the teirm'\j gf tlhekra(;jLaI t%oupllng .Of th? ad'.aﬁzt'c tr)ncr)]leltlsulafrtﬁrblt—
relativistic (R) correction, explain theK-shell ionization acsj( ), n f’l 0 _thet(r:]r;fsmglg_o va,\r/:o hSIlIJ Sfti sto ?
cross-section data involving light ions extremely wgl|5]. lodine projectiie Wi ' , Or M shell of tne targe

. - . : ' atom, during the collision. The strong variation of the
The situation though is not so good when heavier projectile 9 9

) SO i 1-to-L « intensity ratio reported by Datet al. [17] for 6
are used and large discrepancies in the observed cross sgfézg 16 is somewhat intriguing as one does not expect
tions have been observéé,7].

overlap of the iodind. levels with any levels in this lovz,

_In contrast to theK-shell ionization data, significant de- region. In order to get more information on the strong target
viations in theL-shell ionization cross sections have beengg el as energy-dependen;-to-La intensity ratios of

observed from the ECPSSR thed,8—-11. A part of the  he projectile, we have carried out similar measurements us-
discrepancy may be associated with the difficulties in theng 4 jodine projectile in a still higher range of energies.
deduction of the.-subshell ionization cross section from the £ ithermore. thin targets have been used in contrast with the
complexL x-ray spectra since allits components are not wellhick targets used in the earlier measureméh. We have
resolved due to comparatively poor resolution of thel$)  fyrther carried out measurements on Ag x rays with Ag as a
detectors used in most experiments. The reliability of theyrojectile and also as a target, with Se and Ni collision part-
L-subshell data is further limited because of the uncertaintiegers so that the same united atom is formed in the two cases.
in the use of the atomic parameters, which are affected byye present here the results observed that not only support
multiple vacancy production in outer shells. These atomighe earlier results observed by Datal. [17] but further

parameters are needed to convert the yield of different x-rayeyeal new features at higher impact energies used.
lines into subshell ionization cross section. In addition, the-

oretical complications also do arise in the casé afubshell

ionization(whjch are qbsgnt in the case.k(nfshelb, particu- . Il. EXPERIMENTAL DETAILS

larly when using heavier ion beams. This is because the ion-

ization of one subshell cannot be regarded as independent The layout of the experimental setup has been described
from the ionization of the other subshells in view of the elsewherg7]. In brief, ion beams of*?], 97Ag, 8%Se,
small energy separation between thesubshells and the and ®*Ni were obtained from the BARC-TIFR Pelletron ac-
large Coulomb field of the incident projectile. Consequently,celerator at Mumbai. A postaccelerator foil stripp&®] had
additional effects, such as the intrashell transitions inducetb be used to further strip th&’l and 1°’Ag ions to allow
between the subshells by the projectile in the same atomithem to bend into the 30° beam line. The charge selected
collision have to be considerg8,10,12-18. beam(between 19 and 22, depending on the energy of the
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shape of thed. x-ray spectra, as a function of the target and
| | energy, are clearly depicted in the observed spdsta Figs.
P T 1 and 2. In order to obtain the intensities of the respective
Energy (keV) x-ray transitions, the spectra were fitted using a multi-

Gaussian fitting program, which can fit simultaneously up to
FIG. 1. TypicalL x rays from the | projectile incident on thin twelve x-ray lines. The widths of each of the lines and their
targets of(a) C, (b) Ni, and(c) Yb. The upper lines are for impact intensities could be independently varied. The whole region
energy 156 MeV and the lower lines for 63 MeV. of the x-ray spectra was used for fitting purposes. This en-
sured minimum uncertainties in the underlying background
beam, for both the ionavas collimated using two adjustable in the x-ray peaks of interest arising because of the several
beam-defining slits kedl m apart and nearll m before the overlapping transitions. A linear background was assumed
scattering chamber. The collimated beam of a few hundregvhile fitting the spectra. The reducgd was around 1. The
pA intensity was made to impinge on various targets,estimated maximum Doppler broadening due to the finite
mounted on a target wheel, whose position can be remotelsize of the detector placed at 90° with respect to the beam
controlled[20]. The targets used were 25 ug/cn? thick  direction was much smallg<5 eV) when compared to the
and were made by evaporation of the target material on selfmeasured widths of the x-ray peakk80—200 eV. The in-
supporting C foils of thickness varying between 10 andtensity of the three transitionsl, L, andLB;, which
15 pglen?. A Si (Li) x-ray detector (30-mf sensitive  were found to be free from large uncertainties as ascertained
areg, energy resolution 170 eV at 5.9 keV, was placed at grom the variation in the fitting parameters, was used for
distance of 10 cm outside the scattering chamber and at earther analysis. Small corrections for relative variation of
angle of 90° with respect to the beam direction. The detectothe photopeak efficiency of the detector as well as absorption
was isolated from the chamber vacuum by using au2B- in the mylar window were also applied. It may be mentioned
mylar foil. The count rate in the detector was kept below 500that theL « peak is a composite df ¢; andL a5, and it was
counts/s. The gain of the detector system was adjusted tweated as one peak. Similarly, the3; peak has within it
~10 eV/channel. The detector was calibrated using staneontributions fromL 85 andL 8,. As had been done by Datz
dard radioactive sources. Gain shifts were found to best al.[17] we have also treated these lines as one composite
<10 eV in the course of the experiments. For additionalpeak in fitting the spectra. No attempts were made to evalu-
measurements involving®Se, *®Ni, and 1°/Ag projectiles, ate the intensity of the othér3 andL y components because
no further charge stripping was done and the ions were iof the larger width associated with the multiple vacancy pro-
comparatively lower charge state varying betweenahd  duction in the outer shells. The intensity ratiolsto L« and
8". LB, to La along with the fitted width of thé.« andL 3,
lines, as a function of the atomic numl®r of the target, are
Il RESULTS AND DISCUSSION shown_in I_:igs. 3—5_ at some ty_pical energies used fo_r | and
Ag projectiles. The intensity ratidsg; to L«, as a function
Typical x-ray spectra observed using | and Ag ions in theof the energy of the projectile, for a given target, are also
region of theirL x rays are shown in Figs. 1 and 2, respec-shown in Fig. 6. The variation of the fitted widths of the
tively. In the case of the | projectile, tHd, La,andLB; andLp; lines of the projectile with the incident energy is
x-ray peaks are quite well resolved while in the case of Agshown in Fig. 7 for a few targets. Table | also shows the
ions they are not completely resolved. The changes in thenergy of the twoL x-ray transitions for different targets
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FIG. 3. The fittedL @ andL 3, x-ray linewidths(FWHM) and FIG. 4. Same as Fig. 3 for 120-MeV | projectile incident on

LI-to-La and L B;-to-L« intensity ratios of 63-MeV | projectile  different targets.
incident on different targets. The lines drawn are to guide the eye
only. higher ionization state of the projectile. The observed in-

crease was up to 50 eV, for batlw andL B, transitions, for

used in the experiment. Several important features have beqmojectile energy varying between 63 and 180 MeV. The
observed, which are discussed below. width of the La peak was found to be fairly constant for

The average energy of the projectilee andL 8, x raysis  different targets use¢see Figs. 3—b However, the widths
found to be higher than that of the diagram lines by as muclof the L 8, lines were about 25 to 30% larger than the
as 150 eV because of the multiple vacancies inkhehell  line width and its variation as a function of the target was
of the projectile simultaneously present along with thealso quite significant, displaying nearly similar pattern as the
L-shell vacancy. Additionally, the measured energies of théntensity ratioL 3, to L« (see Figs. 3-5 i.e., larger values
transitions, at a given projectile energy, are found to be inat Ni, Gd, and Yb targets at which the intensity ratig, to
sensitive to the atomic number of the collision partner. InL« is large.
fact, the variation in the energy of thea peak at a given The intensity ratios B4 to L« as a function o¥Z,, shown
bombarding energy was within 5 to 10 eV for all the targetsin Figs. 3 and 4 for iodine at two incident energies and in
used. The only exception was the thin self-supporting C tarFig. 5 for silver projectile at 110 MeV, exhibit the oscillatory
get, where the energy of the x ray was lower b0 eV. behavior reported earligd7]. The nearly identical behavior
This has been attributed to a lower average charge state of the position of the maxima and minima for the thid]
the | projectile in the self-supporting C targéhickness and thin targetgépresent work suggests their insensitivity to
<15 ug/cn?) as compared to the C backed targédee the charge state of the projectile, implying that equilibrium
below). The variation in the energy of theB; x ray at a  of the charge state has been reached. The fatitg L «, on
given bombarding energy was more than that oflthex ray ~ the other hand, remains constant at all the energies of the
but remained within 10 to 20 eV for all the targets used. Theprojectile used, at a constant value of about&1® 2 in the
insensitivity of the energy of the projectilex rays toZ,, at  case of iodine projectile. This ratio is found to have a value
a given projectile energy, is consistent with the picture thabf ~6.5x 10" 2 for the Ag projectile. The oscillations inj3;
the basic configuration of the ionized projectile at the time ofto La also persist with the Ag projectile exhibiting nearly
x-ray emission is essentially the same for all the target proidentical pattern, not deviating much in the position of the
jectile combinations as one expects the projectile chargenaxima and the minima probably because Ag and | are very
state to have reached equilibrium in all the targets. Also atlose as far as atomic number is concerned. However, in the
higher projectile energies used, the energy of the x rays isase of 1.4 MeV/u Pb impinging on solid targgt&l],
found to increase, which is also expected because of th8chmfeldt has observed a minimum 25~ 25 and a maxi-
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ization at 60 MeV, see textIn (a), the dotted curve marked) is
calculation based oh25] using MO correlation of Eichleet al.
[28] for 1—Gd,Yb (asymmetric collisionsand the dotted curve
marked(2) is calculation based of25] using MO correlation rule
of Baratet al.[29] for | —Ag (near symmetric collision In (b), the
dotted curve markeHl-L is a model calculation based on Meyerhof
et al. [26] usingK-L level matching scheme for+Ni. The errors

. . . . . in the data points are within the symbol size unless shown explic-
mum atZ,~50 in the variation of the intensity ratiog; to itly.

L« with Z,, strongly suggesting projectile dependence. The

Ll andL« x rays originate from the filling of a vacancy in the LB;-to-La intensity ratio (Fig. 3. These authors re-
the L3 subshell and it is therefore not surprising that theirported the intensities of the3; and L 3, transitions to be
ratio is independent oZ,. Similar observation is made in- about 65% of that ol_3; in contrast with the calculated
volving several other pairs of x-ray lines originating from the yalue of ~40% [23]. The intensity of the. y, 5 transitions,
filling of the sameL -subshell vacanc§17,21. On the other  originating from thel, subshell, is also found to be en-
hand, the unresolvedg;, L3, andLp, X rays arise due hanced. The observed intensity ratibto L« remains con-

to the filling of the vacancies ih1l andL2 subshells. The stant asZ, is varied, so an explanation for the observed
measured ratid. 3, to La, therefore, involves all three sub- periodic variation of the intensity ratiog; to La with Z, in
shells sincel B3 andL 84 are not resolved fronk 8;. The  terms of the selectiv-subshell ionization is ruled out. It is
fitted widths of theL a andL 3, lines as a function oZ, are  therefore evident that the periodic variation in the intensity
also shown in Figs. 3-5. Since ther linewidths are fairly  ratio L3, to L« is linked to the variation in the intensity of
constant and independent 8§ and the composite 8, line-  the Lg; and L3, components, which would in turn imply
widths show significant variation with,, one may infer that  either the dynamic rearrangement of the vacancy among the
the oscillatory behavior in the 8;-to-L« ratio is linked to | subshells of the projectilé¢intrashell couplings due to

the width of the composite 3, line. Such a target-dependent Coulomb perturbation of the collision partndd5] or
variation in LB, linewidth might arise either due to the z,-dependent periodic variation in the ionization of the
variation in the relative intensity of the unresolved compo-subshell. Intrashell coupling calculations similar{id] car-
nentsL B; andL 3, or due to the spread in the energy of the ried out for the present system do not predict the observed
LB, transition resulting from increased target-dependenperiodic variationg24].

multiple vacancies in th#& shell. Since no significant varia- The variation of the intensity ratib 3, to La as a func-
tion is observed in the dependence of thg; energy tion of the projectile energy is shown in Fig. 6. The data of
(=20 eV) onZ,, one may conclude that the variation in the Datz et al. [17], which are in the projectile energy range
width of the composité 3, line originates from the variation 15-60 MeV and which were obtained using thick solid tar-
in the intensity of the unresolvddB; andL 8, components. gets are also shown in Fig. 6 after normalizing to our data at
This explanation is strongly supported by the measured highs0 MeV. The agreement between our data and that of Datz
resolution x-ray spectra of 101.5-MeV iodine projectile inci- et al. [17] at 63 and 60 MeV, respectively, is within 30%,
dent on CuBudick et al.[22]), which lies on a maximum of which is reasonably good considering that the data obtained

0 20 40 60 80 100

Target ctomic number (Z,)

FIG. 5. Same as Fig. 3 for 110-MeV Ag projectile incident on
different targets.
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260 ‘ ! : maxima in thel 3;-to-L « intensity ratio curve as a function
of Z, (see Figs. 3-h/ it is found that this ratio initially

. O increases with energy, shows a maximum at around 60 MeV,
540 @ O v and then decreases as the projectile energy incréBgps).

a e = - On the other hand, for Ag and Pb, which are close to or at the
minimum of this curve, this ratio continues to increase from
15- to 150-MeV projectile energy, initially at a faster rate. In
the case of Y and Au targets, this ratio is almost energy
m independent whereas for C and Al, a decreasing trend at

o lower energies followed by a slow monotonic increase is
200 ] _

. observed.

o YbocC v cd Qualitative attempts to explain similar existing data on the
. [ | | | | | | periodic variation in the intensity ratib8; to La as a func-
200 I | | : : : 1 tion of Z, have been made by Meyerhef al. [25,26 and
OY = Ni Hagmanret al.[18] and these have been reviewed by Wille
v Yb_ O C o Gd and Hippler[27]. These explanations consider initial MO
vacancy production at small internuclear distances through
190 - a f rotational couplings followed by vacancy sharing between
the atomic levels of the collision partners through radial cou-
Q plings at large internuclear distances on the outgoing branch
of the collision. The relative vacancy production ipg» and
Q = 2sy, subshells of the projectile through vacancy sharing
model follows a MO correlation rule, which depends on the
atomic numbeiZ, of the target. The radial coupling would
be strong if the energy of the shell matches with that of the

170 ‘ * K, L, or M level of the collision partner. For an | or Ag

projectile, the vacancy sharing in the region<l®, <40 de-
Projectile energy (MeV) pends onK-L level matching condition. In the regiod,
<20, where theK-shell binding energy of the target is less
FIG. 7. The variation of the fited FWHM of theg, andLa  than theL-shell binding enery of the projectilé‘'swapped
lines of the | projectile with the incident energy, for a few targets. case,” see, e.g., MO correlation diagrams for Ar-Xe and
Typical errors are<10% in each case. Kr-Xe, Eichler et al. [28]), vacancy transfer from thedsr
MO to the 2pg,, subshell of the projectile is stronger than
by Datz et al. are using thick targets and there is a slightthat to the 3,,, subshell of the projectile. For 20Z,<40,
difference in the projectile energies used. To bring out thdhe K-shell binding energy of the target is greater than the
salient features in the variations bf3;-to-L « intensity ratio ~ L-shell binding energy of the projectil€unswapped case”
over a wide range of impact energies, it was therefore apprd28]). The vacancy is preferentially transferred from te3
priate to normalize the data of Daét al. to our observed MO to the 2, subshell of the projectile. FaZ,>40, the
results at an impact energy 60 MeV. These data taken aslaL level matching condition is appropriate and initial va-
whole show a variety of features depending upon the targegancy in the 40 MO is preferentially transferred to the
atomic number. 2psy, subshell for near symmetric systems according to the
For Ni, Yb, and Gd targets, which lie near the observedcorrelation rule of Barat and Lichtgr29] and with increas-
ing asymmetry the correlation shifts from thez to the
2s,,, subshell of the lighter collision partnéror Ag projec-

TABLE |. The observed energies of tHew and LB, x rays g . ;
from 63-MeV | projectile. The errors in the observed energy aretIIe in this casg as shown by Eichleet al. [28]. The above

(@]

220 — —

FWHM(L, )
(eV)

FWHM (L)
(eV)
<4 0

180 =

@ O«
O mOp» g

within 10 eV. qualitative arguments based on the coupling between se-
lected MOs show the correct trend of the variation of the
Target La (eV) LB, (eV) intensity ratioL 8, to L« as a function ofZ,.
A stringent test of the theoretical arguments, however,
C 4048 4413 would be their ability to explain the variation in the intensity
Al 4073 4381 ratio L3, to La as a function of the impact energy for a
Ni 4062 4398 given collision system since the radial coupling strongly de-
Se 4077 4413 pends on the relative velocity. In general, the theoretical
Y 4071 4389 models due to Meyerhoét al. [25,26 cannot explain well
Ag 4075 4388 this energy dependence even qualitatively. We have made
Gd 4073 4411 similar calculations for a few selected systems using the
Yb 4081 4420 model of Meyerhofet al. [25,26 [see Egs(30), (31), and
Au 4075 4389 (34) in [25] and Eqgs(10) and(11) in [26]] using the ioniza-
Pb 4085 4398 tion energy of that of the equilibrium charge state of the ion.

The value of the Nikitin angle), needed in this calculation
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was varied around 90° to explore the predictions about the TABLE Il. The measured value of the intensity ratig; to L«
energy dependencd,=90° was used for the final calcula- of Ag.

tion since it was found that the variation in the intensity ratio
was not very sensitive t6,. In Fig. 6, we show our experi-  Energy/amu Projectile Target LB, to La
mental results along with the work of Dagz al.[17] on the MeV

dependence of the intensity ratigd; to L« of the | projec-

tile on the impact energy over a large range, not reported so 8'23 ﬁ? L\g 1222
far and also our calculations based on the model of Meyerhof 0'89 Ag Ni 1.4027)
et al.[25,26. It can be seen that for near symmetric collision 0'93 Ni A 1.5(62)
(I—Ag), the prediction[curve marked(2) in Fig. 6a)] of 0' 5 A Sg 0'8

this model using the correlation rule of Basttal. [29] for S 9 € -82)
4f o MO explains the data qualitatively. However, these cal- 0.50 Se Ag 1.1®)
culations[the dotted curve marke@) in Fig. 6(a)] for asym- 0.89 Ag Se 0.92)
metric systems (»Gd,Yb), using the correlation rule of 0.88 Se Ag 116)

Eichler et al. [28] for both 4fo and 3o do not reproduce
the data even qualitatively at low impact energy. It may becombination, the measured intensity ratig; to L« of the
noted that for sufficiently asymmetric collision systefdls  Ag x ray does not depend on whether the x-ray emitter is the
—Gd,Yb,Pb in Fig. €3], contribution of a few percent to target or the projectile, probably because Ni lies on the pla-
vacancy transfer to thie subshells from the 80 MO cannot  teau(see Fig. % and hence is not very sensitive to the dy-
be neglected as compared to that from tHer425]. The  namical collision conditions. However, in the case of Se and
correlation rule of Eichleet al. [28] has been found to be Ag combination, Se being on the sharp slope of this curve
valid for vacancy transfer from the dominantéd MO [25]  (Fig. 5 any changes in the dynamical conditions might in-
to theL subshell§25]. However, the correlation rule for the fluence this variation strongly. The observed difference is
3do is not conclusively established because of the lack oflifficult to explain on the basis of changes in the binding
sufficient experimental eviden¢®5]. A possible explanation energies alone.

of the discrepancy at low impact energy could be that either

the 3do follows the correlation rule of Baradt al. [29] or IV. CONCLUSION

the model calculations of radial couplings fof# and 3o
using Demkov[30] formalism are not good enough. From
Fig. 6(b), it is also observed that the calculatif26] for |
—Ni under K-L level matching condition does not repro-
duce the experimental data even qualitatively. In short, th
present theoretical understanding of the vacancy sharing i
terms of the two-state model®5,26 is not sufficiently
good.

A semiclassical impact-parameter—based coupled chann
calculation with a basis containing reasonably large numbe
of MOs needs to be performed to have a better understandi
of the previous experimental data and the observations in th
present work.

We have also observed the x rays of Ag in collision
with Ni and Se. For the same impact velocity, the role of the The authors thank K. V. Thulasi Ram for his help during
target and the projectile was interchanged to see if the outethe experiments and the Pelletron staff for the smooth opera-
shell electronic configuration of the emitter has any signifi-tion of the accelerator during the experiments. Thanks are
cant effect on the observedsl-to-L o intensity ratio. The also due to D. C. Ephraim and M.S. Dias for help during the
results are shown in Table Il. In the case of Ni and Agpreparation of the targets.

The periodic variation in th& 8;-to-L « intensity ratio of

| and Ag projectiles as a function d, is linked to the
enhancement, through molecular orbitals, of the intensity of
he L35 and LB, components, which are unresolved from
%\e dominant. 8, component. The theoretical calculations in
erms of switching of correlation rule as a function of the
atomic number of the collision partner in the two-state mod-
|s do not explain the energy dependence of the vacancy
ansfer process satisfactorily. The intensity rdtj®, to L«
found to be slightly sensitive to the role of the emitter as
e target or the projectile.
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