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Relativistic wave-function effect on theK-shell ionization of Sb, Gd, Yb, Au, and Bi
by low- to intermediate-velocity F ions
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We have measured absolute cross sections foKtkbell ionization of medium- and high-targets of Sb,
Gd, Yb, Au, and Bi induced by low- to intermediate-velocity F ions having energies between 2.5 and 5.8
MeV/u. Our main interest is to see the effect of the relativistic nature oKtsbell electrons of these target
atoms on the ionization cross sections. The information on the degree of relativistic effect has been obtained by
comparing the measured data with different theoretical calculations with and without including the relativistic
corrections. A comparative study of the two different models such as @€miclassical approximatipmand
ECPSSR perturbed stationary sta{fS9 including the corrections for enerd¥) loss, Coulomk(C) deflec-
tion, and relativistiqR) effectd is presented. It is shown that the SCA calculations with the relativistic wave
function predict an ionization cross section that is at least an order of magnitude higher compared to that given
by the nonrelativistic calculation for Bi target. This factor is reduced to about 2 in the case of Sb. The ECPSSR,
however, predicts lower ratios for the relativistic to nonrelativistic calculations. The experimental results, in
general, are in good agreement with the SCA calculations using relativistic wave functions as well as with the
ECPSSR model. For higB-targets the SCA gives slightly better agreement with the data compared to the
ECPSSR. In addition, it is shown that in the ECPSSR formalism the ionization cross sections @f (wgh-
large relativistic effegtas well as lowZ targets(with less relativistic effegtcan be scaled approximately to
follow a universal curve after including the relativistic correction.
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[. INTRODUCTION to use the relativistic wave functions for the target electrons
to compute the cross-section values. One expects significant
Inner-shell ionization of atoms induced by energeticdifferences in the calculated values depending on the wave
heavy ions continues to play an inspiring role in the progresfunctions used as the behavior of the relativistic and the non-
of various collision models. Even though this area of re-relativistic wave functions near the target nucleus is very
search is fairly old and a lot of improvements were incorpo-different. The ECPSSR model takes nonrelativistic hydro-
rated in the theory, yet a lot of discrepancies are observegenic wave functions with approximate correction, in a phe-
between the predictions of the models and the experimentalomenological way, for the relativistic effects. It is therefore
data. It is customary to compare the measured ionizatiodesirable to check the accuracy of these corrections for
cross sections with the perturbed stationary stR®3 ap- heavy-ion-induced data in high-elements. To the best of
proach including corrections due to the enetByloss of the  our knowledge very few such measurements exist. Burch
projectile and its Coulomi¢C) deflection in the field of the et al. [10] investigated theéK-shell ionization of Pb in colli-
target nucleus, as well as, relativistie) effects(ECPSSR  sions with 50-100-MeV-ClI ions. Awayaet al. [11] studied
[1]. This model explains very successfully the ionization datahe K-shell ionization of several elements between Cr and Bi
obtained using protons and alpha particles. A compilation ofising 5 MeV/u N ions. Liatarét al.[12] performedK-shell
the proton- and alpha-particle inducd¢tshell ionization ionization measurements on solid targets ranging finom
cross section data by Lapick®] illustrates the success of 27 to 92 using 30 MeV/u Ne and Ar projectiles. Balst¢ial.
this model. The advantage of this model lies in the simpld13] have measure& x-ray production cross sections for
analytical expressions for calculating the cross sections. Atargets with atomic numbers ranging from 40 to 90 with
compared to the ionization data using proton and alpha pabeam energies varying between 4.5 and 13 MeV/u. Most of
ticles, similar data using heavy ions with<16 and targets these measurements, which have been carried out at a fixed
with mediumZ have shown large discrepancies between theenergy of the available cyclotrons, provide overall good
measured cross sections and the predictions of this modagreement with the predictions of the ECPSSR theory but
[3—8]. Very recently Watsoret al. [9] investigated in more displaying small but systematic deviation from the theoreti-
detail the projectilez dependence of CiK-shell vacancy cal projectile and target dependences. More recently, Krav-
production at an energy of 10 MeV/u using a variety of pro-chuk et al. [14] have studied theé<-shell ionization of Pb
jectiles from Ne to Bi. High-resolution x-ray spectra were induced bya, C, and O projectiles with energy 80 MeV/u
taken to determine the appropriate fluorescence yields foand found very good agreement with the ECPSSR calcula-
converting the x-ray production cross sections to ionizatiortions. This is not surprising because this calculation is based
cross sections. The cross sections show large deviations froan a perturbative model that works better at high energies.
the ECPSSR calculations for projectiles with=18. Apart from the ECPSSR model the calculations based on the
In the case of higlZz elements the inner-shell electrons semiclassical approximatiofSCA) [15,16] also have been
move at relativistic velocities. It therefore becomes essentialised to compute the ionization cross sections.
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We report her&K-shell ionization of Sb, Gd, Yb, Au, and question, the use of relativistic hydrogenianscreened
Bi induced by F ions in the medium-energy range of 2.6—5.8vave functions is a very good approximation.
MeV/u where no such measurements exist. The measure- Amundseret al.[18] have also presented an approximate
ments are aimed at further exploring relativistic effects thaformula for the ratio of the&k-shell ionization cross sections
are known to affect the cross-section values. with and without the inclusion of the relativistic effect in the
target wave function.

II. THEORETICAL MODELS

The inner-shell electrons in a target like Au, or Bi move lll. EXPERIMENTAL DETAILS AND DATA ANALYSIS

with relativistic velocities. Accordingly, one should use rela-  The details of the experimental setup used in these mea-
tivistic wave functions in the calculation of the relevant form surements have been described earlier by Trile¢dil. [6].
factors that affect mainly the high-momentum tail of the Briefly, ion beams of F in the energy range 50—100 MeV
wave function. Since the minimum momentum transfer towere obtained from the BARC-TIFR Pelletron accelerator at
the electron in an ionization process increases with decreasiumbai. The targets were mounted on a rotatable multiple-
ing projectile velocity, this correction will be most important target-holder assembly in an electrically isolated chamber.
at small-impact parameters. The difference between relatiwvell-collimated beam was made to pass through the thin
istic and nonrelativistic treatment seems to be mainly attribtargets of Sb, Gd, Yb, Au, and Bi of thickness 34, 15, 40,
utable to the following effect. 214, and 38Qug/cn?, respectively, on 15g/cr-thick car-

The relativistic bound-state wave function varies aspon backing. We have used some thick targ@s with
r*~texp(-r) with y*=1-(Z,/137), and the nonrelativistic 650 xg/cn? and Yb with 980xg/cn?) and found that there
as exptr). Thus near the nucleus £0) the two behave was no thickness- or charge-state dependence of the x-ray
differently. The relativistic wave function, because of theyields. This is expected as for these medium and HEigh-
presence of the factar’~*, has a week divergence B0  targets thek electrons are so tightly bound that the probabil-
leading to an increased density of high-momentum compoity of K-K or K-L charge transfer is negligible from the
nents in the electronic momentum wave function. Thereforeiarget to the highly charged F ions. The target x-rays were
the momentum transfer from the projectile to the target elecdetected by an intrinsic Ge detector of 30-Adiameter and
tron is more efficient with relativistic wave functions and 3-mm thickness mounted outside the vacuum chamber at an
larger cross sections are expected. angle of 90° with respect to the beam direction. The detector

In the ECPSSR formalism, Brandt and Lapi¢k] have  had an energy resolution of 170 eV at 5.9 keV. Suitable
developed a relativistic correction to PWBA in a mannerabsorbers of accurately known thickness were placed in front
analogous to the way they accounted for the binding-energyf the detector to reduce the intensities of thendM x-rays
effect. Instead of using the rest mass of the electron thejtom the target. The thickness of the targets was obtained
used a local relativistic electron mass'(r), through the during the measurements by counting the Rutherford-
virial theorem, for a relativistic electron in a central potential scattered particles in a Si-surface-barrier detector mounted at
of the formZ, /r at a distance from the target nucleus. an angle of 135° with respect to the beam direction. The

The quantitym®(r)is given by charge collected from the entire chamber was used for nor-
malization.
mR(r)=[1+(Zok/2rc?)?1¥2+ Z i /2rc(1+ 1.2y2) Y2+ yi Typical x-ray spectra obtained at a bombarding energy of

(1) 110 MeV are shown in Figs.(d—e for each target used. The
Ka andK g lines are well separated for all the targets. Ex-
wherey,=[0.4(Z,k /c)?]/ éx andZ,«=Z,—0.3. To get the  cept for Sb theKa; andKa, lines are also resolved. The
relativistic cross section one has to transform the reducephtensities of theKa and theKg group of lines were ob-
velocity variable¢ to £R[ = (mR)¥2&,]. tained separately using a standard peak-fitting program.
In the SCA approach used in R¢fL6], the projectile is These intensities were further corrected for efficiency of the
assumed to move on a classical trajectory in the field of theletector as well as for the transmission of x rays through the
screened target atom. The effects of the Coulomb deflectioabsorber used. The measured value ofKheto-K g inten-
as well as the influence of the screening on the projectilssity ratio agreed well with the theoretical values. No signifi-
trajectory are therefore fully accounted. The effect of thecant changes in the energy of tiexr and KB transitions
recoil of the target nucleus is also exactly taken into accountiexcept for Shas well as their intensity ratios were observed
The binding energy of the targktshell electron is chosen to as a function of the beam energy and therefore no change in
be that for the united atom. This approximation is quite jus-the fluorescence yielda(x) values are expected. In the case
tified since the reduced velocities of the projectile, i.e.,of Sb a shift in the x-ray lines observed signifies the exis-
vp/ve vary between 0.12 and O(8e., <1.0) in the present tence of multiple vacancies in the outer shells. However,
collisions. The active electron is fully described by relativis- considering the fact thaby is very large, the change in its
tic hydrogenic wave functions by solving the Dirac equation.value would be quite small.
In principle, one could also use relativistic Hartree-Fock- Most of the cross-section data were obtained using the
Slater wave functions to account for the screening by thdkutherford-scattered particles from the target as normaliza-
outer electrongsee, e.g., Ref.17]), but as has been shown tion [see Eq(2)]. However, in cases where the bombarding
in this reference for the energies and colliding systems irenergy was close to or higher than the Coulomb barrier the
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[ "Ke | 110MeV Fon Bl 00| () "Ke 110 MeV Fon Au] TABLE |. K-ionization cross sectionsy (in barn of Bi, Au,
e0o}(8) 1200 Yb, Gd, and Sb induced by F ions. The errors in the data points are
| sool about 15-20 %.
1 00} & Energy
) ! . /Tm (MeV) Bi Au Yb Gd Sb
2 x X L UL D 50 0.336 0.474 2.252 3.57 21.31
soof () B2, HOMEVFonGd] 60 0.677  0.99 4.46 ' '
65 0.67 1.22 5.31 9.17 46.40
70 1.12 1.69 6.14
80 1.74 2.52 9.044
. . 83 1.769 2.52 9.07 14.51 94.43
16062 55 X 65 90 2.63 4.09 12.463
@) " 110MeVFonSb 95 2.84 4.53 1492 2155 1665
12001 100 3.14 4.93 17.91
800} 110 4.20 6.17 21.23 33.77 235.1
400 Iy
obtained along with other relevant quantities are shown in

FIG. 1. TheK x-ray spectra observed for various targéas

25

30
Energy (keV)
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40

indicated on bombardment with 5.8-MeV/u F ions.
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Table | and also in Figs. 2 to 4.

IV. RESULTS AND DISCUSSIONS

A. Comparison with different models

charge collected on the chamber was used for normalization The collision systems investigated are highly asymmetric
[see Eq.(3)]. Both sets of data, wherever possible, agreedVith Z;/Z, varying between 0.11 and 0.18. The velocity

within about 5-10%. The overall experimental errors, aris-

ing from the uncertainties in the determination of the intrin- —ECPSSR (a) Fon Sb
sic efficiency of the detector, transmission through the ab- ~ [------- SCA(R)

sorber, solid angle of the detectors and the target thickness, -——— SCA

were estimated to vary between 15—20 %. --x--- ECPSS

The corrected values of th€ x-ray peak intensity were
used in deducing the x-ray production cross sections using
the following expression:

_ o
XN AQ et
B N:AQ,e '

where N, and N, are the number of x rays and scattered
particles detected\, the number of incident particlesthe
target thickness, anelthe total efficiency of the x-ray detec-
tor including the transmission through the absorbers. The
quantitiesA(), and AQ), denote the solid angles subtended
by the x-ray detector and the Si-surface-barrier detector, re-
spectively, andrg(6) the differential Rutherford scattering
cross section. The x-ray production cross sections were ob-

tained from the total area under tie x-ray peaks or by 50 60 . 70 . 80 . 90 . 100 110
using only the Ke intensity along with the theoretical
Ka/K B intensity ratio. The latter procedure was advanta- Energy (MeV)

geous at the lowest bombarding energies where the Cross g, 2. Experimentally measuret-shell ionization cross sec-
sections were |OW- The ionization cross sections were Obions for (@) Sb and(b) Gd plotted along with different theoretical
tained using the single-vacancy fluorescence yields tabulatggfedictions as a function of projectile energy. The symbols are ex-
by Krause[19]. These values, being high for the targets studplained in the figure. The ratio of the relativistic to nonrelativistic
ied [wk varying between 0.87Sb) and 0.96(Bi)], are not jonization cross sections obtained using various models are shown
significantly affected by the multiple vacancies in thand in the inset. The solid and dotted lines represent the ratios for the
M shells, as discussed above. The ionization cross sectio&CPSS and the SCA calculations.
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FIG. 3. Same as in Fig. 2 except for Yb target.

scaling parameter, /v, spans a range of values between
0.12 and 0.29 indicating a slow or adiabatic collision. We
have compared the present results with the predictions o

100 110

different theoretical calculations in Fig&2—4).

As mentioned earlier the relativistic effects will be most
pronounced for higlZ targets. This can be ascertained from
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the calculated values of the cross sections with and without FIG. 5. Ratios of the measured data to the calculated cross sec-
including the relativistic wave functions. According to both tions using ECPSSRcircles joined by solid lingsand SCAR)

the models, this ratid is found to be very sensitive to the (squares joined by dashed line¥he different panels are for dif-
energy of the incident projectiles as well as the target atomiderent targets.

number. As shown in insets in Fig2—4), in the SCA model

the quantityR decreases as the energy of the incident particlq,ary between 17 and 9. This ratio is, however, smaller ac-

increases and varies between 2 and 1.6 for Sb in the energy,qing to the ECPSSR prediction. Even though the extent of
range investigated. In the extreme case of Bi it is found Qe |4tivistic corrections in the calculations are somewhat dif-

10 T T T T T
F—— ECPSSR -
[----- SCA(R) -
Fermemee SCA
[--X-- ECPSS .

10°F -

: (l;) F on Bi

50 60 70 80 90
Energy(MeV)

FIG. 4. Same as in Fig. 2 except f@ Au and(b) Bi targets.

100 110

ferent yet both the SCA and ECPSSR explain the experimen-
tal ionization data quite well. The SCA calculations show
better agreement as compared to ECPSSR, especially for
high-Z targetdsee, for example, Figs(1d, 3, 4, and 5. The
ECPSSR model on the other hand explains the data for Sb
[Fig. 2@)] extremely well with increasing deviation for
heavier targets. It may be seen for hightargets like Gd,

Yb, Au, and Bi that the nonrelativistic calculations, i.e.,
ECPSS and SCA agree with each other very well whereas
the SCAR) and ECPSSR differ from each other consider-
ably. This fact could be linked to the magnitude of the rela-
tivistic effect as well as the phenomenological way in which
these effects are introduced in the ECPSSR. If these effects
are small, as in the case of Sb, the model explains the data
very well. With increasing of the target the theory slightly
underestimates the data. To illustrate this aspect we have
plotted, in Fig 5, the ratios of the measured cross sections to
the theoretical predictions for all the targets. The expected
ratio, however, should be one that is shown by the horizontal
dotted line. In case of S[Fig. 5a)] the ratios of the mea-
sured cross sections to the ECPSSR predictiémsen
circles remain very close to this rati@otted ling at all the
energies. The ratios for the SCA calculatiassjuares are
very close to 1.0 except for the higher energies. From Figs.
5(b—#@ it is obvious that in case of high-targets the ratio for

the SCA calculations remain closer to the expected value
than those for the ECPSSR. The large deviations in the case
of Yb are difficult to understand particularly so when the
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data for Au and Bi are reasonably well understood by the
ECPSSR theory. In these cases the relativistic effects are
more pronounced than in Yb.

B. Universal scaling rule

CPSS

According to the first-order perturbation theory properly
scaledK-shell ionization(Kl) cross sections are functions of
scaled velocity only and do not depend on the actual target
projectile combinations. It has been demonstrated in the past 10° A
that if the scaled cross sections for Kl are plotted as a func- 0.00 0.02 0.04 0.06 ,0.08 0.10 0.12
tion of the scaled velocity parameter then the different data
sets fall on a universal PWBA cunj€]. Such scaling plots
are very instructive. Not only do they indicate the global
success of a theory but also are useful for various practical

1 — n1'< C:(ek')

10;"

x y
applications. Unfortunately a test of these scaling functions & 10
has been established for very-light projectiles and not too- @
heavy targets where relativistic effects are not so dominant E

[2]. Normally a plot of the ratio of the measured cross sec- © 10
tions to the theory used has been discussed in literature

where relativistic effects are strong. It has been shown by

several workers that the measured Kl cross sections, at least

for light-ion projectiles on middle- or lovi- targets falls on

the universal line when corrected according to the CPSS
model[20,21] (also see Ref22] and references thergirBut FIG. 6. Scaled cross sections for different targets in (e

it remains to be seen whether such a universality still hold€PSS approach and) ECPSSR approach. The solid line is the
good after inclusion, in the CPSS, of the corrections due taniversal PWBA function.

the energy loss and relativistic effects, i.e., ECPSSR. The

analytical formalism for such scaling procedure has not beesections for different projectiles whereas the present discus-
worked out[1] before. sions are limited for one projectile only.

In the present investigation, since we are dealing mostly
with heavy targets, it is educative to present the data in the
form of scaled variables. We have plotted in Figa)6the
reduced cross sectiomgithout taking the relativistic scaling K-shell ionization cross sections are measured for selected
into account in the ECPSS formalism. The scaled variablegedium- to highZ targets Za=0.37-0.61) by F-ion im-
and the scaling procedure are defined in the literaturgact in the low- to intermediate-velocity range. The relativ-
[1,20,21. In Fig. 6b) we plot the reduced cross sections istic effects on the ionization cross sections are discussed. It
with taking the relativistic effect that are defined[a3, is shown that the SCA calculations with the relativistic wave

function predict an ionization cross section that is at least an

V. CONCLUSIONS

oECPSSReR 7 ) = kO 1 1 o order of magnitude higher compared to that given by nonrel-
red KToK oK 2da.lk | fe(zo) ativistic calculation for Bi target. This factor is reduced to
Kl 2 (1+2¢) about two for Sb. The contribution of the relativistic effect in

(4) the Kl cross section is found to decrease with increase in the
beam energy, as predicted by both the SCA and ECPSSR
models. The results are in very good agreement with the

The quantityoeyp, denotes the measured cross section and®CA calculations including relativistic wave functions. The
the explanation of all other symbols can be found in RefsECPSSR model although works quite well for medidm-
[1,20,21. As seen from Fig. @) the scaled data for Yb, Au, targets gives small deviations for the data for hiyh(Z

and Bi for which the relativistic effects are most significant, =64). In addition, it is shown that the ionization cross sec-
fall almost on a common line and well separated from that otions of highZ (for which the relativistic effect is largeas

Sb and Gd for which such effects are not so significant. Thevell as lowZ targets(with less relativistic effegtcan be
data points also do not fall on the universal PWBA curve.scaled approximately according to ECPSSR scaling law so
After taking into account the relativistic effecfgig. 6(b)]  that all the data points follow a universal curve.

the data points now fall very close to a common line though
the data points for Sb fall slightly below the rest. The uni-
versal PWBA function falls very close to the Sb and Gd data
and underestimates those for highargets as expected from The authors thank Umesh Kadhane and K. V. Thulasi
the previous discussions. In order to investigate whether sudRam for their help during the measurements and the machine
universality really holds, one has to plot the scaled crosstaff for the smooth operation of the machine.
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