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High-resolutionK a x-ray spectra of Ca, Cr, and Fe induced(By7—1.5-MeV protons and of Ti induced by
(0.7-4-MeV protons were measured by a flat crystal spectrometer. From the relative yields Ki_the
satellites, which are the result of multiple inner-shell ionization, the averagfeell ionization probabilities in
near-central collisions were determined. The effects of the rearrangement of the inner-shell holes prior to the
K x-ray emission and the changes of the fluorescence yields due to the multiple ionization were taken into
account in the evaluation of the ionization probabilities. The direct Coulomb ionization probabilities in the
near-central collisions were determined from the relative yields oKihksatellites after subtracting the shake
contribution. The values obtained were compared with semiclassical approximation calculations exploiting
relativistic hydrogenic and Hartree-Fock wave functions. The importance of a realistic atomic description using
Hartree-Fock wave functions was demonstraf€d.050-294®7)01512-6

PACS numbe(s): 32.80.Hd, 32.30.Rj, 34.50.Fa

[. INTRODUCTION state as nearly centréle., with zero impact paramejewith
respect to thd_-shell impact-parameter scale. In deducing
The inner-shell ionization induced by proton collisions the originalL-shell vacancy distribution created in the colli-
with light atoms is mainly a result of the direct Coulomb sion, the changes of the fluorescence yields and especially
interaction between the inner-shell electron and the movinghe rearrangement of the-shell vacancies prior to thi
projectile. This interaction perturbs the atomic potential andk-ray emission have to be taken into account. From the origi-
may result in the ejection of inner-shell electrons. In the cas@al vacancy yield ratios deduced from the relative yields of
of high-energy projectiles, several inner-shell vacancies cathe KL" satellite lines, the_-shell ionization probability in
be created in the collision. In the subsequent radiative tramear-central collisions can be evaluated. This provides a
sitions of such multiply ionized states, these additional specmuch better test of theoretical descriptions than measure-
tator vacancies change the electron binding energies. Thaents of the total cross sections since the possible differ-
resulting x-ray lines are characterized as satellites since theshces between theory and experiment can be smeared out in
are shifted towards higher energies compared to the energigse integration over the whole impact-parameter range. Sat-
of the diagram lines in singly ionized atoms. ellite measurements are also advantageous compared to those
For a given atom, the magnitude of the energy shift de-of the total cross section since they do not require a very
pends on the configuration of the spectator vacancies in thaccurate knowledge of the fluorescence yields that may have
inner shells. When the additional vacancies are created in tHarge uncertainties, mainly due to the Auger level width un-
shell involved in the transition, the energy shift is usually certainties. These uncertainties influence the evaluation of
larger than the natural linewidth. Using a high-resolutionthe ionization probabilities only through the calculation of
crystal diffraction spectrometer, the satellite lines on thethe rearrangement factors.
high-energy side of the diagram line, which correspond to Studies of charged-particle-induced inner-shell ionization
the transitions in multiply ionized atoms, can be resolvedthrough x-ray satellites were initiated about 30 years ago
from the diagram lines. The vacancies created in such awhen MeV energy accelerators were increasingly used for
ion-atom collision are populated statistically, so #ex-ray  atomic physics studies. Many papers, e[d-6], were di-
spectra generally show a complex satellite structure, dependected towards an understanding of the multiple ionization of
ing on the properties of the projectile and the target atom. low-Z atoms by light ions. Many recent studi¢—10]|
TheKL" satellites in the< x-ray spectra are related to the stretched the research interests towards mediutargets
electron transitions in the atom with a singly ionizédshell  and applied heavier ions as projectiles.
and a multiply ionized. shell. The relative yield distribution The basic goal of this work is to determine theshell
of the KL" satellite lines is directly related to tHe-shell  ionization probability arising from direct Coulomb ionization
ionization probabilities and may yield information about thein proton collisions with lowZ elements, being aware that
ionization mechanism as well as about the correlation effectdnportant processes such as the rearrangement of vacancies
in the atom. In the case of charged-particle impact, theprior to photon emission are taking place during the
L-shell ionization probability varies very slowly across theionization-decay process. Our interest was stimulated by sig-
impact-parameter region where theshell ionization may nificant discrepancies between the old experimental data and
occur. We can then treat the collisions resulting in kig" recent theoretical predictions. The data obtained in the
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present experiment were compared with semiclassical agstrips through the delay line. The time difference between
proximation (SCA) calculations using hydrogenid1-14  the two signals is proportional to the lateral position of the
and Hartree-FockHF) wave functiong15]. In the compari- detected x ray. Using constant fraction discriminators, a
son of calculated and measured data, we showed the impogood time resolution was achieved, resulting in a lateral
tance of using realistic HF wave functions for the atomicresolution of 0.4 mm.
description. The ionization probability was studied as a func- The intrinsic resolution of the spectrometer, determined
tion of the reduced projectile velocity, which was defined asmainly by the spatial resolution of the position-sensitive de-
the ratio of the projectile and thie-shell electron velocity. tector, was 2.2—3.3 eV. The distance between the target and
The differences between theory and experiment were clearlihe PSD was 866 mm, which resulted in very good angular
velocity dependent. resolution. The lateral dimensions of the PSD were 12 cm,
In the present paper we describe first the experimentakihich allowed a(300-400-eV-wide energy interval to be
setup in Sec. Il followed by a description of the spectrummeasured within a single run. The experimental energy reso-
analysis in Sec. lll. The method of deducing ionization prob-lution depended mainly on the dimensions of the beam spot
abilities from the measured relative yields of #i&! satel-  on the target, which was (0.5—0).0 mnt. This size im-
lite line is presented in Sec. IV. We conclude with the resultsplied an energy resolution of 3.5-6.5 eV, which was suffi-
and a comparison with the SCA calculations in Sec. V. Thecient for clearly resolving th& L satellites from the dia-
justification of choosing an appropriate set of wave functionggram lines.
is described.

Ill. DATA ANALYSIS

Il. EXPERIMENT The measuredk a spectra exhibit additional lines on the

The Ka x-ray spectra of Ca, Ti, Cr, and Fe ionized with high-gpergy tail ofnthe diggram Iin(§ig._1). These lines are
(0.7-1.5-MeV protons were measured at the J. Stefan Insti£lassified as th&L s_a_\telllt_es of thé_(a I|_ne_and corresp_ond
tute, Ljubljana, using a high-resolution crystal spectrometer(© h€K— Ly transitions in a multiply ionized atom with
Protons were accelerated by a 2-MV Van de Graaff accel@dditional vacancies in the shell. In the case of proton-
erator. The obtained results stimulated us to perform furthefnduced ionization, the -shell ionization probabilities are
measurements at the Ruder ‘Bogic Institute in Zagreb. rather small -1%) and imply the excitation of th&L
With their 6-MV Tandem accelerator, Ha spectra with ~doubly ionized states only; rzlowever, in the case of Ca a
proton energies up to 4 MeV were measured. smgll contribution from th&KL“ state was also. observed. A

The high-resolution x-ray spectrometer, already used fopr'lCal spectrum consisted of tiex, > diagram lines and the
several other atomic physics stud[@$—18, is described in KL*" satellite line on the hlgh—energy tail of the diagram line. _
detail elsewherd16]. It consists of a vacuum irradiation The measured spectra of Ca, Ti, Cr, and Fe are represented in
chamber in which the measured samples are inserted, &9- 1. . N
vacuum chamber with the diffraction crystal that is evacu- N the independent-particle framework, the probability
ated separately in order to reduce the absorption of x raydhat a proton with an impact parameteproducesn vacan-
and the position-sensitive detect®SD) for the detection of ~ cies in theK shell andn vacancies in the. shell can be
diffracted x rays. The three units were separated by kaptofXpressed by the binomial distributi¢h9]
windows and air gaps with total thicknesses ofits and 12
mm, respectively.

The protons impinged the thick metal target perpendicu-
larly. The targets, made of pure Ca, Ti, Cr, and Fe were _
polished before they were inserted into the irradiation cham- X[pu(b)1"[1=py(b)]*7", @
ber. The Ca surface oxidized during the measuremghés . o .
estimated thickness of oxide was Quin) and all the targets Wherepg is the K-shell ionization probability per electron
became covered with a thin layer of carbon due to the non@ndp. is the mean ionization probability per electron for the
ideal vacuum conditions in the accelerator vacuum systerfhr_eel— subshells. To o_btam the cross section, the probability
(~107% mbar). The outcoming x rays were diffracted in IS integrated over the impact parameter
first order on a flat LiF crystal. The dimensions of the crystal
were 75<30 mnt and its thickness was 4 mm. TH200) _s f“( 2)(8
reflecting planes were used for Ca and Ti and {20 re- armLn=em m/\n
flecting planes for Cr and Fe. The reflected x rays were de-
tected by the position-sensitive detector. The dimensions of X[pL(b)]"1~pL(b)]1® "b db. (]
the PSD entrance window made of the aluminized Mylar foil
(6 wm of Mylar foil and 50 nm A} were 130 10 mn?. The  Since theL-shell ionization probability is nearly constant
PSD was of proportional type using an(80%)+ CH,(10%) over the impact parameter region whd€eshell ionization
mixture as the working gas. The delay line arrangementmay occur, we obtain
tightly mounted on the cathode circuit, which consisted of 50
cathode strips, was employed for an accurate position deter-
mination of the absorbed x ray. The start signal was provided
from the anode wire, coupled to a charge-sensitive amplifier.
The stop signal was provided similarly from the cathode X[p(D)]™1—pk(b)]> b db. 3
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FIG. 1. High-resolutionK« spectrum of Ca, Ti, Cr, and Fe,
induced by 1.5-MeV protons, with an enlarged view of tike!
satellite line(upper corner of the insetSome asymmetry on the
low-energy tail of the diagram line is due to tid.M radiative

Auger effect.

Considering that the primary vacancy vyidlg, n is propor-
tional to the ionization cross sectiark, n, one obtains
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It is evident that theKL" satellite yield relative to th&a

diagram line gives us the-shell ionization probability for
the near-central collisiongero impact parametewithin the

independent-particle framework.
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The transition may therefore occur between many different
states, resulting in a rich spectrum structure. The shape of the
lines can also be affected By -shell ionization, although in
our case this contribution was not significant. For a proper
spectrum analysis, a theoretical knowledge of thelL"
structure is needefl0]. In the case of lowZ element ion-
ization, this fine structure is usually almost completely
smeared out due to the energy resolution of the spectrometer,
which is typically a few eV. This fine structure cannot be
completely resolved even by better instrumental resolution
since we cannot remove the effects of natural linewidths. As
we focused our interest on the yield of tké. ! satellite line
relative to theKa diagram line, the spectra were separated
into three components. THéa,; and Ka, lines were ana-
lyzed using two Voigt functions. The Voigt function is the
convolution of the Lorentzian and Gaussian distribution, cor-
responding to the natural line shape and the instrumental
response, respectively. The Lorentzian widths of ke,
andK a, lines were assumed to be equal, but let free through
the fit. If the tabulated values of the Lorentzian widths were
included in the fit, the response function of the spectrometer
had to be known very precisely. The response of the spec-
trometer is usually well described by a Gaussian distribution,
but it is almost impossible to avoid some deviations in the
tails. This is the reason that the Lorentzian widths obtained
from the fit are slightly larger than the natural line widths
that can be found in tables. The.! satellite was described
by a single Voigt function, but the widths of both the Lorent-
zian and Gaussian component were left free. In order to es-
timate the reliability of our fitting model, we compared the
yields obtained from the fits using either single or multiple
Voigt functions, which in the latter case described the stron-
gest contributions to th&L! satellite line as given in the
literature [20]. The two procedures gave tot&lL® line
yields, which differed by less than 3%, which implied that
the fit using a single Voigt function provides reliable results.

From the fitting procedure we evaluated k! satellite
yields with respect to th& « diagram lines. Figure 2 shows
a high-resolutiorK « x-ray spectrum of Fe, bombarded with
1-MeV protons, fitted with the model described above. The
EWA program package for spectrum analy?4] was used
for spectrum fitting.

After the fitting procedure, several experimental correc-
tions of the relative satellite yields were applied. Because of
the targets used were thick, we had to account for proton
stopping and x-ray absorption in the target. The relative sat-
ellite yields deduced from thick targets were converted into
their respective thin target values by the use of correction
factors. They were calculated following the Merzbacher-
Lewis formula[22]. The derivativedE/dx as required by
[22] was calculated from the fit to the measured data. For Ti,
where the yield varies smoothly with proton energy, the cor-
rection factor differed from unity by 3%, but for the Fe,
where the energy dependence of the yield is more pro-
nounced, this difference was about 10%. The stopping pow-
ers of Ziegler and Manoya[23] were used. The x-ray at-

The Ka x-ray spectra of multiply ionized atoms are very tenuation coefficients were obtained from the tables of Thinh
complex. The different configurations of theshell vacancy and Leroux{24].

among the thred. subshells and the different angular mo-

The relative satellite yields were also corrected for x-ray

mentum couplings of the inner-shell vacancies are resporabsorption in the three 2bm Kapton foils and a 12-mm air
sible for energy splitting of both the initial and final states. gap between the target and detector, for the crystal reflectiv-
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FIG. 2. FeKa spectrum induced by 1.0-MeV protons, decomposed by the fitting method as explained in Sec. Kk TaedK «;, lines
are fitted with the Voigt functions of the same Lorentzian and Gaussian width Thsatellite line is fitted with a single Voigt function
by setting all parameters free. The background is described by a straight line.

ity, and also for the detector efficiency. These correctiondines into the diagram lines. The second important effect that
generally depend on the energy difference between the sdtas to be taken into account concerns the partial fluorescence
ellite and the diagram line. Since the difference was veryield for the Ka transition since it may vary due to the
small[AE(KL!-Ka;)=25.6 eV for Ca and 42.3 eV for e presence of additional vacancies in theshell that is in-
these effects were almost negligititbe correction was less volved in the transition. Considering both effects, the yield
than 1%. of theKL?! satellite lines relative to thK « diagram line can

be expressed 431

IV. METHOD OF DEDUCING THE L-SHELL IONIZATION

PROBABILITIES | X
1

L {UKLl[l_R(Ll)]}wKa(Ln)
" [okiot ok tR(LY Jog (L9

O'X
K
=—x 5
We showed that in the independent-particle framework, TKkLO
the L-shell ionization probability for near-central proton col- X . . 1 N
lisions with lowZ atoms can be evaluated from the relative\"’herm1 is the re]a_twe yield of the&<L" satellite line ex-
yields of theK L * satellite linegEq. (4)]. However, the quan- tracted from the fitting procedure and corrected for absorp-

tities that follow from the measurements reflect the situatiorfon in the target and on the way to detectdrjs the rear-
in the L shell at the moment of th& x-ray emission. In 'angement factor, anéy, is the partial fluorescence yield
order to find the ionization probabilities, we have to take into®" the K« transition. The rearrangement factris defined
account the rearrangement of inner shell vacancies prior t8S
the K x-ray emission. This process alters the primary va- IALTR
cancy distribution produced in the collision. In the case of __Lt -t
low Z-elements where we cannot resolve contributions from I +Tk
the differentL subshells, the rearrangement between the sub- ) ) o
shells is not important. The original vacancy distribution ofand the partial fluorescence yield for thex transition is
the L shell is essentially altered by vacancy promotion todefined as
higher shellsimainly M). Since the energy shift of the sat-

ellite line decreases with the principal quantum number of

the spectator vacancy, the energy shifts of k! satellite

lines are much smaller than for the.® satellites. For lowZ

elements, the energy shifts of théM?! satellite lines are whereT’; is the total atomic level width of the particular
comparable to th&a natural linewidth, so they cannot be shell, whileI'? andT'#* are the partial widths for the radiative
resolved from the diagram line. Vacancy promotion intoand Auger transition processes of the shell, respectively. In
higher shells actually redistributes some of Kke! satellite  Eq. (6), the influence of Coster-Kronig transitions is ne-

(6

MR
WK™ FK ’ (7)
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TABLE I. Ratio of theK « partial fluorescence yields for doubly 0.6

(KLY) and singly ionized atoms. The level widths for doubly ion- 1
ized atoms were calculated according to a statistical procéatte 0.5 R=(CA+CR) /(T +I)
: L L L K

Element z ok (LY 0r (L) 04
Ca 20 1.010 R o3 :
Ti 22 1.011 ] :
Cr 24 1.009 0.2
Fe 26 1.013 3
0.1 |
glected since these transitions redistribute the vacancies be- 00 o 3 s w0 s
tween differentL subshells, but they do not change the total Z

number ofL-shell vacancies produced in the collision. The

relative vacancy yield4) of the KL?! satellite produced in a FIG. 3. Z dependence of the rearrangement fadtos (I'f"
near-central proton collision with a lo&-atom can be ex- +F5)/(FK+I‘L) calculated from the level widths of singly ionized
pressed as atoms[23-24.

Ikt oxer  8pL(0) rearrangement of the-shell vacancies prior to thi x-ray
l- o oo 1—0(0) p.(0) emission is extremely important. Its influence cannot be ne-
KL KL L glected, especially for the case of elementZaround 30.

X k(L% The rearrangement factor was calculated more precisely
=3 oo (LO) ® for the elements Ca, Ti, Cr, and Fe. The tabulated values for
1-R(LY| 1+15 wa—(Ll)) i, (LY the level widths in singly ionized atonj28—31] were cor-

Ka

rected for the additional hole in tHe shell according to the

. ) 1 I o method of Larkins, as explained above. The values are col-
For the estimation ofvk,(L") andR(L") in Eq. (8), itis  |acted in Table II.

necessary first to estimate the level width of Kie® ionized In addition to the direct Coulomb ionization. the shake

state. As the level width of th& shell is influenced by an  5rocess may also contribute to satellite production. The re-
additional L-shell vacancy, the respective tabulated valuésnoyal of an inner-shell electron causes a sudden change in
have to be modified by a suitable correction. We used thene atomic potential that can result in the ejection of an elec-
statistical method of Larking25], where the width of a cer- {on to the continuuntshakeoff. The KL? satellite yield is

tain transition is in the first approximation proportional to the therefore composed of direct ionization and shake contribu-
number of electrons available for the transition. It has beefions. Since thel-shell ionization probabilities are rather

shown that this approach gives very realistic results for thema) for proton impact~1% for low-Z elements and Eq.

K-shell level widthg26,27. For the radiative and nonradia- (4) rejates to the.-shell ionization probability independently

tive transition widths in a singly ionized atom we used theyf jts mechanism, we can write the probability obtained from
values of Scofield[28], Kostroun, Chen, and Crasemann ha k| ! satellite yield as a sum of probabilities

[29], and McGuirre[30,31]. For theK « transition, the fluo-
rescence yields for atoms having an additional vacancy in the
L shell(i.e., corresponding to th€L?* satellite are shown in
Table |. The data are normalized with respect to Kie° ) o
values and it is apparent that an additiohashell vacancy Where DI andS refer to the direct ionization and shake pro-
does not change the fluorescence vield significantly for lowS€SS respectively. In order to obtain the direct ionization

Z elements. The change in,, can be neglected in the first probabilities, we subtracted the shake probabilities from our
approximation. “ experimental values. We used the probabilities of

The rearrangement influences the primary vacancy yieldlukoyama and Taniguchi32] that were calculated using
to a much higher extent than the variations of the fluoresth® Hartree-Fock-Slater wave functions within the sudden

cence yield. We estimated th& dependence of the rear- approximation model. The shake probabilities extend from
rangement factoR(L') using first the level widths for singly AR .
ionized atomg28-31] and ignored the differences between  TABLE Il. Rearrangement faCt?R_:(rLJ“FL)/(FK*FL) in
the L subshells. The result of this estimation, demonstratingﬁf”" Ti, Cr, and Fe for doublyKL") ionized atoms. The level
the size of the effect only, is shown in Fig. 3. As Fig. 3 |dt_hs_ for doubly ionized atoms were calculated according to a
suggests, the original vacancy distribution can be change%t"jmstlcal procedurg25].

significantly prior to theK x-ray emission. This strong rear- Element 7 R

rangement process originates mainly in the competitive

pL=pC +P;. 9

LMM Auger transitions, which have level widths compa- Ca 20 0.260
rable to those for th& radiative transition. Though a more Ti 22 0.271
realistic calculation of the rearrangement factor using thecy 24 0.281
K-shell level widths of the doubly KL!) ionized atom Fe 26 0.331

would yield somewhat smaller values, it is apparent that the
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TABLE Ill. L-shell ionization probabilities for the direct Coulomb ionization of Ca, Ti, Cr, and Fe
induced in near-central proton collisions

E, (MeV) PL(ca(0) (%) pLmi(0) (%) PL(cy(0) (%) PL(re(0) (%)
0.7 1.3G:0.18 0.88:0.13
0.8 1.270.18 0.92:0.14 0.66:0.11 0.43:0.09
0.9 1.29-0.18 0.95-0.14 0.68:0.11 0.470.10
1.0 1.31-0.18 0.95-0.14 0.73:0.12 0.53£0.11
1.1 1.270.18 0.96-0.14 0.75-0.12 0.56-0.12
1.2 1.270.18 0.99-0.15 0.79:0.13 0.60:0.12
1.3 1.270.18 0.96:0.14 0.81-0.13 0.64-0.13
1.4 1.25-0.18 0.99-0.15 0.82:0.13 0.66-0.14
15 1.23:0.17 1.0x0.15 0.83:0.13 0.69-0.14
2.0 0.86+0.26
3.0 0.7G:0.11
4.0 0.510.08

0.09% for Fe up to 0.18% for Ca and represent about 13-a function of proton energy in the range 0.7-1.5 MeV. In

20% of the direct ionization probability values. this energy region the projectile velocity surpasses the
L-shell electron velocity §=0.76—1.49). Figure 4 indicates
V. RESULTS AND DISCUSSION that the ionization probability increases with proton energy

) ) . in Fe and Cr, reaches a maximum in Ti, and starts to decline
Following the procedure outlined above, theshell ion- iy ¢4 As expected, the ionization probability reaches a

|zat|on| prc;ll?a}bllltles for thel dwegthoulor:nb |0n|zat|onF N maximum around matching of the projectile and electron ve-
central collisions were evaluated from the measu #ocities. According to Fig. 4, this maximum occurred at

satellite yields. As mentioned previously, the elements Oslightly larger projectile velocities in our experiment.

interest were Ca, Cr, and Fe ionized witd.7-1.5-MeV For proton-induced ionization of lo&-elements, the pre-

protons and Ti ionized witli0.7—4-MeV protons. The ion- dominant ionizati hani is direct Coulomb ioni
ization probabilities are collected in Table Ill. The uncertain- ‘ominant lonization mechanism s direct -oulomb oniza-

ties of the deduced probabilities are mainly the result of theion- As we are interested in the_ ionization_probability at zero

uncertainties of the level widths used for calculation of the!MPact parameter, the respective theoretical values have to
rearrangement factors. In particular, the level widths forPe obtained in the serr_uclassmal approximation, which allows
LMM and someKLL Auger transitions have large uncer- US 10 calculate the impact-parameter dependence of the
tainties, which yield a total uncertainty of the rearrangemengingle-electron ionization probability.

factor up to 40%. The uncertainty contribution originating The experimental values were compared to the first-order
from the fitting procedure is generally less important. SCA calculations of Trautmann and & [11,12, Smit

TheL-shell ionization probabilities are plotted in Fig. 4 as [13,14, and Halabuka, Perger, and Trautmafirb]. Al
these calculations employ classic hyperbolic trajectories, but

differ in the choice of atomic wave functions. The codes of

g (T:f Trautmann and Rsel and that of Bit employ screened hy-
A o drogenic Dirac wave functions, but use different approxima-
157 v Fe tions for the_screening of outer atomic electrons. The wave

functions of 3nit are essentially those used traditionally in
the plane-wave method22,33 and include transitions into
the final states with negative energy. As pointed out by Koc-
P bach[34], these states are a good approximation for single-
| y Y particle states in the self-consistent field. In the calculation of

e Pp————0—
—<—p>—0— —0—

pr (0) [%]
5
—0— —e—
~<+ —p——O— ——O—

0.5 Y Y Halabuka, Perger, and Trautmalirb], the concise relativis-
tic Hartree-Fock wave functions were employed.
The theoretical values of tHe-shell ionization probability
0.0 e . — were calculated for the near-zero impact-parameter values
06 08 1.0 1.2 1.4 1.6 (100—150 fm in order to avoid a large recoil contribution in
Ep [MeV] exactly central collisions. The energy dependence of the ex-

perimental and theoretical values for a Ti target is shown in
FIG. 4. L-shell ionization probabilities for the direct Coulomb Fig- 5 and the reduced velocity dependence of the ratios
ionization of Ca, Ti, Cr, and Fe induced in near-central collisionsPetween the experimental and theoretical values is given in
with (0.7-1.5-MeV protons. The impact energies correspond to Fig. 6.
reduced projectile velocities in the range 0.76—1.49. The points ~ The probabilities calculated by the three methods have a
that correspond to the reduced projectile velocity matching thesimilar energy dependence, though they differ significantly
L-shell electron velocity #=1) are plotted with solid symbols. in size. The values of Trautmann and$Rt{11,12 are gen-
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O p X .
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FIG. 5. L-shell ionization probabilities for the direct Coulomb

<

O
ionization of Ti as a function of the proton energy. The experimen- éﬁ
tal data are compared with the SCA calculations of Trautmann and .Z

&

&

Rosel[11,17 (dotted ling, Smit [13,14] (dashed ling and Hala-
buka, Perger, and Trautmahi5] (solid line).

erally a factor of 1.5-2 lower than the values ohi§[13,14]

and Halabuka, Perger, and Trautmdi®|. The latter two 0.0
differ by a few percent at low collision velocities and by

30% at high collision velocities. However, the differences at

high velocities may be up to 10% higher since the calcula- 2.04 Halabuka
tion [13,14 involved multipoles up td =2 only.

In comparison with the Ti experimental datéig. 5, the
values of Trautmann and Rel cross the experimental data
atE,=1 MeV (»~1), as their trend is continuously de-
creasing. The experimental data show a broad maximum a 1.0
E,=1.5 MeV. A maximum, though of larger intensity and at
lower energies, is indicated by the methods[©8,14 and 0.5-
[15]. For higher energies;,>2 MeV, the experimental data
are rather well reproduced by the valued %], the differ-

1.0 15 2.0

1.51

ence between the two sets of data being smaller than the . 10 15 2‘0‘
experimental uncertainties.
The results of Figs. 5 and 6 suggest that the calculation n

[15] employing relativistic Hartree-Fock wave functions

yields data that are closest to experiment. For the method of FiG. 6. Ratio of the experimental and theoretical SCA ioniza-
[13,14, which uses a simple yet effective approximation fortion probabilities as a function of the reduced projectile velocity.
the states in the atomic potential, the differences betweemhe three models differ in the choice of wave functions used and
theory and experiment are 30% larger. This indicates that themploy in turn two different types of hydrogenic Dirac wave func-
proper choice of wave functions is essential for the calculations(see[11,12 and[13,14], respectively and relativistic Hartree-
tion of ionization probabilities at near-zero impact param-Fock wave function$15].

eters.

VI. SUMMARY AND CONCLUSIONS change in th&-shell fluorescence yield due to the additional

High-resolution measurements of thex line shape were L-Shell spectator vacancy can be neglected. The direct Cou-
performed for Ca, Ti, Cr, and Fe targets bombarded by prol-omb |qn|zat|on probabll|t|e§ were determined fr.om.the sat-
tons. The proton energies were 0.7—1.5 and 0.7—4.0 MeV fogllite yields after subtracting the shake contribution. For
the Ti target. The relative KL satellite yields were used toProton-induced ionization of loi- elements, the shake
determine the_-shell ionization probabilities in near-central probabilities are comparable to the dirécshell ionization
collisions. The method represents a more severe test of tHgobabilities.
theoretical models than measurements of the total cross sec- The experimental results obtained were compared with
tions. the SCA calculations. The calculated values depend strongly

The importance of the rearrangement process due tb the on the wave functions used. The comparison supports the use
Auger transitions has been demonstrated for Ibelements  of relativistic Hartree-Fock wave functions. In the low-
(R=0.26 for Ca and 0.33 for Belt has been shown that the energy region <1.5), the current SCA calculations fail to
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reproduce the measured values, regardless of the type dhgreb, in offering the Tandem accelerator facility for mea-
wave function used. surements of Ti data in th@—4)-MeV energy region. M.K.
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