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X-RAY EMISSION SPECTRA INDUCED BY ION-ATOM COLLISIONS |

Single and Double K-Shell lonization

Bv K1vosu: KawATsURA

Experimental cross sections were determined for the single and double K-shell
ionization of Be, B and O atoms by H (0.3-2.0 MeV), He (0.25-2.0 MeV), N (0.3-L1
MeV) and Ar (0.3-1.8 MeV) ion bombardments using a high resolution Bragg spec-
trometer.

The results of the single K-shell ionization for H and He ion bombardments
showed a good agreement with the calculated result by the Coulomb excitation of the
binary-encounter appreximation (BEA), while those of the heavy ion bombardments
were understood in terms of the electron promotion model,

The cross sections of the double K-shell jonization for the H and He ion bombard-
ments were for the first time measured, and the results showed that the cross section
was dependent on Z;* of the projectile nuclear charge and a maximum cross section was
obtained at E/il'=1.

Intreduction

Recently, numerous studies of the inner-shell ionization resulting from ion-atom collisions
have led to the discovery of a wide variety of interesting new phenomenal-2. Much of these efforts
has been directed to elucidate the various mechanisms by which inner-shell vacancies are produced
during the collision process. For light ions such as hydrogen and helium ions. the mechanism of the
inner-shell vacancy production is explained by the direct Coulomb excitation theory. In heavy ion
collisions, on the other hand, the cross sections of inner-shell ionization are often very high and
strongly depend on the matching of energy levels in the collision partners. The experimental data
can be interpreted in terms of electron promotion model. 9.

One of the most striking phenomena in inner-shell vacancy preduction by the bombardment of
the heavy charged particles is the high degree of multiple inner-shell ionization. There have been
observaiions by several groups of satellite and hypersatellite X-ray spectra using high resolution
spectrometers, Specifically, the satellite peaks of K-shell correspond to removing | K- and » L-shell
electrons (=0, 1,+++-:- , 8) and the hypersatellite peaks to removing 2 K- and » L-shell electrons.
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For the double K-shell ionization process, Olsen and Moore®) investigated oxygen ion bombardment
on Ca target at very high energy. Recently, Nagel ef al® have measured K* hypersatellite X-ray
energies irom Be to Ne by heavy ion bombardments and Kawatsura ef al.7-19 reported energy de-
pendence of the double K-shell ionization cress sectinns of the light elements by hvdrogen and
helium ion bombardments.

In the present work, we report an extensive investigation of the K X-ray spectra of the Be, B
and O atoms observed from the thick Be. B and BeO targets, respectively, by bombardment with
H*, H.*, He*, N*, Ar* and Ar®* ions in the energy range of 0.25 to 2.0 MeV. We have also meas-
ured the energy dependence of the absolute cross sections for the single and double K-shell ioniza-
tion by the same projectile ions. The measured cross sections were compared with the available
theoretical calculations. Measurements of the K X-ray spectra have been performed on a number of
the thick solid targets using the H, He, N and Ar jon beams from a 2-MV Van de Graaff accelera-

tor. H, He, N and Ar ions denote H* and H,*, He*. N'*, and Ar* and Ar?* ions, respectively.

Theoretical Considerations

Atomic inner-shell vacancy production by H or He ion bombardment is caused by the direct
Coulomb excitation. The cross section for K-shell jonization can be explained with some success by
the theoretical calculations, These are the plane-wave Born approximation (PWBA), the semiclas-

sical Coulomb approximation (SCA) and the bimary-encounter approximation (BEA).

Plane-wave Born approximation
Merzbacher and Lewis!!? and Basbas ef ¢/.)2) presented the extended discussions of the inner-
shell ionization process using the PWBA to make the quantum mechanical calculations. In this
model, the Coulomb potential of the incoming particle is considered as a perturbation which pro-
duces the atomic transition, and the projectile is considered as a plane wave both before and after

the impact. The K-shell ionization cross section is given by

o1=(aox/ U Y(yx {0x"), (1)
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and where Z; and Z, are the nuclear charges of the projectile ion and the target atom, respectively,
£ is the incident energy of the projectile ion, & is the binding energy of the K-shell electron, Ry is

the Rydberg constant. m and M are the masses of an electron and the projectile, g, is the Bohr radius

and f(zx/0e*) is a universal function of »x/fx* given by Bashas et 212 This formalism as weli as

the SCA and the BEA predicts a simple scaling relationship for the collisions between different ion-

atom pairs as the collision velocity changes.

Semiclassical Coulomb approximation

Bang and Hansteen!® in 1959 employed an impact parameter formalism to account for the

deflection of the incident ion by the target atom. In this theory, the ionization is considered to be

due to the time dependent perturbation of the incoming particle which describes a classical trajec-

tory. The SCA was shown to be equivalent to the PWBA for the identical limiting conditions,

There was a good agreement with experiment at lower energies. However, the present work was

done in the high energy region, so we did not carry out the theoretical calculation using the SCA.

Binary-encounter approximation

In 1965 Gryzinski!®) made new calculations on the classical collision theories using the binary-

encounter approximation (BEA). The BEA gives ionization probabilities by considering the direct

interaction between the incident ion and the electrons of the target atom and disregarding the

mutual interaction between the atomic electron and the nucleus during the collision, Moreover, in

1970 Garcia!5) obtained an excellent agreement between experiments and the BEA, and proposed a

following universal ionization curve :

ar=(Z,* ) E[ V). @

Here f{iE/Al) is a universal function depending only on £/AU, and A is the mass ratio of the projec-

tile ion to electron.

We have calculated relevant K-shell ionization cross sections using the PWBA and BEA for

malism in order to compare with the experimental results obtained. The tables of Khandelwal ef

al.1%) were used in the PWBA calculations, while the BEA results were scaled from the universal

curve of Garcia’®.

Experimentals

The experiments were carried out with the use of ion beams from a 2-MV Van de Graaff ac-
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celerator of Japan Atomic Energy Research Institute. The ion beams were deflected through an
energy and momentum analyzing magnet and focused on the thick solid targets vertically by means
of a set of quadrupcle magnets and a series of collimators. The diameter of the beam spol was
mainly 0.8 mm. X-rays were detected at a take-off angle of 45° by a gas-flow type proportional
counter with a 1.0 u thick polypropylene window. The counter was operated in flow mode of 55 cc/
min utilizing P-75 gas (252 argon and 7327 methane) at atmospheric pressure for Be, B and O K
X-ray detection, because this ratio of a gas mixture has shown better energy resolution for measur-
ing low energy X-rays than any other ratios of these two gases. The proportional counter pulses
were discriminated by a single-channel pulse-height analyzer and counted by an electronic scaler.
which was gated by a target current integrator.

The detailed study of Kg satellite and hypersatellite spectra requires the use of a high-resolu-
tion crysial difiraction spectrometer. The schematic diagrams of the experimental configuration are
shown in Figs. 1 and 2. The system employed in the present work was a flat erystal Bragg spectrom-
eter which had two Soller slits with dispersion angles of 0.5" and 0.86°, respectively. The measure-
ments of K4 and Kq* X-ray spectra from the Be atoms were performed with a pseudo-crystal of the
lead-lignocerate seap film with 100 layers (2d spacing=130 A) and the measurements of K5 and K4*
X-ray spectra from the B atoms and K.* X-ray spectra from the Be atoms were performed with a
pseudo-crystal of the lead-stearate soap film with 100 layers (2d spacing=100 A) and the measure-
ments of Kz and Ka? X-ray spectra from the O atoms were performed with a single crystal of
rubidium hydrogen phthalate (2d spacing=26.1 A). The experimental energy resolutions (full width
at half maximum) of the K. X-ray peak were 6.1. 5.4 and 4.1 eV for the Be. B and O atoms,

Si(Li)-detector 0 0P (LN

Collimators
Q.Lens Viewer
Ion Ll
beam —tot o2\
Valve
Soller
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Proportional
counter

Fig. | Schematic diagram of experimental arrangement for X—ray spectrum measurement
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Fig. 2 The detector set-up and electronics

respectively.

The high resolution measurement using a difiraction spectrometer is useful for correcting non-
dispersion data because in heavy lom-atom collisivns X-rays are sometimes generated from the
projectile ions and are not resolved by the proportional counter alane from the X-rays of the target
atoms. This measurement is also usefu! for obtaining new and more specific informations concerning
the mechanism of the inner-shell ionization and the effect of the chemical bonding on the X-ray
spectra produced in heavy ion-atom collisions.

Results and Discussions

Ks diagram and K,® hypersatellite X-ray spectra

Fig. 3 shows the K X-ray spectra of Be induced by 0.3 MeV H* and 1.2 MeV He* ion bombard-
ments, where the velocities of each ion are the same. The main peaks at 108.5 eV in both spectra
are the Kz diagram lines due to the single K-shell ionization. For the He* ion bombardment, the
second peak arising from the douhle K-shell ianization was observed at 146.1 eV. Its width was
about 10 eV which was about twice of that of the main peak. It is noticeable that the peak due to
the double K-shell ionization in H* jon bombardment is not observable in the energy range of the
present experiment. Fig. 4 shows the K X-ray spectra of B induced by 1.5 MeV H* and He* ion
hombardment. The main peaks at about 183 eV in both spectra are the K, diagram lines from the B
atoms. In this case, the second peak arising from the double K-shell ionization was also observed at
230.8 eV for the He* ion bombardment. The transition energies of the Ka diagram and K,® hyper-
satetlite lines from the Be and B atoms are in good agreement with the results of the other measure-
ments and theoretical calculationsé®, Fig. 5 shows the K X-ray spectra of the O atoms in BeQ
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more complicated than those from the Be and B targets. The main peaks at 525 eV in both spectra
are the Kq diagram lines due to the single K-shell ionization in the O atom. The satellite peaks are
observable at 532 eV and 550 eV in both spectra. They can be identified as the KL and KL2 satellite
transitions from the O atoms with the 1 K- and [ L-shell, and the 1 K- and 3 L-shell vacancies,
respectively. The details will be discussed later, A clear peak is observed at 600 eV for H* and
602 eV for He* ion bombardments. respectively. They ¢an be also identified as the Ka® hypersatellite
transition from the O atoms with the double K-shell vacancies and the transition energy is in good
dgreement with the other measurements and theoretical calculations6.9.17). This is the first case
where the hypersatellite line is observed for the H* ion bombardment.

Using the step scanning method, we have tried to extend the measurements of the K«* hyper-
satellite X-rays from the Be, B and O atoms by bombardments of H*, H:* and He* ions!®. We
have confirmed that the single and double K-shell ionization cross sections by Hay* ion bombardment
were also the same as those by H* ion bombardment at a fixed velocity, so in this experiment we
have employed the H,* ion beam as the projectile of Z;=1 because H.* ion beam with the same
velocity as He* ion heam was easily generated with higher intensity and better stability than the
H* ion beam. Fig. 6 shows the Be K* X-ray spectra induced by 0.8 MeV ,* and 1.6 MeV He* ion
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Fig. 6 K2 X-ray spectra of Be induced by Fig. 7 K2 X-ray spectra of B induced by 0.6 MeV
0.8 MeV Hy" and 1.6 MeV He' ion Hy* and 1.2 MeV He* ion bombardment
bombardment
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bombardments, where the velocities of each ion are the same, i. e., E/ili=1.96, so it is conven-
ient to compare the experimental results with the theoretical calculations. In the case of the H,*
ion bombardment, it is evident that the double K-shell ionization cross section is very small, that
is, about 1/18 of that for the He* ion bombardment. The similar spectra are also obtained for a
variety of the scaled velocity. Fig. 7 shows the B K? X ray spectra induced by 0.6 MeV H;* and
1.2 MeV He* ion bombardments where Ef1U=17.87. In the case of the H.* ion bombardments, the B
K? X-ray line is observable at about 230 eV, but a quantitative analysis is difficult because the cross
section decreases with the increase of the incident energy of the H,* ion in the present energy
range, in addition to the overlapping with the low energy tail of the C K X-ray band due to the
surface contamination. Fig. 8 shows the O K* X-ray spectra induced by 0.8 MeV H,* and 1.6 MeV
He* ion bombardment where EfiU=0.41. The ratio of the cross section of the double K-shell
ionization for the He ion to that for the H ion, ¢.x(He)/o:x(H), is found to be about 14. These
facts suggest that the cross section of the double K-shell ionization, g.x is represented as a function
of Z,* and Efil, and in this case, it means that g-x(He)/16g2x(H) is equal to unity.

Single K-shell fonization cross section
In order to obtain the absolute cross sections irom the observed X-ray spectra and non-disper-

sive X-ray yields, the following procedures were carried out.
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Fig. 8 K2 X-ray spectra of O induced by 0.8 MeV
H; and 1.6 MeV He* ion bombardment
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Thick target yield V(E) was obtained from the directly measured X-ray counts by considering
the corrections for incident ion flux, geometry factor. window absorption, detector efficiency and
reflection efficiency of analyzing crvstal. In argon ion bombardment. Ar®* jons together with Ar*
ions were also employed tn extend the incident energy range. The results for a given incident ion
kinetic energy were shown to be independent of the initial charge state of the ion. The X-ray
production cross section ax(£) was calculated from a thick target vield ¥(£) by the relation :

ox@=—{ T 55y + v} @)

where S(E) is the total stopping power for the incident ion in the target material, » is the density

pcosec(r/4)

of the target atoms and ;fp is the target absorption coeficient for the Ka or Ka? X-rays. SE) is
equal to the sum of the nuclear stopping power 5,(E) and the electronic stopping power S.(E). In
the case of the light ion such as H or He ion. S.(E) can he neglected in the present energy range
and S5.(E) is quoted and interpolated from the data of Northclifie and Schilling®. The Su(£) for the
heavy ions was calculated from the theory presented by Lindhard, Scharif and Schigtt!9). The
absorption coefiicients were taken from the data of Henke and Elgin?). The derivative of the X-ray

Table 1, Experimental data of X-ray production and K-shell ionization
cross sections together with absorption coefficients (cm?/g) and
Hluorescence yields. In this notation, 2,53 (—21)=2,53 x 10-2t

Be-K nfo=331(3) w=304{-4) Be-K? 1/e=1.00 (3)

E ax ar E 6x ai
(MeV) (cm?) (cm?) (MeV) (cm?) (cm?)
H H

0.30 253(=21)  B34(—18) | 030 134(—22)  6.06(—19)
0,50 2.26 7.43 0.40 1.20 3.95
0.70 2.00 6.56 0.50 8.64 (—23) 2.84
1.00 1.68 5.57 i 0.60 6.39 217
1.20 1.61 3.30 0.70 5.18 1.70
1.30 1.52 4.98 0.80 431 1.42
1.80 142 1.67 0.90 3.64 1.20
He He
0.25 6.09 (—21) 200(—-17) 0.30 8.02(=22) 2.64 (—18)
0.30 7.28 2.40 ‘ 0.50 2.13(—21) 7.02
0.50 L10(=20) 362 0.60 2.64 8.70
0.80 L11 3.66 . 080 3.13 1.03 (=17)
1,00 1,07 3.52 | 100 3.05 9.98 {—18)
1,20 1,02 3.33 1.20 2,70 8.87
1.50 9.62 (—21) 3.7 1.50 2.11 6.94
1.80 8.01 203 1.80 151 495
2.00 8.22 .70 2.00 1.33 4,44

18} L. C. Northcliffe and R, F, Schilling, Nucl. Dala Tables, 7. 233 (1970)
19) J. Lindhard, M. Scharfl and H. E. Schigtt. K. Dan. Vidensk. Seisk. Mat.-Fys. Medd., 33, No. 14 (1963)
i0) B, L.Henke and R. L. Elgin, .dvances in X-Kay Analysis, 13, 639 (1970)
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Table 1. (Continued)

BK  p/e=3.35(3) w=7.10{—4) | B-K?  pfp=570(4)

E ax a1 i E ax 7
(MeV) (cm?) (cm?) (MeV) {cm?) (cm?)
H H

0.50 151(=21) 213 (—18) 0.30 3.75(—23)  5.28(~20)
0.73 143 201 0.40 405 5.70

1.00 1.32 1.87 | oas0 3.39 5.06

1.20 1.23 1.74

1:40 1.14 1.61

1.60 1.07 1.50

180 1.01 142

2,00 978 (—22) 138

He He

0.50 406 (—21) 5.1 (—18) 0.50 148 (—22)  2.08(—19)
0.75 5.43 7.64 0.75 3.90 5.49

1.00 6.29 8.85 1.00 6.02 8.48

1.25 6.88 9.69 1.25 717 1.01 (~18)
1.50 .15 1.01 (—17) 1.50 7.36 L1l

1.75 711 1.00 I 5.59 7.88 (—19)
2.00 6.82 961 (—15) 2.00 3.84 5.40

Table 1. (Continued)

O-K afe=1.21(3) w==645 (—3) 0-K? 2/o=1,68 (4)

E ox ai i E ox a1
(MeV) (cm?) {em?) (MeV) {cm?) (cm?2)
H l'n

0.45 1.63 (—21)  2.52(—19) | 045 585(—24)  9.07(—21)
0.60 1.60 2.49 0.60 8.1 1.37 (—21)
0.80 1.79 2.78 0.80 115 (= 23) 1.78

1.00 1.57 2.74 1.00 1.30 202

.40 1.67 2.58 1.40 1.33 2,05
1.80 1.38 246 1.80 1.27 197
He He
0.60 126 (—21)  1.95 (—19) 0.60 542(—24)  840(-22)
0.90 2.90 149 0.90 1.33 (—23) 284 (-21)
.20 4,34 6,73 1,20 3.96 6,14
L.50 5.45 8.46 1.50 7.60 1.18 (—20)
180 6.43 92.93 1.80 L1l (=22) 172

vield function was obtained analytically from the least squares polynomial fits to the experimental

vield curve, The K-shell ionization cross section g; is related to gx by

X=wkKd1,

Q)
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Table 2. Experimental data of X-ray production and K-shell ionization
cross sections together with absorption coefficients (cm?/g) and
fluorescence yield

B-K #fo=3.35(3) w710 {(—4) B-K? n/p=570 (4)

E ax a1 1 E ax aq
{MeV) {cm?) {em?) | (MeV) (cm?) (cm?)
N | ~

0.30 274(=21)  386(—18) | 030 764 (=22)  1.08 (—18)
0.50 3.52 4.96 0.50 1.28 (—21) 1.80
0.70 423 595 0.70 171 241
0.90 485 682 0.50 2.08 293

L.10 3.33 7.79 e 151 3.54

Ar "Ar
0.30 7.25(=21) 1.02(-—-17) 0.30 6.42 (—122) 9.04 (—19)
0.45 8.10 114 0.45 9.23 130 (—18)

1.00 1.21 (—20) 17l 1.00 1.98 (—21) 2.79

1,40 1.23 1.73 140 .58 3.64

1.80 1.12 L.57 1.80 288 4.05

where wk is the K-shell fluorescence yield whose values are given by Dick and Lucas?V and
Tawara el a2 The Ruorescence yield for the double K-shell ionization, w.k. are not so well known.
However, the calculation by Bhalla and Hein2® indicates, for Ne, that the ratio of fluorescence
vields, wik/enk. is nearly equal to unity if the number of the L-shell vacancies is the same. We
assume this is the case for Be. B and O atoms and apply the same values to the double K-shell
ionization. The used values of ¢ 'p and wk are listed in Tables 1 and 2. The uncertainty in the
absolute cross sections of the K-shell ionization is within a factor of 2.

The experimental cross sections for the single and double K-shell ionization of Be, B and O
obtained from the thick target X-ray yield are also summarized in Table 1, and shown in Figs. 9, 10
and 11 together with the theoretical predictions for the single K-shell ionization. The solid curve
represents the theoretical cross section for the single K-shell ionization predicted by the BEA and
the dashed curve represents that predicted by the PWBA. Generally. the BEA can better reproduce
the experimental cross sections except at high energies (EfAU'>3.0) where the PWBA gives a better
fit to the observed results than the BEA. As described hefore. the BEA theory results in the fol-
lowing scaled equation for the single K-shell ionization cross sections; gx=(Z,*/U*)RE}AU). The
important point is that a plot of [Pgyx/Z,? as a function of E/AU/ should vield a universal curve for
various projectile ions and target atoms, In Fig. 12. we show the comparison between the universal
curve of the BEA theory by Garcial® and the experimental single K-shell ionization cross sections
for H and He ion bombardments on the thick Be. B and O (BeO) targets. The results presented here

21) C. E. Dick and A. C. Lueas, Plhys. Rev.. A2, 550 (1970)
22) H, Tawara, K. G, Harrison and F, ], de Heer, Physica, 63, 351 (1973)
23) C. P, Bhalla and M, Hein, Phys. Rev. Lett,, 30. 39 (1973)
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Fig. 9 Single and double K-shell ionization cross
sections of Be for H and He ion bombard-
ment. The solid curve is the BEA calcula-
tions and the dashed curve the PWBA
calculations

Fig. 10 Single and double K-shell ionization cross
sections of B for H and He ion bombard-
ment. The solid curve is the BEA calcula-
tions and the dashed curve the PWBA
calculations

indicate that the BEA theory provides a useful approach to predict the K-shell ionization cross sec-
tions for a wide range of the target atoms and of the H and He ion energies where 0.1 <E/iU<5.0.
The ease with which the calculated cross sections may be scaled for the different bambarding
energies and target atoms presents a reasonable case for the use of this formalism in application

such as trace element analysis by charged particle hombardment.

Double K-shell ionization cross section
In the case of the double K-shell ionization by the direct Coulomb excitation, the several
reports#-21) have recently considered the theoretical calculations using the SCA or the BEA. It is
common to consider the scattering of the particles as a function of the impact parameter b and to
express the total cross section as an integral over the impact parameter, namely.

()

where Pi(E, b} is the probability of ionizing a single electron from the K-shell. According to the

am=2f2;:bP1.;(E, bydb.

24) J. M. Hansteen and O. P. Mosebekk, Phys. Rev. Leit., 29, 1361 (1972)
23) J. H. McGuire and P. Richard, Phys. Rev,, A8, 1374 (1973)

26) J.S. Hansen, Phys. Rev., A8, 822 (1973)

27) J. H. McGuire, At, Data Nuel, Data Tables, 13, 491 (1974)
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Fig. 11 Single and double K-shell ioniza- Fig.12 Comparison of the single K-shell ionization
tion cross sections of O for H and cross sections of light elements for H and He
He ion bombardment. The solid ion bombardment with the scaled universal
curve is the BEA calculations and BEA curve and PWBA curve
the dashed curve the PWBA cal-
culations

classical treatment, the probability of ionizing several electrons is proportional to the product of the

individual probabilities, Hence, the cross section for the double K-shell ionization is given by
- f 2B P, BYPdb. ©)

Using the density distribution corresponding to identical electrons in a filled hydrogenic shell, P(E.
b) is essentially independent of the mass of the projectile ion, that is, P(E. b)=P(v, b). where =
(E'AUN/2, The resulting (v. b) obeys the scaling law : Pz, (v, b)=2*Pz,=1(v. b). Since P(v, b) does
not depend on the mass of the projectile, only the Z," dependence of the projectile nuclear charge
contribuies at a fixed scaled velocity of v. For Lhe cross sections of the double K-sheil ionization,
therefore, it is understood thai the Z;* dependence contributes at the fixed scaled energy. EJAL.
Using the experimental cross sections, we have tried to derive a scaling law for the double
K-shell ionization in the energy range where the direct Coulomb excitation is the dominant mecha-
nism. Instead of absolute cross sections, ratios of them were used in order to avoid much of the
errors in extracting the cross sections from the X-ray yields of the thick target or the uncertainty
of the fluorescence yield for the double K-shell ionization. Fig. i3 shows the ratio of the double
K-shell ionization cross section o:x{He) for He ion to gyx(H) for H ion bombardment. A plot of



The Review of Physical Chemistry of Japan Vol. 47 No. 2 (1977)

66 K. Kawatsura
20

[ K Cross Sections ® Be ]
ol = 08 j
E [ B O ]
s F § ] Fig. 13 Ratio of the double K-shell ivnization
= L i B | _'-+_"-_ cross sections g (He) for He ion to
T _ + i 16a3% (H) for H ion bombardment as
z |- . a function of E/Al/
S .

L 1 I . | .

GO 1.0 20 30
EJAU

o:x(He)/ 16¢.5(H) as a function of EfAU is a little scattered. bul it is considered to be nearly
constant (to be equal to unity). These facts indicate that the eross section of the double K-shell
ionization by the direct Coulomb excitation obeys the scaling relation: gax/Z*=g(E/AUN. Thus, it
can be said that we have for the first time succeeded in observing the Z;* dependence of the double

K-shell ionization cross section over a wide enerzy range of projectile ions.

K-shell ionization cross section for heavy ion bombardment
On the other hand. it has become clear that new and unexpected results are commonplace
when the incident ions are heavy. That is, when the nuclear charge of the incident ion is not
so small compared with that of the target atom, the atomic electrons of the incident ion play an
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Fig .14 X-ray spectra from B target induced Fig. 15 Single and double K-shell ionization
by 1.1 MeV N* and 0.45 MeV Ar* ion cross sections of B for N and Ar ion
bombardment. Ar L X-ray is observed bombardmeni

for Ar ion hombardment
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important role in collisions#-29. Copious inner-shell vacancy production may occur. This vacancy
production can be explained in terms of the clectron promotion model presented by Fano and
Lichten®. Fig. 14 shows the K X-ray spectra of B induced by 1.1 MeV N* and 0.45 MeV Ar* ion
bombardments, The measured cross sections for the single and double K-shell ionization are sum-
marized in Table 2 and those divided bv Z,° are shown in Fig. 15. The latter is a suitable value to
compare the experimental data in heavy ion collisions with the theory, because the theoretical
Coulomb ionization crass sectien is proportional to Z,%. The data for the heavy ions such as N and
Ar ions are still some 10° times larger in low energies than the ionization cross sections predicted
by the PWBA or the BEA theory. The large cross sections in heavy ion collisions may be under-
stood within the framework of the Fano-Lichten model, in which inner-shell vacancies are produced
as the result of electron promotion and level crossirg in the quasi-molecule formed during the ion-
atom collision. Fig. 16 shows the diabatic correlation diagram for the N-B and Ar-B cellision sys-
tems. In the collision with N ion, B 1s electrons promote through 2pe MO, when two aloms approach,
and transitions from 2pa to 2px accur via rotational coupling or level crossing at zero inter-nuclear

distance. The minimum distance of closest approach is reversely proportional to the incident energy
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Fig. t6 Diabatic correlation diagrams for the Ar-B and N-B collision

18) H. J. Specht, Z. Physik, 185, 301 {1965)
29) F. W. Saris, Physica, 52, 290 (1971)
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of the projectile ion. In N ion bombardment, the measured cross sections of the K-shell ionization
increase with increasing energy of the incident projectile and the ratio of the cross sections for the
double K-shell to the single K-shell ionization is larger at high energy. These facts support the
expectation that the ionization cross section depends strongly on the incident energy of the projec-
tile ions in excitation by rotational coupling. The very dissimilar behavior of Ar ion bombardment,
that is, rather energy-independent cross section. is suggested to be due to the difference of the elec-
tron promotion mechanism with that in the case of another ions studied. In Ar ion bombardment,
B 1s electrons promote through 3de MO and probably through several level crossings of 3d¢ MO
with higher levels, as shown in Fig. 16. The measured cross sections for the single K-shell loniza-
tion show little energy dependence. This may be explained by the succesive level crossings of 3da
MO, when the Ar ion approaches the B atom, However, it is not clear why the cross sections for the
double K-shell ionization show strong energy dependence. Thus, the experimental results for heavy
ion-atom collisions support the theory that inner-shell vacancies are preduced as the result of elec-
tron promotion and level crossings in the quasi-molecule formed during ion-atom collisions.
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