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Cross sections forK-shell ionization of niobium by electron impact
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K-shell ionization cross sections of Nb by electron impact in the energy range 20—34 keV have been
measured. The influence of electrons reflected from a backing on the measurement was corrected using an
electron transport model. For comparison several calculations using theoretical and empirical expressions have
been performed.S1050-294{©8)02909-9

PACS numbdrs): 34.80.Gs

[. INTRODUCTION (full width at half maximum at 5.9 keV for the MnKa x
ray. A deep graphite Faraday cup was employed to collect
The behavior and values of the cross section for innerthe charges on and through the target. The Faraday cup was
shell ionization by electron bombardment have been the sulsoupled to an ORTEC model 439 digital current integrator.
ject of numerous investigations. A number of experimentalTo reduce the pulse pileup effect, the intensity of the electron
and theoretical works have recently been devoted to thbeam current was adjusted to be about 1 nA. During the
study of the ionization cross section of inner-shell electron®xperiment the gas pressure was kept less than® > Pa
for atoms and ions by electron impddi—3]. Values of this in the chamber. Generally, targets should be thin enough to
type are required for an electron probe microanalysis, Augeminimize (i) the degradation of the beam energy and inten-
electron spectroscopy, and electron-energy-loss spectrosity, (i) the bremsstrahlung production, afid) the self-
copy. In addition, the data have applications in the diagnosiabsorption of the x ray. A Nb target of 13&y/cn? was
of fusion reactorgboth inertial and magnetiavhere consid- manufactured by means of magnetron sputtering of Nb at-
erable energy is lost in the ignition process due to x-rayoms onto a 5-mg/cmAl backing. The thickness of the Al
production from highly stripped ions or inner-shell excita- and Nb foils was determined by weighing, using a balance
tions. Unfortunately, such experimental data, in particular atvith a precision of 10° g. The efficiency calibration of the
lower energies, are quite scarce and in some cases nonexidetector system was carefully performed by using a set of
ent such as for niobiurfé]. standard sources of 3% uncertaintyMn, ¥'Cs, ®'Co,
If an atom is impacted by an energetic electron beam®Zzn, and?4’Am, which were placed at the same target po-

inner-shell vacancies of the atom will be produced. Thessition.
vacancies will decay either by the characteristic x-ray emis-
sion or by Auger electron emission. The cross sections of IIl. RESULTS AND DISCUSSION
inner-shell ionization can be determined by measuring the
characteristic x-ray or Auger electron intensities. A series of The K-shell ionization cross sectioa, can be derived
experimental measurements Krshell ionization cross sec- from theKa x-ray countsN, by the formula
tions for elements such as Ti, Cr, Fe, Ni, Cu, and Mo has

been performed by our grou®—9|. In this paper we de- _4mN,cos 6 14 (11 1
duced theK-shell ionization cross sections for Nb by count- Tk Nednwyef) [+ (el @

ing the photons emitted by bombarded Nb atoms in the sub-

sequent deexcitation process. whered is the angle between the incident electron beam and

the normal of the target surfacl, the number of electrons
hitting the target of thicknessd (cm) and density n
(atom/crd), o, the fluorescence yiel@hich is the number
An electron beam with energies from 20 to 34 keV wasOf X rays emitted per vacancy produged the efficiency of
produced by an electron gun and a 50-kV dc power supplyhe detector() the solid angle subtended by the beam spot to
was used to accelerate electrons. The experimental arrang&e detector’s effective area, ahgl/I,, the intensity ratio of
ment is similar to that described in Ref&, 7). The high KB andKa x rays. The main sources of uncertainties come
voltage was stabilized via a resistive feedback system and
the monoenergetic electron beam was focused and then TABLE |. Relevant constants for the calculation of the Kb
steered to the target position through two graphite aperture¥€ll ionization cross section.
on the 0° beam line. The spot on the target was less than 3 : i
mm in diameter. A SLi) detector was inside the target _ K-shell o Intensity ratio of
chamber and about 10 cm from the center of the targefiomic  fluorescence K-shell binding K, andK, x rays
which was placed at 45° with respect to the direction of the"€'9Mt yield w,  energyEy (keV) e/l
incident beam. The detector has a 12-factive area, a g29 0.748 18.98 25.6/152.4
3.5-mm active depth, and an energy resolution of 180 e\

Il. EXPERIMENT
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FIG. 1. Typical x-ray spectrum for Nb at an impact energy of
26 keV. P Y sp P 9y FIG. 2. K-shell ionization cross sections for Nb as functions of

electron energy: open triangles, uncorrected data; solid circles, cor-
rected dataC denotes the results of Casnatial,, J those of Jakoby

from (i) the target thickness inhomogeneity%), (i) the et al, Rthose of Rudge and Schwartz, aBdhose of Gryzinski.

fluorescence yield valugt.2%), (iii) the detector efficiency
(3.5%9, (iv) the counting statistical errof$—11%, and(v)
the beam integratiori3%). The overall uncertainty of the
cross section was estimated to be about 14%. In Table
some constants from Rdf10] are given. A typical charac-
teristic x-ray spectrum is shown in Fig. 1 aKeshell ioniza-

the ionization cross sections induced by the electrons with
gnergyE’. Equation(2) can be solved by iteratiof®]. First,
assuming® (E')=0, o(E) obtained from Eq(2) is the
value of theK-shell ionization cross section without a back-
tion cross section data for Nb and the corresponding error$!9 cprrect|on. Tha"‘(E). values calculated through several
are given in Table Il and Fig. 2. iterations, when bec_ommg stable, are the corretteshell
Because the preparation of a thin self-supporting target jlonization cross sections for which the influence of the back-
rather difficult, we used a 5-mg/Gwl backing. However, N9 has been considered. The corrected values of the mea-
as the thickness of this backing can match the range of th&-"€d Cross section and errors are also presented in Table Il.
incident electron, the electrons reflected from the backin Forth_e nonrelativistic region of electron energies, most of
film, when passing through the Nb foil, may once again ion—%he previous quk on _theoretlcal and experimental cross sec-
ize Nb atoms, resulting in a systematic overestimation of thdlons for ionization of inner-shell electrons has been summa-
measured cross sections. We have calculated the fraction ed by Powell[12] ano_l Tawara_\, _Harnson, and c_ie Heer
K-shell ionization events caused by the electrons reflecte 3]. Most of the theoretical predictions that are suitable for

from the Al backing and thK-shell ionization cross section the higher-energy region are not valid arpund th? threshold
as energy. For example, Bethe theory provides a simple, con-

venient, and physically based means for calculating the
47N, cos 6 inner-shell ionization cross section, but it is expected to be
Nadnoweq 1T U] valid only when the incident energy is high enough to ensure
€ k the validity of the first Born approximationU,>1, U,

E =E/E,, E, is nl-shell binding energyand it cannot be
—Cos 9J; P E)o(E")dE, (2 expected even to be empirically useful for near-threshold in-

« cident energies,;<4) [3]. While each theoretical treat-
where the second term is the fraction Kfshell ionization =~ Ment appears to have some region of validity, none has been
events caused by the electrons reflected from the backing arelly successful in describing the process over a wide range
®(E’') is the energy spectrum of the electrons reflected orPf atomic numbergor binding energigsor impact energies.
the backing surface, which can be obtained by using a sdn comparison, we have found that for low electron impact

called bipartition model of electron transpfitl]. o (E') is ~ energy (U, <4) better agreement with the present re-
sults can be acquired by using the formulas of Rudge and

TABLE Il. Uncorrected and corrected-shell cross sections for Schwartz, which are based on a second Born and a Born
Nb by electron impact. exchange calculation for the ionization of a fictitious hydro-
genic ion[14]. Their result can be expressed in the form

ow(E)=

Electron Reduced energy Cross sectiorfbarng

energy of electron onE2=1.626K1071Z,,Q(U,) cnfeV?, (33

E. (keV) U, (EJE,) Uncorrected Error Corrected Error

20.0 1.05 106 1.4 106 1.4 WhereQp(Uy) is a reduced cross section that is written for
22.0 1.16 20.0 21 101 20 Kshellionization as

24.0 1.26 26.4 2.6 24.1 2.4 In U 0218 0.04

26.0 1.37 35.0 3.2 314 2.9 Qk(Uk): k 2.799— ’ + = 7) (3b)
28.0 1.48 47.1 53 42.0 4.7 Uy Uy Ui

30.0 1.58 60.0 6.6 53.1 5.8

32.0 1.69 67.5 8.9 58.5 7.7 In addition, the relatively simple and widely used expres-
34.0 1.79 76.0 10.2 65.3 8.8 sion of Gryzinski is a classical theory of inelastic collisions

[15]. The theory that has appeared to be the most successful
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evolved on the basis of the relation for binary collisions andsults of Casnatet al. and Jakobyet al. and located between
for the Coulomb collisions derived in a laboratory system ofRudge and Schwartz’s and Gryzinski’s results.
coordinates. For th&-shell ionization cross section the ex-

pression of Gryzinski can be written in the form V. CONCLUSION

2_ —14 2
oEg=13.02<10"*gy(Uy) cmP eV, (48) In conclusion, the correction of the influence of backing
on the measurements for inner-shell ionization cross sections
where . .
by using the energy spectra of reflected electrons will be
1 (U—1\32 2 1 beneficial in obtaining reliable experimental results from the
(U =—|++——= 1+ | 1—— measurements using a thin target with a thick backing, con-
U \U+1 3 2Uy

siderably reducing the difficulties in preparing a thin self-

supporting target. In addition, from our results it seems that
><|n[2-7+(Uk—1)1/2]}- (4b)  the quantum-mechanical approach based on a second Born
and a Born exchange interactipb4] is better suited for the
Using formulas(4) we calculatedk-shell ionization cross lower-energy range near threshold<(lU,<4) than the first

sections for Nb and the values are shown in Fig. 2. FoBorn approximation.

comparison, calculations by means of the empirical expres-

sions of Jakoby, Genz, and Richifd6] and Casnati, Tartari, ACKNOWLEDGMENT

and Baraldi17] have been made and the results can also be

found in Fig. 2. From Fig. 2 we notice that the present ex- This work was supported by the China National Nuclear

perimental values are situated systematically under the reézorporation.
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