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K-SHELL IONIZATION AND X-RAY PRODUCTION CROSS SECTIONS 

BY PROTONS IN VACUUM AND GASEOUS ENVIRONMENT 

N. KALL ITHRAKAS-KONTOS and A. A. KATSANOS 

Technical University of Grece, 73100 Chanxa, Greece 

ABSTRACT 

The Κα ionization and x-ray production cross sections 

from the bombardment of three metal targets with protons were 

measured in vacuum and in gaseous environment (external beam 

technique). Proton energies between 1.5 and 8 MeV were used. 

The experimental Κ shell ionization and x-ray production 

cross sections were calculated for the same targets and com

pared with three theoretical and two semiempirical approxima

tions. For the measurements in gaseous environment the influ

ence of the secondary electrons (delta electrons) emitted from 

the gas, to the x-ray yields was investigated. For this pur

pose a suitable model was introduced and tested experimen

tally. 
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1. INTRODUCTION 

The inner 3hell ionization and x-ray production cress 

sections present theoretical as well as experimental inter

est, emphasized by the numerous publications which appear for 

different projectiles, energies and targets [1-31. Still the 

list of the available data is far from complete, while differ

ences up to 30% in the cross sections appear among the various 

investigators, indicating the need for additional and more 

accurate data. Furthermore, there is no report so far of the 

problem of projectile - atom interaction in the environment of 

a gas. a problem related to the practical application of the 

PIXE elemental analysis method with external beams. 

Experimental data are usually compared with theoretical 

models in order to test the validity of their approximations. 

These models are the Plane Wave Born Approximation (PWBA) . the 

Binary Encounter Approximation (BEA). and the Semiclassical 

Approximation (SCA). Beside these, two semiempirical models 

have been developed by Johansson [4] and Paul [51 for more 

accurate approach to the experimental data. 

One practical use of the x-ray production cross sections 

concerns the Proton Induced X-ray emission (PIXE) spectro

scopy. A very useful development of PIXE is the external beam 

technique (61 in which the target is bombarded by protons in 

gaseous environment (air or other gas» . In that case the gas 

may produce enhancement effects to the characteristic x-ray 

yields, due primary x-rays and secondary electrons (SE) 
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emitted from the gas. This is an analogous effect to the thick 

target enhancement, which has already been studied in some 

cases. A major difference in the case of gas surrounding is 

that the 3E which may affect the x-ray production, are pro

duced from the whole mass of the gas. while the characteristic 

x-rays are produced only from a thin target. and this 

increases the enhancement effect (see section 2.3) . On the 

other hand. the gas atomic number is usually lower than that 

of the target, excluding enhancement from the primary x-rays 

in this case. 

The aim of the present work was the theoretical and 

experimental 3tudy of the secondary electron enhancement in 

the case of the gaseous atmosphere. Furthermore, additional 

data on x-ray production cross-sections are always useful, as 

mentioned earlier. For the above purpose the K» x—ray produc

tion yields from the bombardment of thin metal targets with 

protons were measured in vacuum and in gaseous environment 

(external beam technique). Proton energies between 1.5 and θ 

MeV were used. From the x-ray yields, the experimental Κ shell 

ionization and x-ray production cross sections were calculated 

for the same targets and compared with the calculations of 

three theoretical and two semiempirical approximations. 

Finally, a model was introduced for the theoretical calcula

tion of the influence of the secondary electrons (delta elec

trons) emitted from the gas. to the characteristic x-ray 

yields. The results of these calculation are compared with the 
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obtained experimental data. 

2. THEORY 

2.1 General 

The problem of the influence of the delta electrons to 

the x-ray production has only been faced in the case of thick 

target bombardment with protons. As "thick target" in this 

case, for a specific proton energy, is defined every target 

with thickness greater than the proton range. As "thin target" 

is defined any target that has no significant effect on the 

proton energy, referred to the x-ray production cross section 

across the proton path. The most significant results of such 

studies up to now are reviewed in section 2.2. while in sec

tion 2.3 a comparison between the case of thin targets in 

gaseous atmosphere and the thick target effect is presented. 

Finally, the calculations of the delta electrons enhancement 

are given in the section 2.4. 

2.2 Thick target enhancement effects 

In the PIXE analysis of trace elements inside a thick 

target, various enhancement effects to the produced x-rays may 

occur. These effects can be due to "secondary" excitations 

induced by: i) Primary induced x-rays, ii) secondary elec

trons, iii) bremsstrahlung radiation, iv) Auger electrons and 

by v) target-target collisions. From all these secondary 

effects only the first two may become important. 
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The enhancement from primary induced x-rays has already 

been studied in different cases and requires a matrix of 

higher atomic number than that of analysed trace element. 

For excitation by secondary electrons, the more complete 

calculations are given by Van der Kam et al. [7], for differ

ent matrices and trace elements, and for initial proton energy 

(Έ*) 2.5 MeV. These authors found an important enhancement in 

x-ray production. especially for the lower Ζ elements in 

higher Ζ matrices, but as they noticed, this enhancement may 

have been overestimated. 

More realistic calculations have been performed by Folk-

man i8] . For scandium trace element and aluminium matrix, as 

an example, secondary electron excitation becomes important 

for Ξ
β
>4 MeV. The calculations of Folkman for thick target 

analysis are also used by Raith et al. (9) 

Calculations for 160 MeV protons on thick targets of gold 

and copper are given by Jarvis et al. [101. who examined the 

influence of the matrix to itself. They calculated enhancement 

of about 10% for copper and 30% for gold, and found good 

agreement with their experimental results. These calculations 

are also accepted by Akselsson et al. [Ill for lower energies 

(2.5<E.<11 MeV) and low Ζ elements (2KZO0). resulting in a 

small increase of the cross section. 

The conclusion is that the problem of secondary electron 

enhancement has not been yet completely solved theoretically, 

while there is a lack of experimental data for this effect. 
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2.3 Enhancement comparison between thick target and 

gaseous atmosphere 

The schematic representation of the phenomena during the 

bombardment of a thin target in gaseous atmosphere is given in 

Fig. 1. ^re the gas i3 divided into η thin (referred to 

electron energy loss) layers. 

For comparison with the case of the thick target in 

vacuum, the gas may be considered as the first part of a thick 

target with the same surface density and atomic number, and 

divided in the same number of layers. An assumption that all 

electrons ejected from the gas have the same final energy is 

accepted at first. The percent enhancement E
4
 of the x-ray 

production in gas environment is given by the relation 

N„ (E» ) .o
e
 (Ei ) 

E, - 100 . — ! ' . (1) 

Cfa 

where Ν
β
 (Ei ) is the number of electrons with the same 

final energy Ei produced per proton that reaches the target, 

σ« (Ει) the x-ray production cross section for these electrons 

and ov, the x-ray production cross section for the proton. 

In the thick target case the percent enhancement E« is 

given by 

[Nie (Et)+N*c (E«)+. . .+N„« (Ei)] .CL(E») 
E« - 100 Ζ , (2) 

η.σ» 
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Fig. 1. A schematic representa t ion of the phenomena 

the bombardment of a thin target in gaseous environment 
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where Nit (Et). N=« (Ει ) , etc.. represent the numbers' of 

electrons produced ?er proton that reach the first. second 

etc. layers respectively with final electron energy Ei . when 

they reach the target: η is the number of thick target layers, 

which is equal with the number of the gas layers of Fig. 1. 

The proton cross section has been multiplied by n, because 

x-rays are produced by each of the η layers. In relation (2) 

only the last coefficient Ν-«(Et) is equal with the Ν· (Et ) of 

relation (1). because only for the last layer the electrons 

come from the whole mass of the target: all the other coeffi

cients are lower. For this reason it follows that 

_
 <
 n.N»«(Ei) .ot (Et) 

η.σ«, 

ρ , N^(Et) .σ« (Et) 

or E« < — — — — — — — 
Cm 

therefore E* < E«. (3) 

It has been accepted that all the electrons reaching the 

target have the same energy Ei . This assumption is not true. 

but the same relations hold for electrons with any final 

energy and therefore they hold for all electrons. Another 

assumption that has been made is that the first layer of the 

thick target is considered to have the same surface density 

with the gas. This part of the target is the most important, 

because the energy of the protons in the subsequent layers is 
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smaller and the effect is expected lower. Therefore relation 

(3) is net affectea by che above assumptions and leads to the 

conclusion than the enhancement effect for thick target is 

lower than for the same effect caused by the gaseous environ

ment. 

2.4 Calculations of cross section enhancement in gaseous 

atmosphere 

The percent enhancement of the x-ray production yield in 

gaseous atmosphere is defined by the relation 

E - 100.)^/Χ*. (4) 

where X«. is the number of x-rays produced by protons and 

X^ the number produced by electrons. For a thin target 

E - ΙΟΟ.Ν,.ο^/Ν,,.σ,.. (5) 

where ĉ  and σ„ are the x-ray production cross sections 

by electrons and protons, and H+. N* the number of secondary 

electrons and protons that hit the target surface. If N. is 

set equal to 1 and N« will represent the number of secondary 

electrons produced per proton, in the gas. 

The calculation of the enhancement is done in three 

steps. First the gas is divided in thin layers and for each 

layer the number of secondary electrons produced is calculated 
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per prctcn. as a function of the electron energy; m a second 

step the final energy of these electrons that reach the target 

is calculated and. third, by the number of x-rays produced by 

those electrons is derived. A computer program, named GAS. was 

written to produce these calculations. The calculations of the 

three steps are described in the next three paragraphs, 

respectively. 

For the secondary electron production calculations the 

proton energy in every gas layer was defined from the known 

energy loss of protons [12]. For the number of produced elec

trons from each layer as a function of their energy, the dif

ferential cross section to the ejected electron energy by 

proton impact was needed. For this purpose, the 3EA (13] with 

the Slater approach for the electron mean binding energy, was 

used. Some experimental differential cross section data are 

also available for different gasses. but there is lack of data 

for higner proton energies 114. 15] . The agreement between 

the existing data and the calculated values by the BEA has 

been examined for heiium and argon gasses and the results are 

presented in tables 1 and 2. There is a discrepancy of the 

order of 30 % between theory and experiment, which is compara

ble with the recorded discrepancies in the x-ray production 

cross sections experimental values. The uncertainties of the 

experimental measurements are also about 25 %. 

When the SE traverse the gas. they loose part of their 

energy due to collisions and bremsstrahlung emission. For 
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Table 1. Comparison between theoretical predictions of BEA 
[13J for differential to the energy cross sections for ejection of 
high energy SE, and experimental results [14 J in helium. Ep is the 
incident proton energy, Ee the ejected electron energy and \ 
difference the percent difference of theoretical minus experimen 
tal, to the theoretical cross section. 

2 2 
Ep(MeV) Ee(KeV) do/dE(m /eV) do/dE(m /eV) \ difference 

(BEA) (Experimental) 

1 . 0 0 0 
1 . 5 0 0 
2 . 0 0 0 
2 . 5 0 0 
1 . 0 0 0 
1 . 5 0 0 
2 . 0 0 0 
2 . 5 0 0 
3 . 0 0 0 
3 . 5 0 0 
1 . 1 6 6 
1 . 3 5 9 

0 . 2 3 4 
0 . 1 0 2 
0 . 4 1 2 
0 . 2 0 9 
0 . 1 5 7 
0 . 6 9 9 
0 . 3 9 3 
0 . 2 4 6 
0 . 1 3 4 
0 . 1 8 7 
0 . 4 1 2 
0 . 3 0 4 

E-25 
E-25 
E-26 
E-27 
E-25 
E-25 
E-26 
E-26 
E-26 
E-27 
E-26 
E-26 

0 . 2 5 8 
0 . 1 1 9 
0 . 4 8 2 
0 . 2 2 5 
0 . 1 7 1 
0 . 8 0 8 
0 . 4 7 0 
0 . 2 9 3 
0 . 1 4 3 
0 . 1 4 6 
0 . 3 3 5 
0 . 2 3 2 

E-25 
E-25 
E-26 
E-27 
E-25 
E-25 
E-26 
E-26 
E-26 
E-27 
E-26 
E-26 

- 1 0 
- 1 4 
- 1 7 

-a 
- 8 

- 1 3 
- 1 6 
- 1 6 

- 6 
+ 28 
+ 23 
+ 31 

Table 2. Comparison between theoretical predictions of BEA 
[13] for differential to the energy cross sections for ejection of 
high energy SE, and experimental results (15] in argon. Ep is the 
incident proton energy, Ee the ejected electron energy and % 
difference the percent difference of theoretical minus experimen 
tal, to the theoretical cross section. 

2 2 
Ep(MeV) Ee(KeV) do/dE(m /eV) da/dE(m /eV) \ difference 

(BEA) (Experimental) 

1 . 0 0 0 
1 . 5 0 0 
2 . 0 0 0 
2 . 5 0 0 
3 . 0 0 0 
3 . 5 0 0 
4 . 0 0 0 
4 . 5 0 0 
1 . 0 0 0 
1 . 5 0 0 
2 . 0 0 0 
2 . 5 0 0 
3 . 0 0 0 
3 . 5 0 0 
4 . 0 0 0 
4 . 5 0 0 
5 . 0 0 0 
5 . 5 0 0 

0 . 6 3 5 
0 . 2 8 8 
0 . 1 6 3 
0 . 1 0 3 
0 . 7 0 0 
0 . 4 7 6 
0 . 2 9 4 
0 . 6 8 2 
0 . 3 1 0 
0 . 1 4 2 
0 . 8 1 2 
0 . 5 2 5 
0 . 3 6 6 
0 . 2 7 0 
0 . 2 0 7 
0 . 1 6 4 
0 . 1 3 2 
0 . 1 0 8 

E-25 
E-25 
E-25 
E-25 
E-26 
E-26 
E-26 
E-27 
E-25 
E-25 
E-26 
E-26 
E-26 
E-26 
E-26 
E-26 
E-26 
E-26 

0 . 8 8 0 
0 . 3 7 5 
0 . 2 3 1 
0 . 1 5 2 
0 . 8 9 3 
0 . 5 7 1 
0 . 2 2 1 
0 . 4 8 0 
0 . 4 9 4 
0 . 2 0 8 
0 . 1 1 4 
0 . 7 5 7 
0 . 5 2 1 
0 . 3 0 8 
0 . 2 4 5 
0 . 2 2 4 
0 . 1 6 7 
0 . 9 0 7 

E-25 
E-25 
E-25 
E-25 
E-26 
E-26 
E-26 
E-27 
E-25 
E-25 
E-25 
E-26 
E-26 
E-26 
E-26 
E-26 
E-26 
E-27 

- 3 8 
- 3 0 
- 4 2 
- 4 8 
- 2 7 
- 2 0 
+ 25 
+ 30 
- 3 8 
- 3 2 
- 2 9 
- 3 1 
- 3 0 
- 1 2 
- 1 6 
- 2 7 
- 2 1 
+ 19 
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electron energy 50 KeV the energy loss through bremsstrahlung 

is 3 orders of magnitude lower than through collisions. In our 

experiments the electrons had much lower energies and there

fore even lower bremsst rah lung emission, so this type of 

energy loss could be neglected and the total loss was calcu

lated by the Bethe formula, which is a very good approximation 

for E.>1 KeV [16]. Electrons below 1 KeV cannot ionize the 

inner shells of the target atoms, so they were ignored. 

For the calculation of the angle of SE ejection two dif

ferent approximations have been accepted in the bibliography 

[10]. The forward approximation, in which all the electrons 

are ejected at zero degrees relative to the proton beam and 

the isotropic one where isotropic distribution of SE ejection 

over a 2n solid angle is supposed. For the SE with KeV 

energies, which are of interest here, the forward approxima

tion is more realistic, but calculations were performed with 

both models. 

The ionization cross sections by electron impact were 

calculated using the Casnati et al. semiempirical formula 

1171. For the proton ionization of the target atoms the semi-

empirical cross sections of Paul [5] were used. Ionization 

cross sections were used instead K-. x-ray production cross 

sections because their ratio is the same for electron and 

proton impact, as the fluorescence yields and the K*/K» ratios 

are independent of the mode of excitation (with the exception 

of heavy ion excitation). In the isotropic approximation the 



261 

solid angie that is defined by the point of SE production and 

the target area was calculated while in the forward approxima

tion all 5E reach the target. 

3. EXPERIMENTAL 

Protons in the range 1-8 MeV were obtained from the 10 

MeV Tandem Van der Graaff accelerator of the NRCPS "DEMOKRI-

TOS". The targets were mounted in an aluminium chamber, spe

cially constructed for this purpose, at 45° angle to the 

incident beam, as shown in Fig. 2. Gasses of known pressure 

were fed into the chamber when gaseous atmosphere was 

required. Kapton foils of a 1.2 mg/cm3 in thickness were used 

as exit windows for the protons and the produced x-rays. For 

vacuum bombardment, the proton exit foil was omitted. The 

diameter of the beam was 3 mm and the current was always kept 

below 6 nA. in order to avoid target heating. The proton cur

rent was monitored at the chamber and the proton exit foil 

together and integrated to give the total proton charge. This 

charge was between 0.50 and 1.00 uC. 

A Ge(in) solid state detector with 150 eV resolution at 

5.9 KeV was placed at 90° relative to the beam and collimated 

with a 5 mm in diameter lead collimator. The distance between 

the target and the surface of the detector was 7.0 cm. The 

efficiency of the detector vs. energy was measured using thin 

foils with standard thickness (from Micromatter), as well as 

thick foils. 
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Fig. 2. Experimental setup for the bombardment of thin 

targets in vacuum and gaseous atmosphere. 
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The targets were prepared by evaporation of sotals on 

Kapton foils of 1.2 mg/cm
3
 thickness. The target selection was 

based on the following criteria: Targets with low atomic nua-

ber were preferred for higher ionization probability of the 

inner shells by the SE. At the same time the atomic number 

should be higher than 18 in order to avoid fluorescence by the 

argon x-rays. These conditions let to calcium (in the form of 

calcium fluoride), metallic titanium and iron. Potassium was 

excluded because of the high background from the argon peak in 

the vicinity. 

Data collection and analysis were prepared with a com

puter based analysis system. Dead time corrections were made 

with the aid of a puiser coupled through the preamplifier and 

it was always kept below 10 % to avoid pile up peaks. 

4. RESULTS 

4.1 Cross sections in vacuum 

The obtained K-shell ionization (σι*), and the Κ and K™ 

production cross sections (σ»*. σ*«) in vacuum, are presented 

in tables 3, 4 and 5 for the elements calcium, titanium and 

iron, respectively, for different proton energies. Three or 

four measurements of the K« x-rays for each element and proton 

energy were taken in order to check the reproducibility of the 

method. The K-sneil x-ray production cross sections were cal

culated from the known values of KM/K« ratios [181 and the 

K-shell ionization cross sections with the use of fluorescence 
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Table 3. Κ* and Κ x-ray production, and Κ ionizat ion cross 

sections (in barns) for calcium in vacuum, as a function of protcn 

energy (£») . The experimental u n c e r t a i n t i e s are 8* for cu... cu* . 

and 9% for Ot * . 

OU w Οι ι 

2.0 
2.5 
3.0 
4.0 
5.0 
5.5 

212 
291 
357 
473 
555 
559 

239 
328 
403 
534 
626 
631 

1466 
2012 
2472 
3276 
3840 
3871 

6.0 494 557 3417 

Table 4. it· and Κ x-ray production, and Κ ionizat ion cross 

sect ions (in barns) for t i t a n i u m in vacuum, as a funct ion of 

proton energy (E>). The experimental u n c e r t a i n t i e s are 7* for ck, 

a«« . and 8* for o t * . 

E e C U a CU la O* I 

1.5 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 

96 
225 
283 
333 
380 
421 
442 
463 
486 
501 
510 
530 
535 

109 
255 
321 
378 
431 
477 
501 
525 
551 
568 
578 
601 
607 

509 
1192 
1500 
1766 
2014 
2229 
2341 
2453 
2575 
2654 
2701 
2808 
2836 
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yields C191 . The total error is less than 10 * and the main 

sources are the uncertainties from the target thickness, solid 

angle of detection, x-ray absorption and the efficiency of the 

detector. 

In Figs. 3 and 4 the K=. x-ray production cross sections 

are plotted as a function of proton energy. In the same fig

ures the results of three theoretical and two semiempincal 

models for the same targets are also plotted. The three theo

retical models are the PWBA with corrections for Coulomb 

repulsion, binding and relativity effects (201. the SCA with 

Coulomb correction [21] and the BEA with Coulomb correction 

(22. 23] . The two semiempirical models are the model of 

Johansson [4] and the model of Paul [5] . 

4.2 Cross sections in gas environment 

The results of the predictions for the cross section 

enhancement of calcium, titanium and iron, calculated as 

described in section 2.4 are presented in Fig. 5 as a function 

of proton energy. These calculations were made with the for

ward approximation for the SE angle distribution, which is 

recognised as more realistic. The calculations were made for 

two gasses (argon and helium) . proton energies from 2 to 10 

MeV and for the setup used in our experiment (Fig. 2) . A com

parison between the Folkman predictions for enhancement in 

thick targets and our results (correspondence: thick target 

matrix - gas. thick target trace elements - thin target) is 
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Table 5. Κ- and Κ x-ray product ion, and Κ i o n i z a t i o n cross 

s e c t i o n s ( i n barns) for iron in vacuum, as a f u n c t i o n of proton 

energy (E. ) . The experimental u n c e r t a i n t i e s are 7% for cu«. α.κ·. 

and 8% for σι · . . 

Οκ ά . « Oi 

1.5 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

39.8 -

110 

146 

183 

219-

254 

269 

302 

319 

338 

350 

367 

372 

45.2 

126 

166 

207 

249 

289 

306 

343 

363 

383 

398 

417 

422 

133 

371 

488 

609 

732 

850 

900 

1009 

1068 

1126 

1171 

1226 

1241 

Table 6. Comparison between the Folkman [8] predictions of 

enhancement in thick targets caused by SE (THICK) . and our 

calculations for the corresponding bombardment of thin targets in 

gas surrounding (GAS). as a function of proton energy. Aluminium 

is supposed as the matrix element (or "gas") where Ζ represents 

the atomic number of the x-ray emitting element. The numbers are 

percent enhancements. 

Ζ 

11 

13 

15 

18 

21 

25 

29 

35 

2 MeV 

THICK 

2.2 

1.2 

0.54 

0.12 

0.03 

0.01 

-

— 

GAS 

13 

6.3 

3.0 

0.62 

0.11 

0.02 

0.01 

3 

THICK 

5.4 

3.6 

2.1 

0.79 

0.20 

0.03 

0.Ü1 

L . 

MeV 

GAS 

25 
13 
7.7 
3.3 
0.97 
0.11 
0.02 

4 

THICK 

9.6 
6.8 
4.6 
2.2 
0.86 
0.15 
0.03 
0.01 

MeV 

GAS 

40 
20 
12 
6.3 
2.8 
0.62 
0.08 
0.01 

6 

THICK 

20 
15 
12 
7.1 
3.9 
1.4 
0.32 
0.03 

I 

MeV 

GAS 

82 
38 
22 
12 
6.8 
3.1 
0.97 
0.05 

8 

THICK 

32 
26 
20 
14 
8.9 
4.3 
1.6 
0.18 

ι 

MeV 

GAS 

145 

61 

34 

18 

10 
5.7 

2.α 
0.46 
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1000 

Ep(MeV) 

Pig. 3. Experimental K. x-ray production cross sections for 

calcium, as a function of proton energy. The results of the BEA. 

PWBA and SCA theoretical models, and of the semi empiri cal ones of 

Paul and Johansson are also shown. 



268 

1000 Γ 

500 

(Λ 

C 

w 

α 
-ο 

α 

b 

100-Γ 

ΘΕΑ 

JOHANSSON 

4 6 

Ερ (MeV) 

Fi». 4. Experimental Κ. x-ray production cross sections for 

titanium and iron, as a function of (iroton energy. The results of 

the BEA. PWBA and SCA theoretical models, and of the semiempiri-

cal ones of Paul and Johansson are also shown. 
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Fig. S. Theoretical enhancements for thin target bombardment 
in gaseous atmosphere as calculated for di f ferent proton 
energies, three targets (Ca. Ti. F e ) , and two gasses (He. Ar). 
The forward approximation of the secondary e lectron e j e c t i o n has 
been assumed here. 
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presented in table 6. As predicted in section 2.3 the gas 

environment gives higher enhancements. 

After the bombardment in vacuum, a thin film of Kapton 

foil was inserted in the beam path and a new series of in 

vacuum measurements was taken. As expected from the calcula

tions, no measurable effect from the inserted Kapton foil in 

the yields was observed. In the next step, gasses were intro

duced into the chamber for the measurements in gaseous envi

ronment. In the case of helium, no measurable differences 

were found for all targets. The x-ray yields of the measure

ments in nitrogen environment, along with the results of the 

corresponding measurements in vacuum are shown in Fig. 6. as 

well as our theoretical calculations. The experiment of cal

cium in argon atmosphere was not successful because of the 

high background from the argon characteristic x-rays in the 

vicinity of the calcium emission. Measurements in argon envi

ronment were possible for titanium and iron and their cross 

sections in vacuum and argon environment, along with our theo

retical predictions are also given in Fig. 5. 

The main sources of errors are the same for the bombard

ment in vacuum and in gas surrounding (thickness of target, 

efficiency, solid angle). therefore the relative error for the 

two series of measurement (in vacuum and gas) is X% and can 

not be plotted in the figures. 
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Fig. 6. Experimental Κα x-ray production croaa sections for 
calcium, titanium and iron in vacuum (open circles) and gaseous 

atmosphere (black circles), as a function of proton energy. The 

gas is nitrogen for calcium and argon for titanium and iron. The 

predictions of this work for cross sections in gaseous atmosphere 

are also shown (continuous curves). 
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5. DISCUSSION 

The experimental results for the cross sections in vacuum 

and the two theoretical models (BEA. PWBA) produce the same 

slope of the cross sections as a function of proton energy. 

The absolute values, however, predicted by BEA are higher, 

while the PWBA gives values closer to the experiment. The 

PWBA is a better approximation for the proton energies and the 

targets used. Good results can also be obtained from the BEA 

and the two semiempiricai models if a experimentally defined 

correction factor is introduced 

The bombardment with protona in gaseous environment 

proved that of low proton energies (below 3 MeV) and for tar

get atomic numbers greater than 18 the x-ray enhancement from 

SE can be neglected. As these are the standard conditions that 

are usually used in the external beam PIXE. this means that no 

SE enhancement problems occurs in this widely used method. For 

higher proton energies and atomic numbers of gasses a SE 

enhancement is measurable but these conditions are rarely used 

in PIXE. 

The theoretical calculations of the SE enhancement were 

found in good agreement with the experimental results, 

although there is an overeatimation of the enhancement in 

higher proton energies and lower atomic numbers of targets. 

The most serious problem in the calculations is the lack of 

experimental data for differential to the energy cross sec

tions for producing SE with energies greater than I KeV. The 
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BEA has been extrapolated to higher SE energies in our case 

and this could be another source of errors. As it can be seen 

from tables 1 and 2 the results of BEA are on the average in 

satisfactory agreement with the existing data, but there is an 

underestimation at low SE energies and an overestimation at 

the higher SE energies. Another reason for the differences may 

be the acceptance of the forward SE ejection. 

Among the published calculations for the SE enhancement 

in thick targets Folkman gives the better results. Our results 

for the enhancements in gas environment are the upper limits 

for thick targets and can not been exceeded. 
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