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6paaeeH4 R. HAP· E14-85-576 
Ce4eHHe BWXOAa xapaKTepHCTH4eCKOro peHTreHOBCKoro H3ny4eHHR R -o6on04KH 
AnR 3neMeHTOB OT Ti AO Sb npH eoa6y)t(AeHHH Hx npoToHaMH H HOHaMH 4He 

H3MepRnHCb Ce4eHHR BWXOAa xapaKTepHCTH4eCKoro peHTreHOBCKOro H3ny4e­
HHR K-o6ono4KH AnR TOHKHX MHweHeH Ti, Se, Rb, Zr, Nb, Mo, Pd, Ag H Sb 
npH npOTOHHOM HX eoa6yl'<,lleHHH H AnR TOHKHX MHWeHeH Ti, Cr, Co, Se, Rb, Zr, 
Nb, Mo, Pd, Ag H Sn npH eoa6yl'<,[leHHH HOHaMH 4He npH 3HeprHRx 1,5-3,8 M3B. 
Ha npHeeAeHHWX H3MepeHHH pacc4HTaHw ce4eHHR HOHH3aUHH R -o6ono4KH, KOTopwe 
cpaaHHeanHCb c TeopeTH4ecKHMH pac4eTaMH no TeopHH ECPSSR, 6a3Hpy10111e11cR Ha 
6opHOBCKOM npH6nH*eHHH nnocKHX aonH (PWBA) c aeeAeHHeM nonpaeoK Ha H3Mepe­
HHe 3HeprHH CBR3H, nonRPH3aUH~ o6ono4eK H penRTHBHCTCKHM 3l!)OeKT AJlR 3neKT­
POHOB aTOMa MHWeHH. OAHOBpeMeHHO Y4HTwaanOCb BnHRHHe OTKnOHeHHR B KYllOHOB­
CKOM none RAPa, a TaK*e noTepH 3HeprHH AnR naAaooieM 4aCTHUW BO BPeMR CTOnK­
HOBeHHR C aTOMOM MHWeHH, npHBOAHTCR 3Ha4eHHe OTHOWeHH'1 K~~,KOTOpwe cpae­
HHBa~TCR C AaHHWMH APYrHX aeTopoe H C TeopeTH4eCKHMH 3Ha4eHHRMH. 

CooO~eHHe 001.e,aHHeHHoro HHCTHTYTB RAepllhlX HccneAOBaHHA. llyORa 1985 

Braziewicz J. et al. 
K-Shel 1 :i:-Ray Cross Sections of Selected Elements 
from Ti to Sb for Incident Protons and 4 He Ions 

E14-85-576 

The l{-shel I :i:-ray production cross sections and K,8/Ka ratios have 
been measured for thin target~ of Ti,Se,Rb, Zr, Nb, Mo, Pd, Ag, Sb bom­
barded by protons and for thin targets of Ti, Cr, Co, Cu, Se, Rb, Zr, Nb, 
Mo, Pd, Ag, Sn bombarded by 4He ions over energy range of 1.5-3.8 MeV. 
The ionisation cross sections were calculated using atomic R -shell fluo­
rescence yields and compared with the plane-wave Born approximation (PWBA) 
modified to include the effects of increasing target electron binding 
energy, target electrons palarization, Coulomb deflection of incident 
projectile and energy-loss effect in ionisation process, resulting in the 
ECPSSR theory. The universal character of K-shell ionisation cross sec­
tions is discussed. TheK~/ Ka ratios are compared with the theoretical 
predictions and with results reported by other authors. 

The investigation has been performed at the Laboratory of Neutron 
Physics, JINR. 

ColllDunication of the Joint Institute for Nuclear Research. Dubna 1985 



I. INTRODUCTION 

Inner shell ionization in light-ion-atom collisions has 
long been studied from both theoretical and experimental points 
of view, but has received special attention in recent years. 
This is mainly due to the progress in experimental techniques 
and because of a large amount of reliable experimental data 
available to do comparison with existing theories. On the other 
hand, the knowledge of inner shell ionisation cross sections 
is necessary for resolving many analytical problems, for example 
by particle-induced x -ray emission ~PIXE) method. 

Considerable progress in description of ionisation process 
has been made since the development of basic theories: the 
plane-wave Born approximation (PWBA) '1!, the semiclassical appro­
ximation (SCA) 121 and the binary encounter approximati~n 
(BEA) 13 •4~ For light ion bombardment of heavier atoms direct 
Coulomb ionisation is the dominant mechanism of inner shell 
vacancy production and may be described successfully in terms 
of PWBA approximation with corrections for ,binding-polarization 
effect for target-atom electrons and for Coulomb deflection 
and energy~loss effects for incident particle, resulting in 
the ECPSSR theory of Brandt and Lapicki 16

•
61

. 

The experimental data for K -shell ionisation cross sections 
have been suunnarized by Gardner and Gray 171 and, lately, compa­
red extensively with the ECPSSR theory (including recent expe­
rimental results) by Paul 18 •9 l, where agreement within 6% was 
found between average K -shell data and theory. 

This paper reports on the results of the K -shell x -ray 
production cross sections due to bombardment of this targets 
of Ti, Se, Rb, Zr, Nb, Mo, Pd, Ag, and Sb by protons and thin 
targets of Ti, Cr, Co, Cu, Se, Rb, Zr, Nb, Ho, Pd, Ag, and Sn 
by 4 He ions in the energy range 1.5-3.8 MeV; lle compare present 
results with predictions of the ECPSSR theory. The values of 

K.t(K ratios are reported and compared with the theoretical 
valu~s of Scofield 1101 and with other experimental data. 

2. EXPERIMENTAL SET-UP 

Proton and 4He ion beams of 1.5-3.8 HeV energy have been 
used from Van de Graaf accelerator at the Laboratory of Neut­
ron Physics of the Joint Institute for Nuclear Research at 
Dubna. The experimental alf>Hrtttos has ·:bererr-chrsctibed in detail 
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earlier'11:' The beam was formed by a set of four graphite colli­
mators and a pair of sweeping plates, so we obtained a uniform 
beam spot of 2 mm diameter at the target. The targets were posi­
tioned at 45° to the beam axis and were mounted on a multiple 
target holder. Around the target holder a graphite cylinder at 
potential of -600 V was placed to suppress secondary electrons 
from the target. Beam currents were monitored by charge collec­
tion on the target and on the Faraday cup. The Si(Li) detector 
with an energy resolution of 220 eV at 6.4 keV of 57Co source 
was placed outside the chamber at 90° relative to beam direc­
tion. The x -rays emitted from targets passed through the 10 µ m 
thick metallised mylar window of the chamber, a 5 mm air gap 
and a 25 µm thick beryllium detector window before reaching 
the detector. 

The total efficiency of the x-ray detector~ consisting in 
the intrinsic efficiency of the Si(Li) detector, the relative 
detector solid angle and x-ray attenuation factor for absorp­
tion between target and intrinsic region of detector, was 
determined from measurements of the K - x rays emitted from the 
calibrating targets. The calibration was performed using the 
thin targets of fourteen elements from Al to Sn !K-x ray ener­
gies from 1.5 to 30 keV) and protons with energy of 2-3 MeV. 
For these elements the x-ray production cross sections were 
taken from fitted cross section - atomic number dependences using 
existing K -shell e~perimental data171 for energies of inte­
rest. Additionally, the radio isotopic 57 Co and 241Am cal ibra­
ting sources were used. 

To suppress low-energy x-rays mylar filters of thicknesses 
from 100 to 400 µm or 230 µ m silicon filter were put into air 
gap between the windows of chamber and detector. A pile-up 
rejector was associated with the amplifier and dead-time cor­
rections for counting electronics were made, 

The elements to be studied were vacuum evaporated onto 
0.2 mm silicon backing using standard evaporation technique. 
The thicknesses of targets.were measured by 2-3 MeV 4 He ions 
backscattered into the silicon surface-barrier detector posi­
tioned at 135° to the beam axis. The measured elements and 
their thicknesses are listed in Table I. 

3. DATA ANALYSIS 

The spectra for studied elements (Table I) were analysed on 
the PDP-11/70 computer to remove the background and resolve the. 
partial transitions (Ka and K13 ) • The x -ray spectrum accumu­
lation times were selected in such a manner that areas under 
K13 peaks were greater than I 03 . Experimental x -ray production 
cross sections for Ka and K13 lines were determined as a func-

2 

Thicknesses of targets used in the measurement 
of K -shell· x-ray production cross sections 

Table 1 

Target Thickness, 11 gcm-2 Target Thickness, µgcm- 2 

22Ti 31.8 41Nb 17 .0 · 

24cr 63.1 42uo 9.5 
27co 27.3 46pd 24.4 
29cu 6.2 47Ag 20.0 

34se 45. I 50sn 11.5 

37Rb 10.2 51sb 66.2 

40zr 7.2 
--

tion of proton or 4 He ion energy from the following relation-
ship: 

--x 
ak 1 

Nki 

Np NT l tot (ki ) 
(I) 

where Nki is the dead-time corrected peak area, Np is a number 

of incident ions determined from beam integration, NT is a ·num­
ber of target atoms per square centimetre obtained from measu­
rement of backscattered 4He ions. The E tot (k 1 ) denotes the to­
tal detection efficiency for k1 line. The uncertainties in 
measured cross sections come from the following sources: peak 
area determination, target thickness, beam current integration 
and total detection efficiency. The value of partial and total 
uncertainties are listed in Table 2. · 

To reduce the uncertainties in cross sections connected with 
the projectile energy loss and x -ray absorption in the target 
the appropriate correction for cross sections was made as fol­
lows: 

x [ ..1. ~E 1 )-1 
a = ax 1 - (a -b) -- - -µ ~x , 

k1 k1 2 k E 
O 

2 kt (2) 

where a: 
(i=a,/3), 1 

and akt are corrected and uncorrected cross sections 
respectively, and µkt is the x -ray mass attenuation 

coefficient. This formula was obtained under assumption that 
the projectile energy loss ~E in a target of thickness ~x is 
small relative to initial projectile energy E

0
, and x-ray pro-
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Table 2 

Sources of uncertainties in measured cross sections 

Sources 

Counting statistics of Ka and K13 
x-ray yields 

Current integration 

Target thickness 

Detection efficiency 

Beam energy 

x-ray production cross sectionsa) 

Fluorescence yieldsb) (22 ~ Z
2 
~ 51) 

I 
. . . a) 

onisation cross sections 

Range 

1-3% 

I. 5~; 

4~ 
" 

7C:, 

1% 

gz 

5-2% 

I 1-1 0'.~ 

a) T 1 . . h ota uncertainty is t e square root pf sum of indivi-
dual uncertainties. 

b) Accord.ing to Krause1131 

duction cross section and projectile stopping power S(Ej varies 
near E0 as E ak and Eb, respectively. The ak and b parameters were 
derived by fitting a straight line to loga (E) and logS(E) against 
logE near all energies of interest using theoretical ECPSSR15 ,61 

values of x -ray production cross sections for each line and 
the tables of Williamson et al { 121 for proton and 4 He ion stop­
ping power, respectively. In our case the value of this correc­
tion was less than 3:. 

4. RESULTS AND DISCUSSION 

The x -ray spectra for Ti, Se, Rb, Zr, Nb, Ho, Pd, Ag, and Sb 
were measured for proton energies of 1.46, 2.05, 2.50, 2.99, 
3.20, 3.53, 3.60, 3.70, and 3.80 MeV and for Ti, Cr, Co, Cu, 
Se, Rb, Zr, Nb, Ho, Pd, Ag, and Sn for 4 He ion energies of 1.50, 
2.01, 2.48, 2.99, 3.20, 3.49, 3.60, 3.70, and 3.80 HeV. The K -
shell x-ray production cross sections were determined from 
measurements, as a sum of Ka and Kt3 transitions, and then 
were converted to ionisation cross sections uexp using the K-

K 

4 

Table 3 

K'....shell x -ray production cross sections. The energies 
are given in MeV and the cross sections are given in barns. 
The integers in parentheses indicate power of 10 

z2 

22Ti 

24c~ 

27co 

29cu 

34Se 

3-fb 

40Zr 

Ep 

1.46 
2.05 
2.50 
2.99 
3.53 

1.46 
2.05 
2.50 
2.99 
3.20 
3.53 
3.60 
3.70 

1.46 
2.05 
2.50 
2.99 
3.53 

1.46 
2.05 
2.50 
2.99 
3.53 

0-~(p) 

8.99 (1) 
2.14 (2) 
2.86 (2) 
3.65 (2) 
4.41 (2) 

4.85 

1.46 (1) 
2.36 (1) 
2.69 (1) 
3.04 (1) 

3.59 (1) 

2.67 
7.41 
1.23 (1) 
1.89 (1) 
2.45 (1) 

1.15 
3.20 
5.39 
8.67 
1.14 (1) 

E 
4tte 

1.50 
2.01 
2.48 
2.99 
3.49 

1.50 
2.01 
2.48 
2.99 
3.49 

1.50 
2.01 
2.48 
2.99 
3.20 

·3.49 

1.50 
2.01 
.2.48 
2.99 
3.49 

1.50 
2.01 
2.48 
2.99 
3.20 
3.49 
3.60 
3.70 

1.50 
2.01 
2.48 
2.99 
3.49 

1.50 
2.01 
2.4a 
2.99 
3.49 

6; (4He) 

4.71 
1.89 (1) 
3.26- (1) 
5.59 (1) 
9.05 (1) 

4.17 
1.07 (1) 
2.31 (1) 
4.11 (1) 
6.91 (1) 

1.16 
3.28 
6.75 
1.23 (1) 
1.55 (1) 
1.99 (1) 

9.60 (-1) 
3.15 
6.55 
1.23 (1) 
2.03 (1) 

1.33 (-1) 
3.97 (-1) 
8.30 (-1) 
1.57 
2.00 
2.68 
2.86 
3.05 

5.50 (-2) 
1.85 (-1) 
4.10 (-1) 
8.20 (-1) 
1.48 

2.20 (-2) 
8.20 (-2) 
1.90 (-1) 
3.67 (-1) 
6.40 (-1) 

K~/Kal, 

0.130a 

0.127b 

0.121b 

0.134b 

0.136b 

0.160a 

0.156b 

0.183a 

0.178b 

0.194a 

0.196b 
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z2 

41Nb 

4/b 

46Pd 

4-,Ag 

50Sn 

51Sb 

a)K13/Ka 

b)K13/Ka 

6 

Ep 

1.46 
2.05 
2.50 
2.99 
3.53 

1.46 
2.05 
2.50 
2.99 
3.53 
3.80 

1.46 
2.05 
2.50 
2.99 
3.20 
3.53 
3.60 
3.70 

1.46 
2.05 
2.50 
2.99 
3.20 
3.53 
3.60 
J.70 

2.05 
2.50 
2.99 
3.20 

<fiCPl 

9.40 (-1) 
2.59 
4.50 
7.18 
1.04 (1) 

7 .10 (-1) 
1.97 
3.40 
5.55 

3.00 (-1) 
8.60 (-1) 
1.70 
2.43 

4.11. 
4.46 
4.51 

2. 63 (-I) 
6. 68 (-1) 
1.2! 
I. 95 
2.44 
3.06 

3.57 

3.15 (-1) 
6.06 (-1) 
9.55 (-1) 
1.32 

E 
4

He 

2.01 
2.48 
2.99 
3.49 

2.01 
2.48 
2.99 
3.49 
3.80 

1.50 
2.01 
2.48 
2.99 
3.20 

. 3.49 
3.60 

1.50 
2.01 
2.48 
2.99 
3.20 
3.49 
3.60 
3.:70 (-1) 

2.48 
2.99 
3.49 

ratio for proton bombardment. 

ratio for 4 He ~ombardment. 

Table 3 (continued) 

{f~(
4
He) 

6.20 (-2) 
1.46 (-1) 
3.00 (-1) 
5.03 (-~) 

4.90 (-2) 
1.13 (-1) 
2.32 (-1) 
4.00 (-1) 
5.50 (-1) 

4.00 (-3) 
2.00 (-2) 
5.00 (-1) 
1.04 (-1) 
1.35 (-1) 
l.91 (-1) 
2.11 (-1) 

2. 70 (-3) 
1.90 (-2) 
3.90 (-2) 
8.20 (-2) 
1.13 (-1) 
1.43 (-1) 
1.65 (-1) 
1.86 (-1) 

l.90 (-2) 
3.90 (-2) 
7 .20 (-2) 

Ky!K..L 

0.201a 

. 0.200b 

0.206a 

0.204b 

0.226a 

11' J 

f ' 
I 

~ 

shell fluorescence yields of Krause111~ The values of ionisa­
tion cross sections obtained in this way were used to compare 
with the ECPSSR theory. Present results concerning x-ray pro­
duction cross sections are listed in Table 3. 

The K-shell ionisation cross sections in the ECPSSR theory 
can be written, according to Brandt and Lapicki 16

,: as: 

R . c,ECPSSR =gE [ 277dq0K ,(K 
K 10 z (Z + ii.) 

c,OK 
]f (zK) ,,, 0 

K "'K K 
FK (f K/ (K, (KeK) (3) 

K K 

with u0K=877a~Zi/z:K' where a 9 is Bohr radius and Z2K= Z 2 -0.3, 
with Z1 and z2 being projectile and target atomic numbers, res­
pectively. Here 0K=EK !ZfK R denotes reduced binding energy (EK) 
of electron, where R is Rydberg constant. The variable f: 
is reduced collision-valocit.y parameter fK=2v 1/~Kv

0
0K correc-

ted for relativistic effect (fR=[mR ]½f), with relativistic cor-
• R 151 K K . K . . . 

rect1on factor mK from ), where v1 1s pr0Ject1le velocity and 
v0 denotes Bohr velocity. The form of scaling parameter ( , 
describing the binding-polarization effect, is given by Ba~­
bas114~ The efergy-loss effect is accounted in terms of Z K= 
=(1-(Ki'lK)

12 quantity, withi'lKbeing minimum fractional ener­
gy-loss of projectile during K-shell ionisation (in the center-­
of-mass system), by analytical function fK(ZK) given ,hl Brandt 
and Lapicki /6/. The Coulomb deflection of a projectile 1 1 is ta­
ken into account in Eq. (3) via an exponential integral of the 
order of_ ten, E10 , where q0 K is the minimum momentum transfer 
and d is one-half distance of closest approach in head-on col­
lision. The FK(fK,0K)function was tabulated by Rice et al/ 151 . 
However, in the case of ECPSSR theory, the values of this func­
tion must be taken for scaled c;'l!(Kand ( K0K variables. 

For the K-shell, when f K < 1 , FifK,0K) starts to be univer­
sal in fK. i.e., independent of 0K ana runiv (fK) can be cal-
culated by formula of Brandt et al . 1161 K 

Funlv ( ~ ) = £_ f 8 (l +-1.72 .;2·>4. 
K K 45 K · K (4) 

To look for universal character of measured ionisation cross 
sections the experimentally derived K-shell ionisation cross 
sections were transferred to experimental Fexp(f) function 
defined as follows: K K 

c,exp (KB K 
exp(t ) - -1L · ~~=--~,- ) 

FK sK - c,OK 211dqOK ':_K_]fK(ZK' 
(5) 

9Elo [-ZJZK+l) 
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,o-1 j 

,0-2 

10-3 

Fig. 1. Corrrparison of experimen­
tal and theoretical (solid curve) 
values of universal function 
F:11v (eq. (4)) according to the 
ECPSSR theory versus scaled ve­
locity parameter ,;: / (K. The 
experimental points were deri­
ved from measured K-sheU ioni­
sation cross sections using 
Eq.(5)) and are marked as fol­
lows: Ti :o-p , • - 4 He; Cr: 
121 - 4He; Co: s - 4 He; Cu: e - 4He; 

Se: □ - p; ■ - 4He; Rb: e - p, 
~ - 4He; Zr : ~ - p, 1 - 4He; Nb: 
V - p, f - 4 He; Mo : l!II - p , B -
4He;Pd:e-p,Q -4He;Ag: 
C>- p., Cl - 4 He; Sn : 8 - 4He; Sb : 
n-p !A . 

,o-4
\:- f l The values_ of this function are 

/

• i_ universal function FKuniv (EC(. (4)) 
l J presented and compared with the 

j on Fig.I, where universal nature 
1Q : of experimental data is evident 

,o-
5 1' , , , , • • • d over the range of ,;R/ ( parame-

u2 03 0.4 0.6 o.s 1.0 t21.4 ~"It . K • ~ 
· • • ter of interest. Additionally, 

for estimation of residual nonuniversality of theoretical desc­
ription, we have compared the results of universal function 
F~niv with nonuniversal one, FK, for elements and energies of 
interest. On Fig.2 we present the relative. deviation of univer­
sal function from nonuniversal one, FK ,/F;mv -1, where deviation 
less than 6% was found for the case of proton impact for ele­
ments and energies studied. For 4He ion excitation analogous 
relative deviation was less than for the case of proton. 

In Fig.3 we present the experimentally obtained K8;K ratios 
together with other experimental data and theoretical p~edic­
tions of Scofield 110

/ As can be seen from Fig.3 the ratiosK /K 
measured by many authors, agree within 20:~. Uncertai"nties o/3 a 
our experimental data were estimated as 10% and were caused 
mainly by detector· efficiency uncertainties. The K~!Ka ratios 
were observed to be constant for a given element over the pro­
ton and 4 He ion energy of interest and are listed in Table 3. 

In conclusion, the K-shell x-ray production cross sections 
by protons and 4 He ions have been measured for selected ele­
ments from Ti to Sb in energy range of 1.5 to 3.8 MeV. It has 
been shown, that measured .K-shell ionisation cross sections can 
8 
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I 
> 4 
z 
:::, :I<:: 

LL 

" 3 
LL:1<:: 

2 

0 

0.5 

4.0 
3.s/~Sb 

J.o/\ \ 
\ \ \ 

\ \ \ 
\, \ \ \ 
'\ \ \ \ 

\ \ \ \ 
\ \ \_)'\37Rb 

1/\ \ 
\ 

' \ \ ,,, 
\ \ \ \ 

' \,''' ',,''' ' \ \ \ \ 

' '-~ ' ~ \ \ \ \\29Cu 

- -../ ' '\ \ \ \\ . ~ '\ ,,,,, ----...-----:::: ' - ,_ \ \ \ 
.... 

---....._ '· \ \ "o.\ 
Cr 

Ti 

0.2 o 3 o.4 o.s o.s 1.0 1.2 1.4 ~: / ;K 

. l . d . . F IFuniv 1 • l F1,,g. 2. Re at1,,ve ev1,,at1,,on, K, K - , of nonun1,,ve_rsa 
function FK (see Eq. (3)) from un1,,versal one, FKumv 
(Eq. (44)), versus scaled velocity parameter for pro­
tons. The solid curves represent deviation for marked 
elements, while the dashed ones, for the ·ion energy 
given (in MeV). 

be reproduced by the ECPSSR theory supplied with universal 
,,-,umv f . Th 'd ' f . h rK unction. e resi ual nonuniversal ef ects int eore-
tical approach were estimated to be less than 6% for both pro­
tons and 4He ions for studied elements. 
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