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1. INTRODUCTION 

This paper is an extension of our experimental studies of 
the K -she11 ionization of high-Z e1ements induced by heavy, 
charged partic1es. In these investigations, we apply the method 
proposed by Ce11er et a1./ l /. Origina11y this method assumed 
measuring cross sec t í ons (TIU for the K-she11 ionization re1a­
tive to the we11-known cross sections eTc for the Cou1rnnb exci­
tation of deformed doub1e-even target nuc1ei by protons. Such 
mea su r ernent s for the 64 Gd, 7 W, 90 Th and 92 U targets were 
described by Ce11er et a1./l~. Hornshé j et a1./ 21 and Goctow­
ski et a1.131 In the study by Pfuetzner et al/ 41 t h i s method 
was extended 'to the odd-A nuc l í des r l~~Ho, which exhibits nuc-: 
1ear deformation, and 197 Au with the nucleus of a rather sphe­

. 1 h 79rica s ape. 
The present work describes the experimental ctoss section 

data for the proton induced K-shell ionization of neodymium, 
samarium, terbium, thulium and tantalum for energy range of 
2.6 MeV to 3.8 MeV. The present experiments are the continua­
tion of our previous measurements performed in Warsaw with 10­
wer proton energies ((0.8-2.6 MeV) ref/ 51 ). 

The accurate know1edge of the ionization cross section 
data induced by protons for wider energy range offers an expe­
rimental basis for the understanding of the ion-atom collision 
mechanisrn and the inner shell ionization processo 00 the other 
hand the accurate cross section data are very important for 
quantitative analysis of e l emerrt s in various k i.nds of samp1es 
(PIXE method lei) • 

2. EXPERIMENTAL METHOD 

The proton beam was produced by the EG-5 Van de Graaff acce­
lerator at the Laboratory of Neutro~ Physícs of the Joint In­
stitute for Nuclear Research in Dubna. The beam was col1imated 
to ~ mm in diameter before entering the aluminium target cham­
ber. The target chamber was e1ectrically insulated what per­
mitteq the measurement of the proton beam hitting the thick 
target backings in such a way that chamber behaved as a Fara­
day-cup. The investigated targets were placed perpendicu1ar1y 
with respect to the incident beam. The target thicknesses were 
2.3, i .a, l.9, 2.4 and 2.5 mg/cm 2 for Nd OS' Srn 0 ,Tb 2 0 3 

2 2 3 • 
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Tm2 0 3 and Ta respectively. The Nd, Sm, Tb and 1m targets 
used in these measurements consisted of oxides of natural 
elements which were deposited by sedimentation from suspension 
in isopropyl alcohol on a thick graphite backing. The Ta 
target was in a form of selfsupporting foil. 

The electromagnetic radiation passing from the target
 
through a 0.1 mm Cu absorbent (to cutt of Lx -rays) and
 
a 25 11. m Mylar window, was recorded by a 0.25 cc HPGe detector
 
with a FWHM resolution of 350 eV and 450 eV at 5.9 keV and
 
80 keV, respectively. The HPGe detector was positioned out­

side the target chamber at a distance of about 8 cm from
 
the target and to minimize the influence of the y-ray an­

gular distribution it was plàced at an angle of 125 0 with
 
respect to the incident proton beam direction. The HPGe de~
 

tector was calibrated for energy and efficiency by placing
 
y-sources of 133Ba, 152 Eu and 169Yb in the target pos í t í.on ,
 
These sources simulated the actual geometry of X-y radia­

tion emission from the studied targets. In our method it was
 
only necessary to calibrate the relative detector efficiency.
 
Thus our experimental uncertainties were free from the con­

tribution of errors in y-sources emission rates certifica­

tion. Figure I presents the relative efficiency curve of the
 
used. HPGe detector.
 

A silicon'surface barrier 
detector Si(SB), located at an 

'O' angle of 150 0 with respect to 
11 ­ :~~Ba the proton beam and at a dis­
~ =169~~ 

pro tons that were elastically
 
backscattered from the target
 

t;
 

/~ 
tance of about 15 cm from the 
target was used to detect the 

/ nuclei. The spectra of the 
Z 
1AI backscattered protons wereüu' 
L;: used to determine the thickness 
1AI"'"

of the targets and the effec­
1AI 
> tive energy of the protons. 
~ The effective energy we de­1AI 
a: 

fined as Eerr =Ep - í- 11 E P'

\\ where E p was the proton in­
vi cident beam energy and I1E p 

was the total energy loss in 
the target. 

, 20 :lO se no 200 soo Proton be~ current of th~E6' [kIV) 
order of 150-200 nA was ap­

Fig.1. HPGe detector relative plied. The total charge col­
efficiency curve. lected during irradiation ran­
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ged from 0.5 me to 2.6 mC depending on proton energy and target. 
The incoming charges were integrated by a digital current integ­
rator. 

Because of the relative character of our experimental 
method/ v the errors arising fram the target heterogeneity, 
beam instability, etc., are negligibly small. 

The hackscattered protons and X-y ray energy spectra were 
recorded simulatenously in the multichannel analysers system. 
The photon spectra indu~ed by 3 MeV protons on Nd, Sm, Tb, Tm 
and Ta targets are shown in Fig.2. 

3. RESULTS 

The K -shell ionization cross sections ~kI were measured. 
for incident proton energies ranging from 2.6 to 3.8 MeV in 
0.2 MeV steps. The cross sections were calculated from the 
formula /1/: 

I K x 
a p o c'KI Iy (1 + a T) (li K 

where IKI is the total -í.ntens í t y of a l l K -ray Lí ne s from thex 
ionization of target atoms corrected for the detector efficien­
cy and for the contribution from K conversion of alI gamma 
t rans i t ons in al l I so topes of the investigated element (~NyaK)'í 

I y is the intensity of the y -transition from the Coulomb 
excited leveI in the target nuclei corrected for the detector 
efficiency and angular distribution, a T is the total internaI 
conversi:on coefficient for this y -transition, úJK is the target 
element K -shell fluorescence yield and p is the percentage 
atomic abundance of the considered isotone in the natural tar­
get. Also self-absorption in the target was accounted for both 
X and y radiation though its influence was less than 1%. 

The Coulomb excitation cross section a c can be calculated 
with the application of lowest oráer perturbation formalism 
given by Adler et al/ 7/ 

EÀ A-2 , À-l 
ué == CEÀ EM eV (E MoV- 6 E MeV ) B(EAHEA (771 .f) , 

where: CEÀ = 4.819(1 + AlIA 2) 
·2 

A 1/Z 2 
2 

barn (for A == 2), A1, A2 , 

Z1' 2 2 are the mass and atomic numbers of the projectile and 
t arge t , respectively; I1E' = (1 + A 1/ A 2) I1E , where I1E is the 
excitation energy of a given leveI. The reduced transition 
probability B(E À} is measured in un i t s of e 2b 2 • The funct í on 
fEÀ(~I.f) is defined and tabulated in paper/ 7/ . For E2 exc~ta-

3 



. h 1 di . bu tt í f h .. /7/t í.on t e angu ar r s t r í, u í on o t e y -rays 1.S g i.ven 

w(O) = 1 + a:2 ( Tl i ç)A 2P2 (cos ê + a: 2 ( Tl i ç)A) 

4P 4(cosO). 

:MOI 
..J
LoI
 
Z
 

~ 
X 
u 

ai 2'10' 
do
 

lJl
 

~ 
::> o u 

",0' 

1So4O' 

!
..J 

u 
IX 5,1)40'
L&J 
no 

~ 

8
z 

2.50lO' 

4 

K;, 
)7. J6 

e-, 

4+ ii! _

E
38'8 

_ttr + 
2+ g

~ 130.1"2 .... "2
109.89 

rt 
1IONd'50 •

K" 
"2.2 

t5IINcI 

2+-0+ 
110.1 

K,. 
.41.) " '50 
.: """". ''Vt>~"......:.'~ 

" ~. '. N I.....,.., '--- , 
150 ~ 550 ~~
 

CHANNEl NUMBER
 

KC t 

"0.12 

K.t. 
)9.5~. 

""Sm 
2+-0+K,.	 :~::

8\9945.40 o+~ 
·'Sm ~

·50 1.r
.·Kh "i- 1ft 

46.55	 109.89 
t. 

a) 

'USm ~~2Sm 
l'2--)02-; r - 0+ 

121.3.121.78 

...50 

....·,..:.ho·" '''JIlo''''v\ '50"'~ ""-''1', ............,.,......."'
 
.----'--_~;-, , ­

:	 " •• ---AI _----' 

b) 

I/) 

a 
~ 
:::> 

2;1«14 

~ ).10' 
LU 
Z 
Z 
.( 

Õ 

ffi 2010' 
Q. 

~
 
O
 
U
 

-"10' 

200 

K.. , 
!l7.'i1 

K.., 
!l6.~7 

!>O 

.......
 

K.. , 
SO.?3 

K..;.	 'UTm (li -.~i I 109.78 
49.~6 e F (1/]- "2"1109.89 

"''''li!?''
'li ~~~~ 
Si! i 138.9J118.19 

3fi ~ 
'/{ ad 8.101 

tllfTm 

'"Tm 
S/~- v;K... 

118.19 

·20 .50 
S7.~ 

...: • I<faa	 ....~.:. 
' 

• "Sa.V7 ....--.' "­
'''. ..,..0,1_....,.,..,.,. 

2~ 

,.,:;; 

11 

/; 

li!!~ ~ 30\51 

9/2 -
I~ 

«-r.. n-» 
7,t .81 

Ta 

136.2S 

K,., 
6/),,21 

.20 

Píg.2a"b.Protol2 sper!tra obaerved in the bombar>dment of 
~	 natural. Nd 203' Sm 20 S " Trn 203 and Ta r:,targets iaith 3 MeV 

pro tona . Inserta.' fragments of the 1.)0 Nd -' 154 Srn , 169 'l'm 
and 181Ta Leoe l: echeme , 

5 



~4 
" ..'7 

K.1
'11'.. 

..J 3010' 
W 
Z 
Z 
<:r 
u 
o: 
~ 2-'0' 

Cf) 

~ 
~ 
O 
U 

K.. 
50.39 

"10' 

K~I 

&Il&ll 

~t1t~f} 137.5 

5(2 IR 
N 

31t &Il 57.99 

I!I9Tb 

15~b 

51t-lfi 15l!Tb + 
57.99 7/; _ ~2 

79.5 

"F 
"i-li! 

109.89 

• 40 • 
51.7, .10 

.;: 
.....--# 

250 

Fig.2c. Photon spectrum observed in bombardment of natu­
ral Tb 2°3 target with :3 MeV pnotione , Insert: fragment
of the 159 Tb leve L scheme 

For (J"=: 125 o the p 2 (cos (J) == Oand a small correction proportional 
to P4 (cos (J) must be introduced to isotropic distribution of the 
y-rays. 

To calculate the a c values, one needs information about the 
nuclear transitions in those isotopes which are present in the 
target. For studied targets the experimental information about 
the reduced transition probabilities B(E2), total a'T' and K­
shel1 a K internaI conversion coefficients are presented in 
Table 1 together with respective references. The uncertainty 
of the Cou1omb excitation cross section a is determined main1yc
by the uncertainty of the reduced transition probabi1ity B(E2) 
and the projecti1e effective energy of the incident protons. 

First order perturbation procedure is sufficient1y accurate 
because the probability of double and higher order Cou1omb 
excit~tion by low energy protons is negligibly smal1. In 161rmnuclei it is necessary to use the mu1tiple Coulomb excitation 
formalism. This fol1ows from the fact that an excited leveI with 
a very low excitation energy (8 keV) exists in the thu1ium nuc­
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Tahle 2 Table 2 (continuedJ 

Experimental and Theoretical Cross Sections for 
Induced K -Shell Ionization 

the Proton­ E
e Ef 
p 

(MeV) 

e xp 
a KI 

(mb) 

aSCA-LAL 
KI 
(mb) 

aCPSSR 
KI 

(mb) 

a ECPSSR exp / SGA-LAL 
KI a KI a KI _J!!!U. 

E ef'f 
p 

r .. _o., 

a e xp 
KI 
, .'::U 

<s SCA-LAL 
KI 

-----.Lmbl 

Tb65 K f3 /K a == 0.235 ± 0.011 

62Srn 

60Nd 

2.02 $ 0.16 
6.1 '+ 0.5 

13.8 '+ ~.9 
25.4 '+ r.e 
43 - 3 
61 ± 4 
89 ± 6 

120 ± 8 
154 $ 10 
168 + 22 
194 + 16 
264 - 22 
330 :!: 29 
4Ub ± '14 
459 . ± 50 

O.88êl 

I. ro8. 
1.318. 
1.5Ia 
1.728. 
1.938. 
2.13a 
2.33 a 
2.548. 
2.55 
2.75 
2.95 
3.15 
3.35 
3.55 

ar-­ + 
0.7~a O.?IO+ 0.043 
0,<)~8. 2.39 - 0.15 
1.168. 5.65 $ 0.35 
I.37a 11.3 '+ 0.7 
I.56a 18.9 + 1.1 
I.76a 31 '+ 2 
1.97a 47 '+ 3
2.17 66 - 4 
2.378. 90 ± 6 
2.578. 118 $ 8 
2.56 . 133 + 14. 
2.76 166 + 18 
2.96 196 :+ 21 
3.16 257 :+ 28­
3.36 303 + 33 
3.56 371 1" 41 
3.77 417 ~ 59 

2.25 
6.71 

14.6 
26.6 
43.5 
65.6 
92.9 

125 
164 
168 
212 
262 
319 
382 
4;52 

0.512 
2.16 
5.74 

12.1 
21.0 
33.2 
49.6 
70.0 
94.5 

123 
122 
154 
192 
234 
280 
332 
389 

2. ro 
6.08 

13.3 
24. I 
3B.9 
58.0 
83. I 

II3 
148 
151 
192 
240 
2<)2
354 
420 

0.51 
2.04 
5.23 

11. I 
19.0 
29.4 
41\.3 
62.8 
81.5 

!II 
IO<)
140 
171 
215 
256 
308 
361 

I. 19 $ 0.08 
L TI '+ 0.07 
0.9~ :+ 0.06 
0.93 :+ 0.06 
0.90 :+ 0.05 
0.93 '+ 0.06 
0.95 :+ 0.06 
0.94 '+ 0.06 
0.96 :+ O.O~ 
0.96 :+ O.O? 
1.09 + O.TI 
I.O§ +0.12 r.oe + o. Ir 
1.09 + 0.12 
1.08 + 0.12 
I. 12 +0.12 
1.07 - 0.15 

0.236 ± 0.009 

2.87 0.90 $ 0.07 
7.50 0.91 +·0.07 

14.5 0.95 + 0.06 
25.5 0.95 + 0.06 
41.0 0.99 + 0.07 
61.0 0.93 '+ 0.06 
82 0.96 '+ 0.06 

115 0.96 '+ 0.06 
152 0.94 + 0.06 
154 1.00 + 0.10 
197 0.92 + 0.08 
243 1.01 :+ 0.08 
298 1.03 :+ 0.09 
358 1.06 + 0.11 
424 1.02 - 0.11 

0.75 
2.8 
6.3 

12.2 
20.5 
33.2 
47.5 
66.0 
87 

180
Im 
143 
178 
219 
265 
3II 
362 

K,aIK a = 

K,8 /K a = 0.232 ± 0.009 

:}: 

2.76 
2.96 
3.16 
3.36 
3.56 

O.94a 
1.148­
1.358. 
1.56a 
1.76a 
I.96a 
2.I6a 
2.368. 
2.568. 
2.55 
2.75 
2.95 
3.15 
3.35 
~.~6 

L03a.) 
L I9a ) 
L'10e.) 
1.628.) 
I.83a.) 
2.02a.) 
2.I8a·) 

69Tm 

::tIl 
± 13
± 16 
± 18 
±22 

0.459 ± 0.060 
L06 ± 0.13 
2.34 ± 0.28 
4.48 ± 0.54 

"7.15 ± 0.84 
11.3 ± 1.4 
14.6 ± 1.8 

73'fa 

0.629 $ U.059 
2.00 :+ 0.17 
4.24 -+ 0.34 
7.60 :+ 0.63 

I2.E3 + 1.0 
18.3 + 1.5 
29.7 + 2.3 
37.5 + 2.7 
49. I ;: 4.5 
48.5 - ts.5 
62.1 $ 7.2 
86.3 + 9.6 

no + 13 
138 + 14 
151 - 18 

102 
121 
151 
171 
209 

1.06 $ o.II 
1.01 + O.II 
1.03 + o.TI 
0.97 + 0.10 
1.00 - O. Ia 

0.74 1.46 $ 0.14 
1.85 1.47 + 0.13 
3.85 1.32 + 0.11 
7.05 I.2D + 0.10 

10.9 1.26 + 0.10 
14.0 1.17 + 0.10 
22.0 1.32 + 0.10 
30.5 I~2I + 0.q9
38.5 1.20 + 0.11 
38 1.19 + 0.14 
49 1.18 +0.14 
62 1.30 + 0.15 
77 I.3~ + 0.16 
92 1.40 - 0.14 

lIO 1.2'8 ± 0'.15 

90.5 
lIO 
135 
165 
195 

Kf3 /K a = 0.295 ± 0.10 

0.35 
0.82 
1.85 
3.64 
5.95 
8.91 

11.8 

0.44 
1.32 
3.93 
5.72 
9.16 

14.2 
20.1 
27.7 
36.6 
36.3 
46.9 
59.3 
72.9 
89.3 

107 

86.4 
109 
133 
161 
193 

K {.i /K a =: 0.245 ± 0.013 
._-------­

0.58 1.39 ± 0.18 
1.12 1.31 ± 0.16 
2.43 1023 ± 0.15 
4.30 1.19 ± 0.14 
6.80 1.11 ± 0.13 
9.90 1.17 ± 0.r5 

12.9 1.15 ± 0.14 

0.33 
0.81 
1.91 
3.78 
6.43 
9.63 

I3.0 

0.43 
1.36 
3.14 
6.08 

10.1 
15.6 
22.4 
30.9 
40.9 
40.5 
52.5 
65.9 
8L2 
<J8.3 

lI8 

96. I 
120 
147 
177 
210 

.eff 
t;p 

(HeV) 

a exp 
KI 

(mb) 

SCA-LALa 
R I 
(mb) 

CPSSR 
C7K I 

(mb) 

a ECPSSR exP/KI a 
KI 

a 
(mb) 

SCA-LAL 

K I 

2.38a ) 
2.588.) 
2.55 

20.7 
26.6 
26."1 

± 2.5 
± 3.5 
± 2.9 

18.0 
24.0 
22.9 

°16.3 
21.6 
20.7 

17.5 
22.2 
23.0 

1.15 ~ 0.14 
1.11 ± 0.15 
1.16 ± 0.13 

65'1'b K,8 / Ka == '0.235 ± 0.011 2.75 36.3 ± 3.9 29,7 26.7 28.5 1.22 ± 0.13 

0.738. 
0.948. 
1.158. 
1.368. 
1.568. 
1.76a 
1.96a 
2.168. 
2.36a 
2.568. 
2.56 

0.197 :!: 
1.06 ± 
3.21 ± 
6.90 ± 

12.5 ± 
18.5 ± 
29.5 ± 
41.6 ± 
56.1 ± 
72.6 ± 
83 t 

0.020 
0.12 
O.Z? 
0.55 
0.80 
1.7 
1.<;)
2.6 
3.3 
4.3 
9 

0.214 
1.05 
3.03 
6.69 

12.1 
19.7 
29.6 
42.2 
57.4 
75.4 
75.4 

0.224 
1.02 
2.83 
6.24 

10.9 
17.9 
26.6 
37.7 
51.5 
67.4 
67.4 

0.42 
1.52 
3.75 
7.40 

12.5 
19.6 
28.5 
40.5 
53.0 
70.0 
70.0 

0.92 $ 0.09 
1.01 + 0.11 
1.06:+ 0.09 
1.03:+ 0.08 
1.0~ + O.U'1 
0.<;)4 + 0.09 
1.00 +0.06 
0.99 + 0.06 
0.98 + 0.06 
0.96 + 0.06 
1.10 ~ 0.12 

~ 
~ 

43.3 ± 4.7 
53.? ± 5.8 
63.2 :t 7.4 
78.4 ::t 7.4 
88.8 ± 9.6 

a) The values taken from 

2.95 
3.15 
3.35 
3.56 
3.76 

37.7 
4.6.7 
57.0 
68.4 
81.0 

r~f./51 

33.9 
41.9 
5L5 
61.7 
73.8 

for Ta from ref /24/. 

35.7 1.15 ± 0.12 
43.9 1.15 ~ 0.12 
53.4 1.20 ± 0.13 
63.9 1.15 ± 0.11 
75.6 1.10 ± 0.12 
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leus and this leveI becomes excited with high probability even 
by low energy protons and thus double excitations with this le­
veI as an intermediate state must be considered. The multiple 
Çoulomb excitation calculations in ,paper/ 5/ were performed 
using the computer code GOSIA written by Czosnyka et al./8 / . The 
results obtained for 169 Tm with the use of the GOSIA code differ 
up to about 25% from those found from the perturbation treat­
mente In the present paper for calculation the Coulomb excita­ • 

tíon cross section ~c in Tm nucleus we u~ed ohly the first order 
perturbation procedure/7/ . The calculation using code GOSIA wi1l "1 
be performed later. 

AlI applied proton energies are much lower 
effective Coulomb barriers for our projectile 
and thus the nuclear interaction effects are 
gible. 

than the relevant i~- target systems 
completely negli ­

The numerical results' for Nd, Sm, Tb, Trn and Ta are summarized 
in Table 2. In the first column of this table the effective pro­
ton energies are listed.The second column shows our expérimen­ : I 
tal cross section data, while the next three columns display 

'predictions of various theoretical models (see next section). 
Our experimental uncertainties in Tables 2 include a150 syste­ J 
matic errors of WK (-2%), B(E2) (1+5%), a T (2+3%), detector ef­ ~ I 
ficiencies (-4%) and uncertainties of several keV in proton ef­

fective energy. These contributions have been quadratica1ly ad­

ded to the standard deviations of statistica1 errors (-4%), and
 IIthus the final uncertainties quoted in Table 2 are not pure1y
 
st'atistical in their character. Table 2 contain also the mean
 
values of the measured K~/Ka ratios; t4ese ratios agree with
 'I 

, ~the values presented in the paper of Bambynek et a1/9 / • 
I 

, .. 
I 

'I 

4. COMPARISON WITH THEORETICAL MODELS 

We have compared the experimental K-she1l ionization cross 
sections with theoretica1 predictions calculate~ within the 
frame of the semiclassical approximation (SCA) and the plane­
wave Born approximation (PWBA) models. The SCA model is applied 
in, the version referred to as SCA-LAL which was proposed by 
Laegsgaard et al./ 16/.The effects of the change of electron 
binding, Coulomb retardation of the projectile in the target 
nucleus field and relativistic electron ve10city are treated 
here as corrections to the stra1ght-line, non-relativistic SCA íicalculations. :J

~he PWBA model is applied in two different versions. The 
first one we have used is the Coulomb Perturbed Stationaty State ,]'
Relativistic (CPSSR) modelo It was developed by Brandt and co~ 
workers (Basb as et a1.1 17/ and Brandt and Lap í.ck i /18/). ~.]e have I 
10 i 

decided to use the more realistic (Kocbach et al./ 19 / ) Coulomb 
repulsion correction of Anholt/OO/instead of the original one . 
of Basbas et al./ 17/.The second PWBA version is referred to as 
ECPSSR and it has been taken from the recently published tables 
of Cohen and Harrigan/ 2)/.This model has been developed by Brandt 

Ê 

lO 
lO 

3D 

---SCA-LAL 

-.-. ­ ECPSSR 

--- ­ CPSSR 

2.0 

la' 

la' 

E. fI 1M.V I 

... 

ê 
i 

lO 

r:l 

lO' 

JJl 

-- ­ SCA-LAL 
-'-' ­ [CPSSR 

------ ­ CPSSR 

UI 

vi 

I 

E." [M.VI 

Fig.3. Experimental K -shell ionization cross sections 
for Sm 3 Tm 3 Nd 3 Tb and Ta versus effective protion 
energy. The solid3 dashed and dot-and-dash, lines refer 
to pvedictions of the SCA-LAL3 CPSSR and ECPSSR models 

3 

respectively. Dots - the present work3 crOS8e8 - the 
Warsaw data / 5~ Open circles - the /Tin data with multiple
Cou Lomb excitations /5/ .. 

and Lapicki/ 1S - 22/ and includes also the pro]ectile energy loss 
correction, whiçh is not accounted for in two previously men­
tioned models. The so-called reduced PWBA universal functionF 
is for the first time calculated performing the proper double 
integration with exact limits. Thus the tables of Cohen and 
Harrigan/ro/are actually a masterpiece from PTNBA point of view. 

The predictíons of the SCA~LAL, CPSSR and ECPSSR models are 
listed in the referred above Tables 2 in columns 3,4 and 5, res­
pectively. 
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In fig.3 we present the predictions of alI three considered 
models together with our data for Nd-, Sm, Tb, Tm and Ta targets. 
The experimental data obtained in Warsaw for lower proton ener­
gies / 5

, 241 are also presented in the figures. It is seen that 
alI theoretical models agree in general with the experimental 
data. The accuracy of our mesurements does not al)ow us to 
choose between the models. But it seems that the SCA-LAL model 
is slightly better (for the studied proton energy range) than 
the others. 

The agreement between the SCA-LAL theory and empirical data 
is even better visible in fig.4 ·where the GKfP/Jtf/-LALratios are 
plotted in the linear scale versus the effective proton energy. 

It is worth noting that the agreement between theory and 
experim~nt for 69Tm target is possible only if the rnultiple 
Coulornb excitation procedure is applied for calculation of the 
reference Gc cross section. These calculations were performed
only below 2.6 HeV/5/. 

We also compare our data 
with earlier results reported 
by Divoux et a l ." 231 and An­
hol t I rol. Those data were ob­
tained by a standard experimen­ li 

tal	 method where the Ruther­ 1.4 

ford backscattering cross sec­
tions were considered as the 
reference cross sections. Com­
par[son is possible only for I ,t tLt1 f 1 r 
Nd, Sm and Ta nuclides and is 

~ 

;; tA 

~'1 "I,,,, 
Tb 

!.1.0 f t ! t j t t~ 
UI 0.8 

Fig.4. l~e patio of the expe­

rimental and SCA-LAL model.
 
pl"edieted K -she II ionization
 ~~~~ 
croee sections [o» Nd -' Srn -'
 
Tb -' Tm and Ta Versus effeetive
 
proton enepgy. Dots - the r;re­

sent and Warsaw work. Crosses ­~!~~W1~ ,# ~ ~ H~ 

1.0 Ul 10Divoux et aZ/ 231 and Anho l.t: 1201 
(arr [M.Vl 

d .	 1 d' . exp I SCA- L AL. Iasp	 ~ye U1 f i.g , 4 wher e the r at i.os are p ottedGKI GKI 
for both our and those of Divoux et al{231 and Anholt 120/ r e­
sults. The agreemeut between these independent experiments 
is quite good. 
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Enh-ArupH ¢.M. H gp. 
J1oHn3al(HH K -o6onotiKH TH)!(eJibiX gneMeHTOB 
npOTOHaMH HH3KHX 3HeprHH 

El4-8fi-388 

113MepfWHCh CetieHHH HOHH3al(HH K -o6oJiotiKH aKI ,[IJIH aTOMOB 
Nd , Sm , Tb , Tm H Ta npn B036YJKgemm HX npoToHaMH c gHep­
rneH OT 2,6 ,[10 3,8 M3B. 3HatieHHR CetieHHH aKI nonytianHCb TIYTeM 
HOpMHpOBKH Bb!XO,[IOB xapaKTepHCTHtieCKOPO peHTPeHOBCKOPO H3JIY­
tieHHH K -o6onotiKH K H3BeCTHbiM ceqemmM KynoHOBCKoro B036YJK­
p;eHHH ,!l;nH 3THX JKe H,[lep. fTonyqeHHbJC pe 3YJihTa Tbl CpaBimBaJIHCb 
C TeopeTH'!eCKHMH paC'!CTaMH B nonyKJiaCCHtieCKOM TipH6JIHJKeHHH 
(SCA) H OOpHOBCKOM npH6nmKCHHH TIJ!OCKHX BOJJH (PWBA) C ytieTOM 
TIOTipaBOK Ha KynOHOBCKoe OTTaJIKHBallHC !la,ll,a!Oruero HOHa, H3MeHe­
HHH 3HCPPHH CBH3H H peJJHTHBHCTCKHH 3$~CKT ,!l;JIH 3JICKTPOHOB 
aTOMOB MHmeHH, 

Pa6oTa B&moJIJJeHa B flafopaTOPHH HeHTPOHHOfi ¢H3HKH OHRH. 

Coo6uteHHe 06J.e,llHHeHHoro HHCTHTyra RAepHblX HCCneAoBaHHH. Jly6Ha 1986 

El-Ashry F.M. et a1. 
The K -Shell Toni zation of Heavy Elements 
Tnrluced by Low Energy Protons 

El4-81i-388 

The K-shell ionization cross sections, aKt' have been 
measured for Nd, Sm, Tb, Tm,and Ta targets for Incident pro­
ton Pnergies of 2.11 t..leV to 3.8 MeV. The absolute aKI values 
have been determined by normalization to the known Coulomb 
excitation cross sections a r of these target nuclei. The 
experimental results are compared wi til the predictions of 
the SCA, PI-.'RA models including the electron binding, Coulomb 
repulsion and relativistic correction ones. 

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