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1. INTRODUCTION

This paper is an extension of our experimental studies of
the K -shell ionization of high-Z elements induced by heavy,
charged particles. In these investigations, we apply the method
proposed by Celler et al/l oOriginally this method assumed
measuring cross sections ogr for the K- -shell ionization rela-
tive to the well-known cross sections o for the Coulomb exci-
tation of deformed double-even target nuclei by protons. Such
measurements for the 64Gds o, W, goTh and 4,U targets were
described by Celler et al. /ﬁ Hornshdj et al/ 4 and Goclow~-
ski et al.’3/ In the study by Pfuetzner et al.’/ this method
was extended to the odd-A nuclides: 165H0, which exhibits nuc-
lear deformation, and 187a, with the nucleus of a rather sphe-
rical shape. 7

The present work describes the experimental cross 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 lo-
wer proton energies ((0.8-2.6 MeV) ref./5 ).

The accurate knowledge 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
mechanism and the inner shell ionization process. On the other
hand the accurate cross section data are very important for
quantitative analysis of elements in various kinds of samples
(PIXE method/8/),

2. EXPERIMENTAL METHOD

The proton beam was produced by the EG-5 Van de Graaff acce-
lerator at the Laboratory of Neutron Physics of the Joint In-
stitute for Nuclear Research in Dubna. The beam was collimated
to 4 mm in diameter before entering the aluminium target cham-
ber. The target chamber was electrically insulated what per-
mitted 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 perpendicularly
with respect to the incident beam. The target thicknesses were
2.3, 1.8, 1.9, 2.4 and 2.5 mg/cm 2 for Nd 05, Smy05 ,Th03 ,
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Tm,O, and Ta respectively. The Nd, Sm, Tb and Tm 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 L, -rays) and
a 25 pm 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 placed at an angle of 125° with
respect to the incident proton beam direction. The HPGe de=
tector was calibrated for energy and efficiency by placing
y-sources of 1333,, 152, and 169Yb in the target position.
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 1 presents the relative efficiency curve of the

used. HPGe detector.
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Fig.1l. HFGe detector relative
effictency curve.
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A gilicon -surface barrier
detector Si(SB), located at an
angle of 150° with respect to
the proton beam and at a dis-
tance of about 15 cm from the
target was used to detect the
protons that were elastically
backscattered from the target
nuclei. The spectra of the
backscattered protons were
used to determine the thickness
of the targets and the effec-
tive energy of the protons.
The effective energy we de-

: - 1
fined as Egee _Ep—-é-AEp,

where E, was the proton in-
cident beam energy and AE,
was the total energy loss in
the target.

Proton beam current of the
order of 150-200 nA was ap-
plied. The total charge col-
lected during irradiation ran-

ged from 0.5 mC 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 /Y the errors arising from the target heterogeneity,
beam instability, etc., are negligibly small.

The backscattered protons and X-y ray energy spectra were
recorded simulatenously in the multichannel analysers system.
The photon spectra induced 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 oy; 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/V;

IKx
= Po,,
Iy(l + aT)(uK

(4
KI

where Iy, is the total intensity of all K, -ray lines from the
ionization of target atoms corrected for the detector efficien-
cy and for the contribution from K conversion of all gamma
transitions in all isotopes of the investigated element(%]qyaKL

I, 1is the intensity of the Y -transition from the Coulomb
excited level in the target nuclei corrected for the detector
efficiency and angular distribution, a; 1is the total internal
conversion coefficient for this y -transition, wg is the target
element K -shell fluorescence yield and p is the percentage
atomic abundance of the considered isotope 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 IZ.

The Coulomb excitation cross section ¢, can be calculated
with the application of lowest order perturbation formalism
given by Adler et al./7’

X Aoe R
9 "= CpaEuev (Eyov= ABYyey)  BENIL, (3, 8),

where: Cgy = 4.819(1 + Ay/A ) ZAI/ZS barn (for A = 2), A, A
Z,y, Z, are the mass and atomic numbers of the projectile and
target, respectively; AE“=(1 + A /A ,)AE | where AE is the
excitation energy of a given level, The reduced transition
probability B(EA is measured in units of e2?bp2, The function
fga(n; &) 1s defined and tabulated in paper/7?/ For E2 excita-
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tion the angular distribution of the y -rays is given

/17

WO) =1+ a8y £A P, (c0s0) + ag2(y, &) AP, (cos0).
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For ¢ '= 125° the P,(cos 0) =0and a small correction proportional
to P, (cos §) must be introduced to isotropic distribution of the
y-rays.

To calculate the o, values,
nuclear transitions in those is
target,

one needs information about the
: otopes which are present in the
For studied targets the experimental information about
the reduced transition probabilities B(E2), total ag and K-~
shell a, internal conversion coefficients are presented in
Table 1 together with respective references. The uncertainty
of the Coulomb excitation cross section o, is determined mainly
by the uncertainty of the reduced transition probability B(E2)
and Fhe projectile effective energy of the incident protons.
First order perturbation procedure is sufficiently accurate
bec§use‘ the probability of double and higher order Coulomb
excitation by low energy protons is negligibly small., In 189p,
nuClel.lt 1s necessary to use the multiple Coulomb excitation
formalism. This follows from the fact that an excited level with
a very low excitation energy (8 keV) exists in the thulium nuc-
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Compilation of the literature data on the relevant target isotopes
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Table 2 (continued)
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Table 2

Fxperimental and Theoretical Cross Sections for the Proton—
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leus and this level becomes excited with high probability even
by low energy protons and thus double excitations with this le-
vel as an intermediate state must be considered. The multiple
Coulomb excitation calculations in paper/5/ were performed

using the computer code GOSIA written by Czosnyka et al.’/8/ The
results obtained for 189y with the use of the GOSIA code differ
up to about 257 from those found from the perturbation treat-
ment, In the present paper for calculation the Coulomb excita-
tion cross section 0, in Tm nucleus we used ohly the first order
perturbation procedure’/?/ The calculation using code GOSIA will
be performed later.

All applied proton energies are much lower than the relevant
effective Coulomb barriers for our projectile - target systems
and thus the nuclear interaction effects are completely negli-
gible.

The numerical results for Nd, Sm, Tb, Tm 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-—
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 also syste-
matic errors of wg (~2%Z), B(E2) (1+5%), ag (2+37), detector ef-
ficiencies (~4Z) and uncertainties of several keV in proton ef-
fective energy. These contributions have been quadratically ad-
ded to the standard deviations of statistical errors (-4%), and
thus the final uncertainties quoted in Table 2 are not purely
statistical in their character. Table 2 contain also the mean
values of the measured KB/Ka ratios; these ratios agree with
the values presented in the paper of Bambynek et al’/®/

.

4, COMPARISON WITH THEORETICAL MODELS

We have compared the experimental K -shell ionization cross
sections with theoretical predictions calculated 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.’/18/ The effects of the change of electron
binding, Coulomb retardation of the projectile in the target
nucleus field and relativistic electron velocity are treated
here as corrections to the straight-line, non-relativistic SCA
calculations. )

The PWBA model is applied in two different versions. The
first one we have used is the Coulomb Perturbed Stationaty State
Relativistic (CPSSR) model. Tt was developed by Brandt and co-
workers (Basbas et al./!”/ and Brandt and Lapicki/18/). We have
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decided to use the more realistic (Kocbach et al.’1%/) Coulomb
repulsion correction of Anholt’/2/ instead of the original one
of Basbas et al.”!”/ The second PWBA version is referred to as
ECPSSR and it has been taken from the recently published tables
of Cohen and Harrigan/214This model has been developed by Brandt

6y (mal

SCA-LAL
—.— . — ECPSSR
—— —— CPSSR r

0 ' P ) 1] — n * 20 ! 35 * vl
Eurr [MeV) Eqpp [MeV1
Fig.3. Experimental K —shell ionization cross sections
for Sm, Tm, Nd , Tb and Ta versus effective proton
energy. The solid, dashed and dot-and-dash lines refer
to predictions of the SCA-LAL, CPSSR and ECPSSR models,
respectively. Dots - the present work, crosses — the

Warsaw data’/%/. Open circles - the’Tm data with multiple
Coulomb excitations’5 v

and Lap%cki/lgﬂz/and includes also the projectile energy loss
correction, which is not accounted for in two previously men-
tioned models. The so-called reduced PWBA universal function F
%s for the first time calculated performing the proper double
integration with exact limits. Thus the tables of Cohen and
Harrigan’®’/are actually a masterpiece from PWBA point of view.
The predictions of the SCA-LAL, CPSSR and ECPSSR models are

list?d 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 all three considered

models together with our data for Nd-, Sm, Tb, Tm and Ta targets.

T@e sxperimental data obtained in Warsaw for lower proton ener-
gles/ 5,24/ are also presented in the figures. It is seen that
all theoretical models agree in general with the experimental
data. The accuracy of our mesurements does not allow us to
9hooig between the models. But it seems that the 'SCA-LAL model
1s slightly better (for the studied proton enerey r

n
the others. ’ By range) than
. The agreement between the SCA-TLAL theory and empirical data
is ev .. . . .
S even better visible in fig.4 where the gﬁfpﬁﬁgAfLALratlos are

plotted in the linear scale versus the effective proton energy.

It'is worth noting that the agreement between theory and
experiment for o,Tm target is possible only if the multiple
Coulomb excitation procedure is applied for calculation of the
reference o, cross section. These calculations were performed
only below 2.6 Mey/5/

We also compare our data
with earlier results reported
by Divoux et al.”2¥ and An-
holt /®/ Those data were ob- — ]
tained by a standard experimen- ®
tal method where the Ruther-

] T.
ford backscattering cross sec- ;%T_ t*+uL{J—L#J—Li—*i—L

tions were considered as the “ 1
reference cross sections. Com- ul { +| r
parison is possible only for 12r *+ +{ +4* i{ ‘
Nd, Sm and Ta nuclides and is 3

3

i ]

. ° 4 "
- 10 %
oy +

F@g.4. ghe gatio of the expe- u H sm
rimental and SCA-LAL model ur B4 gy #Q 4
predicted K -shell tonization ‘t__“hug trt HAY
cross sections for Nd , Sm , £ 1
Tb , Tm and Ta Versus effective .

. Nd
proton energy. Dots - t} - (el -
gy. Dots 1e pre m._nm}ui*q4++ﬁ1+ﬁ4+#4+#4—k__
* i : e T —

sent and Warsow work. Crosses -
Egpr [ Mev]

=

Divoux et al. 28/ and Anholt /20/

L. . . ex SCA~LA . :
displayed in fig.4 where the UKIp/aK EAL ratios are plotted

for both our and those of Divoux et al/2¥ and Anholt/20/re-
sults. The agreement between these independent experiments
1s quite good.
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Ens—-Ampu &.M. u op. E14-86-388
HoHusauus K —0GOMOUKH THAXKEILIX SIIE€MEHTOB
NMPOTOHAMHU HHU3KHX 3Hepru#

H3Mepanuchk CeueHus HoOHU3alUMH K -o06orouku oy BNA aTOMOB
Nd, Sm » Tb , Tm u Ta npd BO3OYROEHHH HX NPOTOHAMH C sHep-—
rueit or 2,6 go 3,8 MsB, 3naueHuss ceueHHit Ogp NOJy4alluCh nyTeM
HOPMUPOBKH BLIXOOOB XapaKTEPUCTHUYECKOIO0 PEHTreHOBCKOTOo HU3Jy-
yeHUa K —~0B0NOUYKH K H3BECTHbHIM CEUYEeHHAM KYJIOHOBCKOTO BO3BYX~
OEHUA [JIA ATUX %€ ajep. [lonydeHHsle pPe3yNbTaTsl CPABHUBANUCH
C TeopeTHYECKHMH paCueTaMd B MOJIyKJIACCHUECKOM TIpHBIHXeHUH
(SCA) u GOPHOBCKOM TNpPHOIUAEHHH TJIOCKHX BOIIH (PWBA) C yueToM
TMOTNPaBOK HA KYIOHOBCKOe OTraljKuBalWe [lafnanmero HoHa, UsMeHe-—
HHUA 3HEPrHH CBA3H U PEeJIATHUBHCTCKUI sddeKT Ins 3I1eKTPOHOB
aTOMOB MHUMEHH,

PaBoTa BuinonneHa B JlaGopaTtopuu HeliTponnHoil dusuxu OUAHN.

Coobuetine OGbeIHHEHHOTO HHCTHTYTA RAEpPHBIX McChenosanuii. [dy6ua 1986

El-Ashry F.M. et al, . F14-86~388
The K -Shell Jonization of Heavy Flements
Induced by Low Energy Protons

The K-shell ionization cross sections, ogyyhave been
measured for Nd, Sm, Tb, Tmyand Ta targets for incident pro-
ton energies of 2.6 MeV to 3.8 MeV., The absolute oy; values
have heen determined by normalization to the known Coulomb
excitation cross sections ¢, of these target nuclei. The
experimental results are compared with the predictions of
the SCA, PWBA models including the electron binding, Coulomb
repulsion and relativistic correction ones.

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