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Abstract

The measurements of X-ray production cross-sections for 0.5~1.2-MeV proton beam are
carried out on Cu and Au. For this experiment, the proton beam generated from the SNU
1.5-MV Tandem Van de Graaff accelerator is incident on the target. The X-rays and the
backscattered protons from the irradiated target are detected simultaneously by the Si(Li)
X-ray detector and the SSB (Silicone Surface Barrier) charged particle detector. The measured
values of X-ray production cross-sections are compared with other experimental values and
theoretical values such as the PWBA (Plane Wave Born Approximation) and the ECPSSR
(Perturbed Stationary State corrected Energy loss, Coulomb deflection, Relativistic effects)
values. For measured cross-sections near 1.0-MeV proton energy, the ECPSSR (D.D. Cohen
et al., 1985) shows better agreement than the PWBA. Particularly, that of Au for 1.2-MeV
proton beam is 9.69+0.39 barns which deviates from the ECPSSR by less than 5%, and the
experimental data for 0.5~1.2-MeV proton agree with most of other experimental values
within 30%.
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I. Introduction

The study of X-ray was initiated with the discov-
ery of X-ray produced from the bombardment of
electrons on the Pt-Ba Target in the cathode-ray
tube (W.C. Roentgen, 1895). In 1913, W.H. Bragg
discovered that the radiation of the continuous
spectrum, on which the charateristic X-ray of the
anode material is superimposed, is emitted from
the X-ray tube. J. Chadwich (1912, 1913), A.S.
Russel and J. Chadwick (1914), and J.J. Thomson
(1914) performed the first ion-atom collision ex-
periments by bombarding various materials with
energetic alpha particles from radioactive sources,
and explained the process of inner-sheil ionization
from the emission of the characteristic X-rays.
Thereafter a unified picture of theories for the
ionization process was realized by P. Auger (1925,
1926), C.L. Kronig and R.de L. Coster(1935).
Thus it was possible to calculate the inner-shell
ionization cross-sections theoretically by introduc-
ing several approximations. The important approx-
imation methods were the PWBA (Plane Wave
Born Approximation) and the ECPSSR (Perturbed
Stationary State corrected Energy loss, Coulomb
deflection, Relativistic effects) methods as quan-
tum mechanical approach and BEA (Binary En-
counter Approximation) and SCA (Semi-Classical
Approximation) methods as classic mechanical
approach. And these inner-shell ionization cross-
sections can be related to the experimental X-ray
production cross-sections from the X-ray spectro-
scopic data given by W. Bambynek and J.H.
Scofield.

Recently the applied field of X-rays on non

destructive analysis has been activated according
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to the development of the high resolution X-ray
spectrometers. Among these non-destructive
analysis methods, PIXE (Proton Induced X-ray
Emission) method has been highlighted in various
fields of biology, archaeology and geology, etc.
Therefore, further evaluation of the proton-
induced X-ray production cross-sections is consid-
ered to be essential task to improve the useful-
ness of the PIXE analysis.

The present paper reports on the measurements
of X-ray production cross-sections for Cu and Au.
This experiment was carried out for 0.5~1.2-MeV
proton beam generated from the SNU 1.5-MV
Tandem Van de Graaff accelerator. The beam
energy was determined by using the energy
calibration formula deduced from F” (p,a7 )0
nuclear resonance reaction experiment (1). The
X-ray production cross-sections were measured by
simultaneous detection of the backscattered pro-
tons and the X-rays from the target irradiated by
proton beam. And these values were compared
with other experimental values as well as the
theoretical values (PWBA and ECPSSR values)
with the view of being utilized as for the basic
data of PIXE analysis.

II. Experimental Method

The SNU 1.5-MV Tandem Van de Graaff
accelerator was used to produce proton beam
ranging from 0.5 to 1.2 MeV. The beam energy
was determined by the calibration formula for the
proton beam energy versus the analysing-magnet
current deduced from F“ (p,27) O nuclear
resonance reaction experiment (1).

In the measurements of X-ray production cross-
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sections, the energy loss of the proton beam in
the target should be taken into account because

X-ray production cross-sections depend on the

beam energy. These energy loss effects were lim-

ited to the value of 1 % in order to measure
cross-sections of Cu and Au for the incident ener-
-Cu and

-Au samples were prepared.

gy. For this purpose, the 70 ,g/cm?
the 42 ,g/cm?
These samples were deposited on the 6 ;m and
the 3.5 m mylar film backings, respectively. The
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target chamber was constructed as shown in Fig. 1
for simultaneous detection of the X-rays and the
backscattered protons from the irradiated target. It
contained a 95 mm¢ carbon collimator to de-
fine the beam size and a 4 mm¢ brass collimator
to reduce the measurement errors which arise
from the non-uniformity of the beam current den

sity. The proton beam was incident on the target

for normal incidence.

Y-ray
Detector

Detector

Fig. 1. Target Chamber for Simultaneous PIXE and RBS Analysis.

The characteristic X-rays and the backscattered
protons were detected simultaneously by the
Si(Li) detector with a resolution of 175 eV FWHM
at 5.9 keV Mn K. line from Fe-55 and the SSB
detector with a 17 keV resolution for 549 MeV
alpha from Am-241.

These two detectors were located at 45° to the
incident beam line. This simultaneous detection of
the backscattered protons and the X-rays from the
target can effectively eliminate error effects which
result from both the target thickness and the in-
tensity of the incident proton beam. The solid
angles of the Si(Li) detector and the SSB detector
were 14.75 mstr. and 0.3831 mstr., respectively.

Elements(Z) |Transition Energy | w €ar | Eo
(keV)

Cu(29) K. 8.04110.992 109921 1.00
K, 8.907 | 0.995 | 0.994 | 1.00

Au(79) L, 8.49410.994 (0992 1 1.00
L. 9.704 | 0.996 | 0.995 | 1.00

L, 1144310997 | 0997 | 1.00

L, 13.381 {0.998 { 0.998 | 1.00

Table 1. X-ray Transmission and Detection

Efficiency.
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T};e intrinsic efficiency of the Si(Li) detector was
determined by using the data of the Canberra
catalogue (€v), and the attenuation factors( €w,

€.) of the X-rays for the 22 ,m polypropylene
vacuum window and a 7.27 mm air layer were
calculated from the available data (2, 3). These
values are shown in Table 1. The beam currents

were varied between 1 and 10 nA.

III. Analysis of Data and Error

A. Data analysis

The typical energy spectra of the K and L X-
rays produced from Cu and Au by the proton
impact are shown in Fig.2 and Fig.3 with the
backscattered proton spectra.
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Fig. 2. X-ray and RBS Spectra from 69 . g/cm’
-Cu Target for 0.5169 MeV Proton Beam ;

(a) X-ray Spectrum (0.028 keV/Ch.), (b)

RBS Spectrum (12.48 keV/Ch.).

Fig. 3. X-ray and RBS Spectra from 42 . g/ cm?
—Au Target for 1.202 MeV  Proton Beam ;
(a) X-ray Spectrum (0.028 keV/Ch.),
(b) RBS Spectrum (12.48 keV/Ch.).
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Assuming that the L-shell X-ray production is iso-
tropic, the X-ray production cross-section ¢, is

obtained from

o{E)=4r (1)

LQse, ,dor
Tnce lda )
where 1, and . are the solid angles subtended
by the SSB detector and the Si(Li) detector, re-
spectively. I, and I. are the peak areas for the
backscattered protons and the X-rays, respectively.
The latter was obtained by assuming that the cor-
responding peaks follow the Gaussian distribution,
and taking account of the branching ratio for the
characteristic X-rays (4~7). €, and €. are the

detection efficiencies (€.= €pX ewX €.,

d
Table 1). (*(%;*) is the Rutherford scattering

cross-section given by

dos z1z:e° 4 [ zl ﬁ(fl\l\% sinf )2 é‘-i‘cosﬁ r
Cdn )= ae T sintg T
1‘1_(ﬂ? Smﬁ) 3,

where E is the incident beam energy in MeV, 4 is
the scattering angle of beam. Z: and M: are the
charge and the mass of the projectile, Z: and M:

the charge and the mass of the target.

B. Error Analysis

In the present experiment, an error analysis has
been carried out using the following error prop-

agation formula for Eq.(1),
STy

X
AT e

P

I I»
In Eq. (2), the statistical errors, (iI,) and (- 61)

were the main contributors to the results. And
other terms were neglected because the relative
errors were below 1%. The peak area, I, is the

value obtained by subtracting the area due to the
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background, I, from the total peak area, [,. And

the error of the peak area, & I, is

Shw=V (S 1P+ (o Ly= JL+1

As the ratio of Ir to I is less than 0.01, I, can be
neglected. Thus the above Eq.(2) can be rewritten
as

(ﬁ,ﬁ’, %,>:<,1,, 41 )%

[

IV. Results

The experimental X-ray production cross-
sections can be compared with the theoretical
subshell-ionization (PWBA,
ECPSSR) by using the subshell fluorescence
yields, Coster-Kronig(CK) transition probabilities

Cross-sections

and the fractions of the radiative transitions in
each subshell group(8,9).

In the K-shell case, the relation between the
g and the

. . XL
X-ray production cross-section, ¢ .+ 18 given by
X

theoretical ionization cross-section,

6" =wio
A K

i

where @« is the fluorescence yield calculated from
the semi-empirical formula (8),
(@x /(1=an )1 T =0.015+0.03272-0.64x10 7"

The partial and total L X-ray production cross-

sections, va, le, (y=a. 3. 7. ¢) are related

to the subshell-ionization cross-sections, ff\ ,(n=
1, 2, 3) by the formula,

X
O, =lon (E3 +Eafndtapfnto,lelfn

'wsF 4,

X
UL‘z lon(EistEnafasd)toata N

G"l'_"—' [ JAY w,F“ﬁ-(du flz *}'(ILg)wiFl‘

+lopn(fa+f2€,3) 4012508 +0y5)wsFay

0!:, =0y, an Py, + (0L1f11+ [ dunFi,

ofe= ol tof.tols tal,
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Table 2. Fluorescence Yields, Coster-Kronig Transi-

tion Probabilities, Radiative Decay Rates
of Au.

Parameters Theoretical values
w, 0.105
Wy 0.357
Wy 0.327
fiz 0.083
fis 0.644
f23 0.132
F.. 0.747
F. 0.225
F.. 0.799
F., 0.179
Fs. 0.787
Fi, 0.172
F. 0.040
10? —
‘E” T T T
[*}
0
= —— PWBA
bx ..... ECPSS‘R .8
10'f -
@ PRESENT WORK
A ANDERSEN ET AL (1980)
0 A LOPES ET AL. (1980)
0 [0 KOLTAY ET AL (1878) -]
B HOPKINS ET AL (1975) ]
O LEAR ET AL (1973)
16‘0 = 0.15 — 1.lo ]

7.5 50
Ep, MeV

Fig. 4. Total K-shell X-ray Production Cross- Section

for Cu vs. Proton Energy.
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where @, is the i-th subshell fluorescence yield, |,

is the CK transition yield linking the subshell i and
ji%j:i=1,2,3 j=1,2,3), and F_ is the fraction
of the radiation width of the subshell L contained

in the y-th spectral line (8). These parameters for

Au are given in Table 2.

The results of the K and L X-ray production

cross-sections of Cu and Au are shown in Fig.4

and Fig.5, and are listed in Table 3 for the proton

beam energies ranging from 0.5 to 1.2 MeV. The
PWBA and ECPSSR values were given by O.
Benka, G. Basbas and D.D. Cohen(10~12).

2
10°¢ T T v
[
[
L ——pPwBA
F e ECPSSR
| 4
10'F =
[ ]
@ PRESENT WORK
A BAUER ET AL (1981)
R A SOKHI ET AL (1981)
107}~ O MITRA ET AL (1880) -]
1 W LEITE ET AL (19877) ]
s O TAWARA ET AL (1875) -
|
2| N B B |
105 0.5 1.0

75 2.0
Ep, MeV

Fig. 5. Total L-shell X-ray Production Cross-Section

for Au vs. Proton Energy.

The statistical errors of the measured values

shown in Table 3 are in the range of 3—8%. The

measured cross-section values for Cu and Au plot-

ted in Fig.4 and Fig.5 show fairly good agreement
with other experimental data (7,13~21), but the

comparison for 0.5 MeV energy presents certain
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degree of discrepancy and suggests further evalua-
tions for low energy cross-section data. Particular-

ly, the present measurements agree with the

Table 3. Comparisons of the Theoretical Values
with the Present Work for K and L X-ray
Production Cross-Sections of Cu and Au,

Respectively in Barns.

Proton beam Theoretical values
Flements  energy Present work
(MeV} PWBA | ECPSSR
Cu 0.5169 0510£0.024| 143 | 0.858
0.813 335 +0.06 | 563 | 3.92
1.003 640 £0.18 | 101 7.42
1.202 108 +08 160 |124
Au 0.5169 0.494+0.039| 101 | 0583
0.813 287 £0.15 | 399 | 39
1.003 687 £028 | 7.04 | 557
1202 | 969 039 | 111 | 923

values of R. Lear et al.(13) and S.K. Mitra et
al.(18) within 5% deviation for 1.0-MeV proton
beam. Compared with theoretical values near 1.0-
MeV proton energy, the ECPSSR (D.D. Cohen et
al., 1985} indicates better agreement than the
PWBA as shown in Table 3. Particularly, the value
of Au for 1.2 MeV proton agrees with the
ECPSSR within 5%. Also, Fig.4 and Fig.5 show
that the trend of the variation of measured cross-
sections js very similar to that of the ECPSSR and
PWBA curves.

V. Conclusion

As mentioned above, the results show that the
measured values of Cu and Au for 0.5~1.2-MeV
proton beam agree with the ECPSSR values and
most of other experimental values within the error
band of 30%. And the trend of the variation of

J. Korean Nuclear Society, Vol. 22, No. 2, June, 1990

experimental data is very similar to that of all the
compared values. Thus it is concluded that these
data can be utilized as the basic data of PIXE
analysis for 0.5~1.2-MeV proton beam within the
20% uncertainty. ‘

To improve the present work further, the im-
provements of the X-ray detection systems, further
evaluations for low energy cross-section data, the
stabilizations of the accelerator operation, and the

increase of the beam energy are required.
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