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Fig. 1. (a)The schematic of experimental setup; (b) photograph of experimental setup.
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Fig. 2. The X-ray detection efficiency of the SSD detector.
The positions of the characteristic X-ray lines for Al, Ti, Zr,
W and Au are indicated by the open circles. The solid line
represents the theoretical values calculated based on the de-

tector’s parameters.

105 £ W, La — Experimental X-ray
W, M l W, Lg spectrum of W
l -- Bremsstrahlung
W, L1 Ly background
104 |
)
-
a
3 108
&) 103 g
102
10t 1 L L L .
0 5 10 15 20 25

X-ray energies/keV

Bl 3 27 keV HL T A JE W AT filf 48 7 AR (9 S5 3% (5K
£:) 5 PENELOP B4 ) 808 G A3 (B 4R)

Fig. 3. The experimental spectrum (solid line) and the
bremsstrahlung  background spectrum simulated by
PENELOPE (dashed line) produced by 27 keV electron im-
pact on thick W target.
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Fig. 4. The geometry used in the PENELOPE simulations.
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Fig. 5. Solid circles denote the experimental characteristic X-ray yields of thick targets at different incident electron energies. Solid

curves represent the results of Monte Carlo simulations using the PENELOPE code. Dashed curves are the scaled results of Monte

Carlo simulations by scaling factors that are given in parentheses. The insets show the schematic of experimental geometry.

RS BEMEI R AR, HS Li % P9 R
Lo, 78 SO AR SE g0 S5 A UE AT & B &L X T
W, Au ) Lo, L3, Ly, AT XSS 52565 7™ & A B
JEE B A e T R D/ IN T IS AT 3, 553k [25) Th4h
I W, Au 9 Lo BCHEAH L, BAR 7 = RE ity S5 45
FOEL s 25 W AT BG R, (HLEAR R BAT) S A SO R 8%
FFFE. SCHk [26] [FIEHA T WY La, L3, Ly 52
B PR, Hodh 1B, Ly A9 SEIR (A 5 AR SO SE 5
B AE S B B R B TR R — Bt
Lo FIEHERS A 25 57, BB A TAVERAS 1 5250
{H 5 5 R~ D BMEART A R B o .

3.3 [ERRMEmIRE S

UTARSR, SRR AR AT AR AL T N e 2 L R
AR AT i A AT Y 00 55 22285738 A, X
JEEHE A BT RS R 4 LU B AR AT ) T B
FH. AR SO R 0 JEERE X SR P A AT A2, X T
HL Rl AL, ST I N R 1) ASFH 7R
FEdh b iz gl BRI 25 18P Hal B 2000
2) 22 W B R SO 1 AU O B STk, aT
LG H TS0 AP E 15 RS A A 58 LS AR RFALE X SF 2R

FERR Ny Ui [220;

Nx (Eo) _ Na 2 /E
= —— E
Io A ), X
a E *
s e’ sd(%*) dE
Xexp —/J,X @, (2)

Hrp, B, M ASHETRER, [, WASK T, Ny
B[ AR AMTE L 5 E, A MR B 4L, e02/4n 4RI
B ox A RFIE XS 2 AR R I B RS R I,
ux RS PIRRAE X 4R 0 IR R B, S(E) M
JEHEBH LA, o g ASPRFJ7 ) SRR R L
[ IS, B X SHERERMEST7 10 SRR LZ
[ e . W TASCRY SRR E, o = 45°, 3 = 45°.

FRIE X SRR TOIRA S BT KRBT
FOCT S5 B EAE, A3Cf ] PENELOPE
R T PR O T &3040 0 BURHIE XS4 4
FITTHR: 1) o = 45°, B = 45% 2) a = 0°, B = 45°,
5 (2) BT RN RIIT T X . R
(2) Wl I R F ot R 240 NS 2 B L BT
R R BT B R AR $E L ) PENELOPE
B, THEA R 6 FE 7 k.

133401-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 13 (2020) 133401

M 6 AT LLE ), XK ZI0E Al Ti, IRK
L RO 7 B A o A S 1%2%; TR
Zr ) L)z, Zorsk A & 1%—2%, Bl R
X B e, B Zr 19 Ko M KB, 1% 5iRkRi 2
HRE 17%—20%, 2B 5 B RE A S ; X
ZICER W, Au ) L JZRPHEFHNGF s S

—
=)

(a)
® Total
8F o Primary incident elecrons
A
<

Secondary electrons
Photons

6 Based on Eq.(2)
Al K
4k
45°
2r 45°

Y(E)/10~* photon-sr~!-electron—!

0L ¢ & & & &6 6 & 6 6 6

10 20

Incident electron energies/keV

n 12
s 1
£ 100 o Total s
3] . L
9 O Primary incident elecrons
¥ gL A Secondary electrons
n < Photons
] — Based on Eq.(2)
& 6r
3 Ti, Kp
3
< 4r o
2, 45
» )
o o
S 45
~
B or S 00606 64 64 o 6 4
S~ 1 1 1 1 1
10 20 30 40 50
Incident electron energies/keV
n 2.0
5 ()
i) ® Total
g 15} O Primary incident elecrons
T.J A Secondary electrons
7 ¢ Photons
Y —— Based on Eq.(2
2 1.0 @
% Zr, Ka
<
& 05f 45°
T
<
2 45°
~
g of a
T . . . .
20 30 40 50
Incident electron energies/keV
n 2.5
£ (8) .
E 20F ® Total o
9 O Primary incident elecrons
¢ A Secondary electrons
n 1.5 < Photons
g 2 — Based on Eq.(2)
g W, L
3 o
é 1.0
2 45°
TO 0.5 F 45°
= ol
~
o 3
2 ot 3o ao 28 R by 2
>~ L 1 L 1 L
10 20 30 40 50

Incident electron energies/keV

L2k 7% 10%. HXT&ITTRNS 2N S, AR
T AGTRERIGIN, 1% LB KBRS, S8 X L
K6 fE 7T LA B, 6T T A R,
BIYE a = 0°, B = 45°B), SE T (2) Wit
R S5 RP IR AR
(D) FFEREEMRT o = 45°, B = 45°A

i 10
g (b) 8
= gL ® Total
3 O Primary incident elecrons
T..) A Secondary electrons
7 ¢ Photons
5 6 F — Based on Eq.(2)
g Ti, K
i, Ka

S 4r
= 45°
*

2r o
2 45
~
S 0 S GO OO G0 < & o]
>.4 i L L L L

10 20 30 40 50

Incident electron energies/keV

T
g 4@
E ® Total
9 O Primary incident elecrons
@ 3| A Secondary electrons
n <  Photons
& — Based on Eq.(2)
5
S 2F Zr, L
£
2, 45°
Tt >
S 45
=
I O S
S I I 1 I
5 10 15 20
Incident electron energies/keV
n 3.0
5 (f)
5 2.5F e Total
8 O Primary incident elecrons o
?_3 20k A Secondary electrons
I . ¢ Photons
I — Based on Eq.(2)
o L5F
g o Ir Kp
< 1.0r
o, 45°
7 { ,
L <
=] 0.5 15
=
& or A
I~ . . . .
20 30 40 50
Incident electron energies/keV
n 2.0
5 (h)
B e Total °
<9 1.5+ © Primary incident elecrons
@ A Secondary electrons
n ¢ Photons
& — Based on Eq.(2)
s 1.0f
3 W, L
£
2, 45°
T 05f
2 45°
= o
B ot e e &% R R A
>~ 1 1 1 1
10 20 30 40 50

Incident electron energies/keV

133401-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 13 (2020)

133401

n 2.5

5 (i)

= 20k ® Total °

8 . O Primary incident elecrons [¢]

T_.) A Secondary electrons

n ¢ Photons °

5 1.5F — Based on Eq.(2) o

g

s 10} W, Ly

<

o 45°

i i ,

0.5

2 45°

~

o <

2 4t s a0 & R R A

>1 L L L L
10 20 30 40 50

Incident electron energies/keV

D

g (k) °

2 12t o

B ® Total

9 O Primary incident elecrons

¢ A Secondary electrons

n < Photons °

% 0.8 — Based on Eq.(2)

g R

8 Au, Lp

2

2 04l 45

T L—»

2 45°

P ° ©

B9 2 KK A A

>~ L L L L
10 20 30 40 50

Incident electron energies/keV

T

g 20 @)

2 ® Total .

8 O Primary incident elecrons o

?_3 1.5} 4A Secondary electrons

N ¢ Photons b4

[ — Based on Eq.(2) °

2 1.0F

8 Au, La

=]

<

o, 45°

v 05

S 45°

= ° ©

B of o ae 28 R X A

T . . . .
10 20 30 40 50

Incident electron energies/keV

7 L

g 2.0 1) °

g e Total °

9 O  Primary incident elecrons

¢ L5F a Secondary electrons

n ¢ Photons

& — Based on Eq.(2) °

S 1.0F

% Au, Ly

< o

2, 45

T 0.5F

] 45°

~

8 g N

32 0 ag &% R A A

>~ 1 1 1 1

20 30 40 50

Incident electron energies/keV

6 o =45° § = 45°M i1 PENELOPE T3 g9 45k X 26 7 8 (2.0 8 ), He bl | 0 s 7 it 88 STk s =5 B R B, IR
K FHETTIRERR SO ZMAE, BIEERSDCF ok a0 . TR IR (2) TR AR 4Rk E A TR L R
Fig. 6. In the case of @ = 45°, 8 = 45° the solid dots represent the total characteristic X-ray yields calculated by PENELOPE,

which include the contributions from the primary electron ionization (hollow circles), secondary electron ionization(hollow triangles)

and bremsstrahlung photon ionization (hollow squares). The solid lines are the characteristic X-ray yields calculated by Eq. (2). The

insets show the schematic of calculation geometry.
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Fig. 7. In the case of a = 45°, 8 = 45° the solid dots represent the total characteristic X-ray yields calculated by PENELOPE,
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insets show the schematic of calculation geometry.
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Abstract

In this paper, pure thick Al (Z = 13), Ti (Z = 22), Zr (Z = 40), W (Z = 74) and Au (Z = 79) targets are
bombarded by electrons in an energy range of 5-27 keV, and the experimental thick-target characteristic X-ray
yields of K-shell and L-shell, the X-ray production cross sections and the ionization cross sections of inner shells
are presented. The present experimental setup and data processing are improved, specifically, a deflection
magnet is installed in front of the X-ray detector to prevent the backscattered electron from entering into the
X-ray detector, and the bremsstrahlung background spectra calculated from PENELOPE Monte Carlo
simulations are used to deduce the net peak areas. The X-ray detector used in this experiment is the XR-
100SDD manufactured by Amptek Inc. with a 25 mm? C2 ultra-thin window which can detect the low-energy x-
rays down to boron Ka line (0.183 keV). Standard sources (**Fe, >"Co, 1¥7Cs and 'Am) with an activity
accuracy range of 1%-3% (k = 2), supplied by the Physikalisch-Technische Bundesanstalt, Germany (PTB), are
used to perform the detector’s efficiency calibration, and in a low-energy range (< 3.3 keV) the efficiency
calibration is accomplished by measuring characteristic X-ray spectra produced by 20 keV electron impacting
various thickness solid targets (i.e. by the characteristic peak method). The uncertainty of the detector’s
efficiency calibration obtained in this paper is ~1.6%. The experimental thick-target characteristic X-ray yield
data with an uncertainty of 1.7%-6.2% are compared with the PENELOPE Monte Carlo simulations, in which
the inner-shell ionization cross sections are based on the distorted-wave Born approximation (DWBA)
calculations, and they are in good agreement with a difference of less than or ~10%. According to the measured
thick-target characteristic x-ray yields, the K-shell ionization cross sections for Al, Ti and Zr and the L-shell X-
ray production cross sections for Zr, W and Au are also obtained with an uncertainty of 5%-8% (except for Al
due to large K-shell fluorescence yield uncertainty), the difference between the experimental and theoretical
data is also less than or ~10%. Moreover, by comparing the thick-target characteristic X-ray yields obtained
from the analytical model and the PENELOPE Monte Carlo simulations at the electrons’ incident angles of 45°
and 90°, it is found that the degree of agreement between the results from the analytical model and the Monte
Carlo simulations at the incident angle of 90° is better than at the incident angle of 45°. Moreover, the
contributions of the secondary electrons and bremsstrahlung photons to the characteristic X-ray yield are also
given based on the PENELOPE Monte Carlo simulations. As for the elements studied in this paper, for the low
ionization threshold energy, the contribution of the secondary electrons is ~2%, and however, for the high
ionization threshold energy, the contribution is ~10%-20%. These contributions depend weakly on the energy of

the incident electrons and show that these contributions are closely correlated with atomic number.

Keywords: characteristic X-ray yields, atomic inner-shell ionization, characteristic X-ray production cross

section, Monte Carlo simulation
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