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FKAERAEMNE(XEERFE AL Ti, Cu, Ag,
AMTTEKEEREHAS LEE
YFE X St =E48E

e

RHE T

ZAT

(WK, SRR ARSI, SEST s R AR R s, i 610064)
(2022 4 1 3 23 HE); 2022 4 5 1 11 BENE )

i 5—27 keV fig 5 38 [l P 1 B RE FR F BRSS9 AL (Z = 13), Ti (Z = 22), Cu (Z = 29),
Ag (Z = 47), Au(Z = 79) 48, (i FRE A% RUERI 2% (SDD) W4k 7™ A= 4R 1E X B4k, Ml T AL Ti, Cu f K 5%
JEHE I LA K Cu, Ag Al Au i L 722 HREAFE X FER 0™ A 80, IF B 5% R 2 PENELOPE F2 7 %) 52 55
GERHEAT VB IE. ARSCE T Cu il L 72 )2 RRAE X5 2™ A= B0 . 55 21 A 0 18 1 Ml 35 3% B L (semi-relati-
vistic distorted-wave Born approximation, DWBA) Fig {HAH b, A8 SCHY K L EL K H7E 7% B8 [N 5 3
EAFA. BRI, B ICZ Y L 70 H B i B35 LU R M I 10 ST B 806 15 0RS B 4 0 <

G ST NTIR A, BRI X ST, I, SRR PR

PACS: 34.80.Dp, 02.70.Uu

1 3

ST 5 80 A AR A R S e A
PEFIAE SRR, 5 AT RE R TR N %
ZHTFME RN, Nt Z2ETakAERE, JM2
FL T[] N BLRR 25 70, DI AR ST RHIE X 526, 9T
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FEL B AT 5 PP T AR AT (electron-
probe micro-analysis, EPMA) . [& {4 3 [f & &k #1
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S FO2A T REMBIE. 1926 4F, Bornl
P TR RIS, ISR Ik
TR DR REA SR I EUN R . Z 5, 7E 20
LAV i = AW SR A 20 ERONIAE G WS R 1} 2 38 i
{8l (plane-wave Born approximation, PWBA) X}
A - S RO B A T ORI 1]
VT I FRVSTE 5 BB L A R AR BRAE 45
TRRY AR S . ISR, AR S AL AR /N
ASTRERE 55, PWBA HUE K /N BE o #
BT AR AR 2 45 . SR1T, PWBA BRSFEA S T
RES BRI, (AR TR R N2 i B RE), 153
25 R 5 92 2 3 A TR R LU A 22RO X2
Ko PWBA A i FJ2— gt Blie, A 2% &5
J 5% NS L B PR B0 . A L T AR Al T
ZIB] A SSHRARUN, LA S S - B ST IR R A
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FREECIEIE (PWBA-C), ik 1 (7. IEFT)
Rl A0 i 1) K 702 B T R T
Fktk; SRJ5 X5 Ochkur SRR HE T35 B 72
AT TR EH A AR (PWBA-Ex), M4t
T A AR R AE 4B A 1 1) T 3 R
ISR (PWBA-C-Ex).

HUAE 20 At = AR, A 2= R T L
I (distorted-wave, DW) 3z Ik b 3 B HUH 7]
. AJE DW AT Bt — 25 (W A 1
LM ST IR A R PW ORI R K
iR2E. Bk, BESEHERBTHEALH S,
NATA F T XA AL S8R O R, —SEfff oy
N GUR T8 BUE AL, (distorted-wave Born
approximation, DWBA) g IR H Tk Z H
o B TR A A 8100 YE e TRy a1t
A —E %A ANKJR—A5E8 0 DW HIg H LA B
M- JR B 2R R R L 3 21 ey
M}, Seguids M 17 ¥H DWBAR AL FH - M 5
T 5T 2 L B A SR T . R A DWBA
R SRy TR, MRORJE Z S T H A AC 40 AL
(RIS . Segui %5 1 AT Colgan %5 12 3 il H i
EAIXHEFIAIRHE DWBA BE % & T ASHS Hi5
HL U PR SZ 3 8 T3 B VR FH 5 S A9 L i 255007
FIASHALNL. Segui 45 1] {2 AHXTE DWBA £
T A SR T ShAELE 10 175 e 2 B AE DL R A0 1
. HE B PR T B TR A AR Y N e 2
P 5 ) ol o A RS AT ) AR SR S B
e 10% ZEA LAAREE T ARSI —EhE. Colgan 4512
FHAXT1E DWBA #iHI X} Mn, Fe, Ni, Cu 1Y K /2
FL S T Y TSR R S D (A A AR 4, %
W ) L 52 )2 f B A A 343 45 SRt AR A S 0 R
2GS S BRI L, AT TR
558 DWBATFE S RLA L, HXHE DWBA
TS 526 I 25 SR — B 4 12, 25, Bote
Al Salvat!™¥ 254 PWBA 5 DWBA g, 2 T
— R E R, AT R R B SRR
2 AU BT e 114 P B A A (S X o S AR A T
— N FRIE LAY K, LA M 522 B B
B, RERVEE R 1 GeV, ILRLFMNH (Z =
1) # BEs (Z = 99).

TESZES )7 1, 2014 4F Llovet %5 14 X4 5% K,
L, M 582 B B AT -S54 X2 e A 4 i 0 0
SESTHRITRIT T RGN, X SLg A

ST HA L IR T T RS 500, EAMIA R
FN5e)2 B ISR R ORA TR, K 782800 i
Z, LEZ R0, M2 RS T L. 1981 4F,
Shima Z& 1 IR T A FREEN 1.03—2.2
fHHEE IR T Au 1Y Ly TH50/2 R0 F Bk, 1983 41,
Shima 45 19 X AFHMKAEH F (<30 keV) 44
BRI TR Z LR (Z = 50—82) Y La T5¢
2 X S0, 75 Shima Z A, 1R/ f 1+
R L se)z X S8t (22l K 5t
JZ)E AR, Llovet 55 07190 fifi HIRAEHL F (JL
FJL A keV) AGFHEA T C FF IS Ay 8 0 sl 4 2 4
W T Z=6—82 ZMZFILER K 72)ZH Bk
s L 724 X ™4, LUK Pb ) M 52)2
FRAE X ST r= AR . 2016 4F, Qian %5 20 i T
— i ph 22 J2 M HES R 40 K A5 B4 5] A B e A A
SIS TS I T ALY K 582 HL B ki A W
M) L, M 52)2 X Sk, 45585 DWBA #
WA BT, i, Liang 25 21 SR 1SR 4 )7 e
HWIE T 49 keV IEH FRESE ALK K 522
HL BRI BNk, K 5 L B R I S S B
WHMF B8, L 7o L B ff FRHIE X 2™
A SR SIS EAT S 1A e N, Feil
P HEILE (W Ga (Z = 31), Ge (Z = 32)
1 As (Z = 33))2229

20 th28 K, FEARMF T 4 R AR 5T,
FHEARE FL SRS AT G RE  5 3, Dt 1 N,
Cr, Cu M1 Co 09 K 57¢)ZH BRI 242 | 1 JL4F, Zhao
8 22627) A X FP 354 T In, Sn, Te, Os,
Ir, Pt 50 R 1Y L Al M 72 255 1F X 4k = A 3
T e T A G VR L ) ksl B T i ) S A R
afg AT JPC TR %) PRI, E 5 X A G FE T AE SR IC
AU, DLRCE R I A R B R SY
M TBIE. Zhao %5 22621 B IEJE 1 L A1 M 5%
JZRHIE X P A iR T AR 1R 22 Ve N 5 DWBA
M PWBA-C-Ex BUBHAT S 1584 78 2009 4F K&
Z 5 R A3 AT AR, AR /NS R A R L
WAl 4 8 R 7k 53 O R Rk
vt SR PR AN S, 3l T JERE T £ D B R RN 15
225 ). Zhu 55 28 Zhao A P Wu 4% BU 14
IR A U RSl ] i g T Al 4 SR R AR Y O
T Al Si, Ti, Zr, Ag, W, Au, Pb, Bi It
FRIE X G2 . AT i RE A L B B RE Y
5—6 fif if, X JEE S0 D7 A i R 2R KL
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Z ICERJET 1 582 B SRR X Sk R
AT F10) S B00H5 2 AT LA S 305 e 0 e ] 8 7K P

AT HERE Y J7 1k AR B Y 2 PRI, (AT LA
HREG ST DY SR BB R IE R B Bl 4
TR K, A SCh 2l AT AR T . 5
Hb, AR P A 1Y SDD £, AT LA
FHREICE M L SERHIE X SR A akim (nAs e
W5 Cu JoR). A THEEE TR (527 keV)
NG C(Z = 6) #IRHEHE R 7k, T AL(Z =
13), Ti(Z = 22) Ml Cu(Z = 29) 1Y K 72 L B
i, L& Cu(Z = 29), Ag(Z = 47) Fl Au(Z = 79)
1 L 72 J2RAE X i A 8. 7EE 5845 R
P AU ¥ PENELOPE Xt A Gt it F 3817 75 Hicht
HE2WHSHNAE EZ )5, B ss R 5 DWBA
PO H AT T X LGS BT, A SCHS 2 19 A 2R S g e
®, % 37972 PENELOPE Fi4ll, 55 4 752 S0 45
5T, 5B 5 I T 4.

2.1 SLIGEE

ARSI R RS B Li 46 B2 (AT, s 1
iR, PR (MR 40 mm, &5 69 mm, BEJE
5 mm) , IR %45 B e st RERHM U Ay
AR (PRRHMY) 427719 KYKY-2800 B A4
- W/ER (scanning electron microscope, SEM)
EZSHIE D B2 BNV 3x 1073 Pa. HAEHL T
R AR IR 22 A S ok S HL
FR | SR AT R AR R TR L, &

HHE

i 5 S SRR 45O Y R A TR R
fAT BEJE 5 mm, AEAA 50 BH 1k & e 9 B0 56 T
W23 . Jiobh, TERPLAE M I s — R
30 mm ER T B M S TRk b s ), Jf
i PO I O EARZ) 5 mm AIRRME, MR ]
B 3% IR 7 275 0 V08 ) 24 F30 S R R4 D0 28 A 5 3]
() X SRR A RS . 7 v i 2 £ %) ThFL AN L 18] =)
AFA-100 V B, DABHIERERE/NT 100 eV B9
HL 36, AER T 100 eV A9 HL 1939630 %8 38 o)
SR WY PENELOPE BHIHE. B FIm&
PRI ORTEC 439 £ M U #R e, 4R
J& FHE bR e s, L far i R LT 1%, A XS
T AL T, BB 45°, X Bk & SRy 90°.
SR Rl R ) X SRR 2% 95 ] Amptek A F
A7 XR-100 SDD B R VR R0 7%, 76 HL R A5
EAETA —~ 25 mm? A9 C2 8% 11 (FH 40 nm
SigN, W 30 nm Al FELL A 15 um SiMIE 4 AL),
HXT 5.9 keV PMn Ko X HHELARFREE I 73 HF %
Jy 125 eV. fli A C2 #HE 1A XR-100 SDD
A DAREAR XTI BE X 54k B, I AT A 3]
I Ko 28 (0.183 keV) BYMKAE X Bk, SL50 h7E
PRI AT 72228 T HR K RS B L e 2,
Bi7 1 I 25 FRT L 1 5 A9 5 B H -3 A SDD
BRI &%, A H XR-100 SDD il #5810 5% 7= A 1
FIES, Sl BFE kb b B4R (PX5) S T4 R
FAL PSS, 1 DppMCA #4348 BURFIE X 52k fig
T, AR YRS P A F T AR R ARAIR, I HL SDD
HABHECRAEE S, I LASEISERT [E) A% 17T L2
AT (<1%).

o e
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Fig. 1. The schematic of experimental setup.
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AU FH BN 5 A Al (5.5 pg/em?),
Ti (28 pg/cm?), Cu (35.5 pg/cm?), Ag (44 ng/cm?),
Au (44 pg/cm?), Yy E I RERHEIFE B I
FAE FR A BRI AL, EA2R 18 mm, JEEH 0.5 mm.
HUHE L — AN AR 4 mm BYFL N S 5250 BT Y
B, SR UL BB 28 28 R 1 B9 AE Cwf iR b (BT
R 7 pg/em?) H &AL Hd, O Au $EAY
JRA R (JEF L) M 99.99%, Al Ti, Cu il Ag
AR Al EEY IR 99.9%. o —Fh R T i AR
B, BARERBThIR R, DU A SEHE RIS AT
DAk B H faf 7E 80 1 A MERR. BEAh, B ) Fe - O
FREAR, TEA OB AFE X 28 FiA
23 R B BYRHEDE. AL, SRR sl IS A4 L ]
DAL IMEE G RTRAE. X ST 0 122 (1) 5 0

FEARPRIEERE Hh 3 R i PR i R o7 (XP2U,
METTLER TOLEDO, Switzerland) Jll 421 K
FET 00 K228 51 #6073 MV ER 51 i i fin 2 2%
(high voltage engineering europa, HVEE)B4 #]
A BT WU 7 (Rutherford backscattering
spectrometry, RBS) & 1 5 FHBAERE, SHREL
I, SRR 2ZE AN 5.2%.

2.2 SDD IRMSEHEZIE

PRI ZS 0 BOR Z) BEAERRIE X 2 s 1 D it
Hh kS 5 E AR . AR SO PRI AR %0 B R
B AEEE (3.3 ke V) A v B0 VR 220 B v 5 MR B B
(<3.3 keV) FEAEWEZI BEVEARES & %0 TEE
FESCHR [32] H e . Ar iR IR 220 1 B3 s 0 S
Fe, 5Co, ¥TCs FlI 24 Am s b o I 5 28 il AR
fiIE XFHy Bk 58 . AR AIE 0 221 30k D 38 o0 ) it
20 keV HLFSEHEZRAERT 99.9% HJEHE (MgF,,

3.0

c TO
2.5 F ic al Ton s source

e
om %°Fe source
zed relative efficiency values

20
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€2 SDD 45 &% 1R 20 B h 2k
Fig. 2. The X-ray detection efficiency of the SDD detector.

SizN,, WS,, CaF,, Ti fl Mn) 7= 4: BFRAE X 4R
SEREK 5E R, AR X R S I P S SRR
BRI LE F 0 L AS 5] 0.68—6 keV [H] R Z &
A AHXT R, AR5 PRI RE DX A AR X RICR A I —
AL B FARAEIR ARAT 1) 25 BE DX IR 4 6 00 (E, ek
FFEMICRE X A LT RHCRAA. BEMERRCR ZI BE 125 5%
DL 2. SR FH I oy 2000 2 B R0 20 B N o B 8
Bk A FARAETR, EAS ST G R g f Y B N 2
H1.6%. SE56 %0 B TS ACRAE SRS R R ALY
RS SHOT . BIRBCR I AT AR GT

3 BEHE

3.1 HERMIZIE

2% 55 5 = A2 2 — o i ] 1 5 IR DA T A8 0 A 1
BEALIERR. 76 X SR AR, g i
AT E—ME S, XME S kb B
HL i O 22 5 B3R 2 18 A, 772k — i IR
I 22 55 1) 3 B ISE ) 52 SR AH AR PR AN ik b g i 5Ky
ST FAE A e/ INE ] ] B . 45800 R G A 3 s ]
WREINE] T —MES 0, WAME S S sh—
AR AR [ BA g ko B A ok ep HE RO . HE
U N 2 S EURAE S 5 08>, JREE S a9t
BN, A RERE A AR THBCR R, HERIRL
O] 5

HERON A8 TE SR I SCHIR (35, 36] Bk, A
R mTE T AR R HERE IEREF PUC (pile-up
correction). fifi H7R P #5105 & SDD #R £ 4 113
0], QL 33| s il P et=h g ey & A (A i & R T
A X BT, B0 PUC B2 T2 B4 R 48 7 Bt
BFA], B AG IR IS 1 s R X s ek
SRR X2k 84—, WS 2150 R 4t
BBt a], I 900 X SHRIsnBIE. T %
IR RN, AEHEA SR B TP A 2 AR AR
BT (<500 counts/s). X T A SE 56 1k #5474
LA A6 T Y85 SR B, 23080 X e A 5 i /)
T 1%.

3.2 PENELOPE =i}

AR SRR P R T Tk ik R
U JELJE KA RS B 1E IR - i A 52 R D 4
¥ PENELOPE /& —F i@ f§ MC )%, B4
G THUE R Y AR RO R i T RDE T 5
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Yy 5 B9 AH B AEH 87 . PENELOPE B985 ] T4
fh 50 eV—1 GeV Z [a] 1) B B 1 HL £ FDGF 1Y
finiz , HORS B2 B TR 4 AR AL | R [RI A B AR
{14 AR T 5B | LT I R S EORN 2 A LT B A
SRR kB E R R TR, BT
SERA S G AT A O, s A R AR
M 5902 14 0SS UL A 7 U BRI R [, Oy e T
MPI 3% %f PENELOPE & F #4717 34746 B2 .
PENELOPETR 7 M il A BB SO s i b
ASFERHA D EESH0. R B SO 2 3 2o %l B
J¥ material 82 1Y, %7 )\ PENELOPE 44 /%
HR I 45 FP R 250 PENELOPE ¥ ¢
H ) LT R R R T B T Segui 45 1Y)
DWBA HigiHE AR R, P s ik 2
[ SO (psf) AL & T A 2E AN 25 (AR RS
At FRAE X2 B EUE SO T T g e
MAH 23 [8] SCPF Hp AR B St . AR SO HEA TR
B, BT TS50 5 S50 R — 3L

S R T AR A L R RA R A i T A
—/NEA 3.5 mm /ML, Tl A S TR
WA —A B2 10 mm B9/, F T8 i i =
AERET. T B T R T MG S/ ML
eI 2 TG L FUER AN e 4, PTTTSEA S255
SEAL. DR, A SO0 RN B R A R ARG
AFAHRE A IE.

R SR A FH B4 32 7 265 £ T AT 2548 4 55 4 E
fy U SCA:, i PENELOPE 144 T 280 A St fiE
wERG S AAEN T, fEREEST 100 eV KM T
(kIR . S5 R, FEAR SO R RE T N,
ANFEASRE R FURRSER 1 TR 2R 0.04%—
2.05%. BEHLER, SR TP AN, Dk R )N,
3.22 ¥HERTITHE

FRE X G r= AR R A Ul

o (Be) = NANw (EE).Q ! (1)
A-cosf  4n e
Hp, EJEASHTFRER, N, (E) RRFFIETTEL,
R R R, AR T B, Na 2Bk
IEEE F L, QIEGEMER SRS, e ABRMESALE
W, NS T, 05 A ST o 550w

RIS R AR LI HOR ein - 02/ (4m) T R A
JE MM RARME 5, 750N 80 i A Bk
ST, I TRk IR RB IR

S ARFAE X SR A i I, 75 A
FL 55 0 S 7 A USSR T, BRI [ S
PEWRE T & | s 5RO A 1 2 TR, AR M
IR B BRAIRAS . AR SO FH AY I A JERRACH IS A
LA S P R R AIRRT, A A A A
1) 22 B U S5O0 A RE A R, DA SAEAS I LY T
SRV AR 235 W B AE X SR T BN, (B,
AT PG T AR 22 . K, A BT AT
fBIE.

THE Al H 558K 2 #2 /¥ PENELOPE 584>
P BRSO S5 UEA TR, A5 30 T 7 AR A A AL
fHomc:

Nuc
oMC = - NA (9] ’ (2)

A-cos 4m Ne

Hrf, NucZ HR¥E PENELOPE 72k B AR 2S [a] S0
TR I ARRIE X B4k, (2) b L eF
SHE S (1) R

34, DWBA BSTTHE HVRIE X 2=t
B EISE 0w . XA K522, 7T H
#: )\ PENELOPE iz 17 45 BB B4 B SO rh B R
PO wive =R N TTINRE R W VTR O R 1
X RS2 e, RIARER A=A #m; 1 L 522
WONEZR, Lo, LB, Ly AUERY L 52)2 7= A 8k iy
AT

OLath = F3aws [o13 + 012 fos + o1 (fiz + fi2fas)],

oL, = Figwiot + Fapws (012 + 011 f12)

+ Fypws [ous + 012 faz + o1 (fis + fi2f23)],
OLvyth = Fiywiovt + Faywa (012 + o1 fi2),

oL = w1011 + wa (012 + 011 f12) + w3 [ULB

+ 012 fo3 + ou1 (f13 + fi2f23) ], (3)
Hr, oy, & Li Foe)Z2 BRI, wile Li TE%
Hr=5i, Fijre LiF5t)2 X #1453 (i R0 1,
2,3, JRA™ o, B, ), fiz, fi3, fazs& Coster-Kronig
BOFHER. DL ERSTHEW LS EEIHEI H PENE-
LOPE ¥ FEdiE % (3T Lawrence Livermore
R S8 % (LLNL) PR R TR0 e B9 ), HLA%
fE WA 1—3% 3.
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1 T KR RPOUWE L X L3It
(RHL | PENELOPE F/F402 %)

Table 1.  Fluorescence yields and X-ray branching
ratios of K shell of target atoms (extracted from
PENELOPE program database).

Fluorescence yields ~ X-ray branching ratios

Elements

WK Fxo Fyg
Al 0.0371 0.9939 0.0061
Ti 0.2135 0.8979 0.1021
Cu 0.4338 0.8916 0.1084

£ 2 HEF LFEEVO6H M Coster-Kronig
BRI (3280 PENELOPE 74l 22 )
Table 2.  Fluorescence yields and Coster-Kronig
transition coefficients of L shell of target atoms (ex-
tracted from PENELOPE program database).

Coster-Kronig transition

Fluorescence yields s
uorescence yields coefficients

Elements

WLy Wro w3 S fis b3
Cu  0.0019 0.0092 0.0088 0.2402 0.5722 0.0089
Ag  0.0149 0.0547 0.0570 0.0921 0.6646 0.1604
Au  0.0823 0.3627 0.3183 0.0700 0.7034 0.1285

F3 MEFLERXFLSXIL (RBA
PENELOPERE P4 ZE)

Table 3.  X-ray branching ratios of L shell of tar-
get atoms (extracted from PENELOPE program
database).

X-ray branching ratios

Fs, Flﬁ Fzﬁ F3B Fyy Fyy

Elements

Cu 0.4933 0.9430 0.4821 0.0121 0.0000 0.0131
Ag 0.8159 0.8391 0.8509 0.0814 0.1494 0.0862
Au 0.7822 0.7466 0.7989 0.1702 0.2227 0.1786

A HG 7 A A Y B A o S EAME ome,
FINBIER B K :

k=20 (4)

oMC
P, B IE RS B BORHIE X 2™ A= iH o
c=o0(E) K (5)

4 HR5itHk
4.1 HIEAESSH

& 3 2 AGTHRER N 25 keV B9 BAHE HL T~ 54 3]
S 5 R A P A B X SR . AR AR AR R
J 1.5 keV AR IR Al W K 52 HRF X B2k,
4.6, 5.0 keV AMAYIER: Ti 1 Ko, KB FZHHIE X 52k

I 1.0, 8.1, 8.9 keV AbMIIE/MHIIE Cu 1Y L, Ka, KB
FEIRRIE X IR 3.1 keV AbIIIESE: Ag 1 L 582
FRAFE X 5F2Ri: 9.8, 11.5, 13.4 keV 4k By U435l i
Au ) Lo, L3, Ly 522 FRIE X GP405. RRAE X 5
LRI T A 2R T AR EAR . 208 P AR
TR A AGH T A GRS, A, RN
BRI OUT, S0 20 ) B RO s B 2 3t 7
A A SR AR IS T A TRDA S T BN S I 2
1 PR B S HL N T 1%, X AR
T =7 IBEAELE rh 3 U SR S SN AR I
Xof SRS RRAE X G e A B 3 - o i 2 o A T L
ARG BEARAERAIE X 4B JIe 7 22 45 P g
BUS i TN A . SR, B T AL TR fE
Uit ) Cu FY L 76 2 R AF 6 B 42 0 26 M A S e 22 %
KAM (29 3%), HAHRAE X SR fdi F =Rl R iy
L NBRAS R, WA ST B 22 88/ T 1% (R AE
X SR THEGE & TR B0 F AR TTHEL). I,
A SR A0 G PR AR IS 1 7 1 X S e AT 4R
s

107 ¢ — Cux100
— Aux20
5 y — Al X 20
109 B | riosca icp || GOKE Tix5
Au-L
Au-Lp — Agx1
L 105§ m‘ | — Bremsstrahlung
z 4 Back d
5 . ackgroun
104 E g
103
|
9 . . . ;
10 0 5 10 15 20 25 30

X-ray energies/keV

K3 M EZITR 3R G 25 keV [ LT HUAESE Cu,
Au, Al, Ti, Ag 5 @i 8 7= 4 1 X S 43%, T Z NP
N R I T TR R AT A, e 4 2 49 U4 S AR G

Fig. 3. The experimental spectra for Cu, Au, Al, Ti, Ag tar-
get by 25keV electron impact (from the top to the
bottom). N in element x N is the magnification of the cor-
responding spectrum. The dotted line is the bremsstrahlung

background.

MEL 3 ST LA Y, Ti A9 Ko Fl KB 7%
JZHRIE X SR W i A B A, Rk, SR
Origin 2 (2017 h) 1Y e S8k 5 D REXT 3 A4~
FRAEUESEAT B G 115, A4S Hh P i 45 1 1 st
B B Ti 1 Ko A KB 582 FFIEIESN, A SRR
FHXF g T RRHEA T AR A 0 T AR RR MR DA 1) S HE
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Kl 3 1 25 keV HEFHRAG A Cu i Ko F1 KB 7%
JZHRE X PRI T 55 & T o, BRI A1,
Cu 7E HALREE ) LT ARAG T Ko A1 KB AN
ST DI A, Au i T 2.2 keV [z M 522
FRIE X T2, T M 5224558 2%, A HoAth
FRVETHE, MU A SR T AL, PR A SO
8, AHE A L5228 Lo, LB, Ly 3 AMERiF .
ZHRIME 5> PR BRI, Cu A1 Ag 1Y L 72245 Ak
FICEX AT, IR L 52 2 A 350 #r.

4.2 BIERE

HAEOUT, BIERTHY L5 {H o (E.) . DWBA
IS A om UL S PENELOPE # $8{H ome I % A
o (Ee) = ome > on AR LR, SLPr I, BIS{H ow
B SR /N, XA X R T IE TE IR,
RIE 1E A S HL 7 I b 1 22 UK U RLEE A S
T HOR = A A B Tk AR (4) B AR
R KSR A 4. KEBEET 1, DL S28s
SRMFRFHAR. B 4 R AL K 722 B 1E R B RAT
B, ASHREEAE 10 keV B, 2 0.90, ASTfE
wIHE 20 keV X UL ER, KAEKF] 0.98 KX LI L.
Br Al Z Ak, & 4 LR 8 E R B AR A ST
RE KA — A ARG R PR ] RS AH T4
(ST fig e, SRR L SRR AR S 2 X A R B
BT ) SIS B 235 SR M B R X AR S o R Y
JE B, TG B 2R S A RE R PR R
B, ABTRER A 5 keV B, BT 250 Cu # A AE =
WL 0 15%, 0 ALEZ R 3%, M ASRERTH =

1.6

L5 —AK
o Ti-

| LAf oL
) e Cu-K
E 1.2+ — Ag-L
=] 1.1} Au-La
£ 10f
Q
& 09F
&
S o0sf
0.7k

0.6

0.5}

0.4

4 6 8 10 12 14 16 18 20 22 24 26 28
Incident energies/keV

Bl 4 fERN 527 keV BYHL TRESE 5 P K 72 )2

B B L 52 2 AR X 2R 7 AR IRE S TE R AL

Fig. 4. The correction factors K for K shell ionization cross

sections or L shell characteristic X-ray production cross sec-
tions of five thin targets with 5-27 keV electron impact.

10 keV B}, B F2E0k Cu #UR1 Ag LAY RE =4
N 5%, MCEE, TidRH Au #2458 4%. T 4RAE
X SR 7= A AR AR A G i B AT Bl A S B i Y
REAR I TG AR /I, PRI, 5K 0 i B4t 2R (i AHE I
ZB 5B (B 7= A A A ASEADE ) BRI (R A
B, T 3t B 1B 1 2 B0 I A S i e e R K
Au i LB Al Ly 5 Lo B IE REGEA—2, BT LA
K4 4T Lo BB IE 2R4L

43 HEWNEEZRS5HH

AR A R 5—&] 10 s, Hrp, K] 5—
7 4350 AL Ti A Cu 1 K 52 B, 1K 8—
[ 10 43514 Cu, Ag Fl Au i L 522~ E#m. B
PRA R TR MR 22 0L 3 4 Fie 5.

o 18000
=
E 16000
g
$ 14000
n
%
2 12000 |
-
o
= 10000 F
.8 Al-K
g 8000 m  Present data
g DWBA
= 6000 e Liet all
) 4 Mei et al.[39
4000
':rfi ¢ Silvina.l40
M 2000 . : . . v
0 5 10 15 20 25 30

Incident energies/keV
Bl 5 et 5—27 keV By TREHE ALE K 5¢)2 fL B8
T SR SR E; 520y DWBA Big{E
Fig. 5. The K shell ionization cross sections of Al target by

5-27 keV electron impact. The solid shapes are experimental
values. The solid line is DWBA theoretical value.

1600

1400
1200
1000
800
600

400

=  Present data

200 - e Liet al.l3U
¢ Silvina et al.l[0

K-shell ionization cross sections/b

4 6 8 10 12 14 16 18 20 22 24 26 28 30
Incident energies/keV

K6 AN 725 keV RYHL T Alff8 Ti #8 K 5 )2 i B
M. SO TR SR ; S8 DWBA #Hg fH

Fig. 6. The K shell ionization cross sections of Ti target by

7-25 keV electron impact. The solid shapes are the experi-
mental values. The solid line is DWBA theoretical value.
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& 500

~

g 450 *

2

5 400 |

[}

“ 350 F

7

& 300}

o

g 250

2 Cu-K

ey L

g 200 = Present data
Z 150} DWBA

= 100l A He et al.l41]
E ¢ Zhou et al.l42
s 50f e Shima et al.['5]
X0

8 10 12 14 16 18 20 22 24 26 28 30
Incident energies/keV

7 BEECN 1227 keV Il TR Cu LK SRR L
. SOOI AR A S8 (5 94y DWBA BUR fi

Fig. 7. The K shell ionization cross sections of Cu target by
12-27 keV electron impact. The solid shapes are the experi-

mental values. The solid line is DWBA theoretical value.
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700 +
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Incident energies/keV
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»  Present data
DWBA

X-ray production cross sections/b

B8 AEEH 527 keV B HL T REE Cufll L 72 R 5 AE
X A . S0 TT RO SR SE40h DWBA HlHE(H
Fig. 8. The L shell characteristic X-ray production cross
sections of Cu target by 5-27 keV electron impact. Solid

squares are the experimental values. The solid line is
DWBA theoretical value.

o 1000

~

w

B

2 soof

Q

?

2 600r

2

o

[=1

% 400 N Ag-L

_g m  Present data
S 200t DWBA

A e Zhao et al.[43]
% ol Ao Wu et al.l49]
; # Sepulvedal4t]

0 5 10 15 20 25 30
Incident energies/keV

9 AEHEH 727 keV B Tl i Ag 48 L 52 )2 FF1E
XL AR 0B IRA I2 TR (H; 9240 DWBA BHS
Fig. 9. The L shell characteristic X-ray production cross
sections of Ag target by 7-27 keV electron impact. The solid
shapes are the experimental values. The solid line is DWBA
theoretical value.

200
180
160
140
120
100
80
60
40
20

Au-L
=  Present data
DWBA

o LietalBl
¢ Shima et al.[5]
4 Campos et al.l7 Ly

X-ray production cross sections/b

0
12 14 16 18 20 22 24 26 28
Incident energies/keV

B 10 BB N 13—25 keV i HL T Rl il Aufll L 52 J2 4%
fif X 8o A M. A E2T 2 H1E Lo, L8 Ly 7522,
o, JLUIE RN LA T4 DWBA #ig{H

Fig. 10. The Lo, L3 and L7 shell characteristic X-ray pro-
duction cross sections of Au target by 13-25 keV electron
impact (from top to bottom). The solid shapes are the ex-
perimental values. The solid line is DWBA theoretical

value.

F4 Al Ti, Cu i K 52)2% H B L 50 45
Table 4. Experimental results of K shell ionization

cross sections of Al, Ti and Cu.

K-shell ionization cross sections and
Incident

enengics,/keV uncertainties/b
Al Ti Cu

5 11720 £580
7 12261  +£616 689 441
8 12378 £621 898 453
10 12050  £588 993 455 151 48
12 10952  +£546 1149 464 219 +£12
13 10526  £523 1191 467 264 £15
15 9982 +488 1211 +67 324 £17
17 9258 +461 1236 +69 377 +20
18 9019 +449 1240 +£70 399 421
20 8495 +415 1256 +70 426 422
22 7866 +£390 1248 +£70 448 +24
23 7629 +379 1243 469 453 +24
25 7283 +355 1232 +68 458 +24
27 6923 +363 467 425

E 5 AT FREIAE] 8 keV LIERT, Al ) K
SEIAH B EIIE E SRS (95077F) 5 DWBA
TR IBEEARES, H 5, 7 keV LML EE
T HSAE. 2B BY {40 AL JEREINAS 1) 52
Al (520 ) R LS DWBA BUS{E R +F
T ARSI — Sk, (HEUE AR T B (E AR 3C
BB IE SERRAE . Mei 45 B9 i FH 80 SR B Aot JEG A
ISR S AE (S0 =40) 7E 10 keV PLF 53
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x5
Table 5.

Cu, Ag Fll Au i L 52 ZHIE X GHE™ A i S g0 45

Experimental results of L shell characteristic X-ray production cross sections of Cu, Ag and Au.

L-shell X-ray production cross sections and uncertainties/b

Incident energies/keV

Cu Ag Au-La Au-L8 Au-Ly
5 961 +49
7 883 +45 569 +23
8 842 +43 612 +25
10 770 +39 621 +24
12 719 +37 638 +26
13 704 +36 637 +26 36.9 +2.9 11.3 +1.9
15 653 +33 626 +25 79.1 +4.4 34.5 +2.5
17 601 431 616 +25 112.9 46.8 64.4 +4.6
18 587 +30 607 +25 130.5 +8.0 76.0 +5.5
20 558 +28 598 +24 148.7 +8.3 86.4 +5.2 11.6 +1.3
22 520 +27 579 +23 161.8 +9.5 100.5 +6.6 13.6 +1.8
23 505 +26 571 +23 168.8 +10.0 100.2 +6.5 13.8 +1.8
25 474 +24 555 +21 178.1 +9.5 110.9 +6.1 16.3 +14
27 452 +23 534 +21

WA —ER W2, Sk [39] MRS RR T 168
FH 53— B 5 B A% B el U ) T O 6 11 AL 1Y
K 7¢)Z B B s e, 458 5SS G152 — 1.
Silvina 45 HO) fiff F] i 80 i Ae] JIC A 7 MU 5 1 AL
Ti (A (& 5 & 6 Hh g sz 2298, Hoxt
ALSEHEA T IR J5 A 45 SR R, 76 AT L T BE = g
T LB B RE IR AR B, SEIR (R Ez I DWBA B
WAE, TS REmAkZL T =i, JEHE 5 keV BiHEE
(%) FEL 2 T T (L Ak, S 6 (P I v T RRIR A, &1 6
TR S A A R . IEAh, Mei 45 B9
FH AR A R 1 7 AR 1Y) Se(Z = 34) 1 L 5%
J2 A BT 5 AR S S L — R A I T
(B 7E3 i 1 LT A ST RE R (5—30 ke V) SLEGH
SIS EAF A HRAE, MAKRES (<5 keV) SCEE
RTHESH). Se 1Y L 7oZRHFETULEER (1.4 keV)
5 AR K522 (1.5 keV) 32T, Xk, fbfi145 HAY
fif ke, DWBA HUgid H T AS B FREEZ K T
BT 7S 2 T B R YT L, 7RG LT RE
P BT, IS [ 2w . (H R R R
— A8, U Merlet 5 2 FH vl ¥ A 4] IS 14 7
X Ga(Z = 31), As(Z = 33)i K #1 L 582774
TR T 25 R R W], A G L RE T B R T [ B s 52
{H 5 DWBA BUS{E A 2, 12 A SR 4k
SETh i, A LI I B A AR T (Ga Fil As 1Y
K 5222480 sk T (Ga fil As i L 522774
) DWBA B (E. XF SL g0 A7 % e & PR,

Merlet %5 22 i F i X 5 26 #4800 25 )2 Be 5L 47 PEfig
FIELF AP AT (WD) YR, AR Uk SE 564
)J& SDD REEERS R G, IF H o 1 B Ik EC T
HEAGEES , FEBRM SR N T — X it k. W
E 5. B 8 FE 9 & B, SLHG 5 RIS I 25 5K 1)
JSHRTE A ST RER A 10 keV AR Ab. 4 S5 5 i
FEAETRRE, AT TR AE AR, Z 2R R,
HL 32 307 ) & A OB iR, BXT (1) e
0 Y RZ B, M B IR 25 R AR 2. K
5 O E A e W A A BT TR T RN T ) i
It L8 7500 B RN 28 S P ARG T 41 45 2 R T 7T LA 22
W& AL, A% 1 mm B Ag SR T 526 5
WAL MAS TR AL MW, Kk, £ 5 n EHE
PRt — 5.

XFFE 6 1 Ti i K 562 B B i, A8 S sg
A (20 5TE) 18T DWBA Hhghk | 2w By
() 52 56 {8 (920 [ ) A Silvina 25 A 400 5256
(SL0ZER). 5 ALMIE, 225005 B ff 4l Ti )=
HOI AR A S B AE AR 5 DWBA g (H A EE
TARUF I — 20k, (HEE AR . Silvina 45 40
A5/ Ti H BB 7E A S FREE /DT 10 keV
iS5 HEISEAF A KA, KT 10 keV BB B R K.
RBS MIA5% Ti 0 EE LR PRIEEE /N2y 5%, TTE
b PRSI EE AR TR, AR S8 — i H 2
FRIZEE, LAl ae & T80 K 722 i s ikm 1y 1145
45 B, BACKE, DWBA B £k 07 T4 3
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Y S 56 55 A 20 A5 B RN Silvina 45 10 il SE56{H
R Ha], A SO SEE(E S e (A A 2524 10%.

7 Hf, 3T Cu i) K T2 B, ASCrsig:
{8 (F20J)75) BT DWBA FHE(E S He £ 411 (S
=) R PEAE 42 (SL0 32T ) A1 Shima 55 1)
(S ARSI E, (AAE SRR NI AT B .

EI 844 M T Culy L 522 HRME X G4
M SCI0 A5 DWBA B (AR . XFAS L ThE
HTE 527 keV i Cu i L 52 )24 1F X -4t
BRI, A A H i S, ASCEA H T S AR
. 5 Cu(Z = 29) FEAHHIEITEREA Ga(Z = 31),
Ge(Z = 32) Ml As(Z = 33), Merlet % 22 fifi Fij
GaAs HHBRAS R A 2 & T Ga Fl As #) K Al
L 7e 2= A, W45 R BR, Ga fl As ) La
72 )2 7 A A S I (R RIS F R AE (29 10%—
20%). X FMEIHEG A SO LR A R R — 3. 1K 8
H ASHRERAE 10 keV DL _E A SC56 (4 5 S (E A
L2y 4%—10%, 1 5—10 keV HISZEE 5 M4
HHZEZ 13%—22%. IR IZER ], FIF DWBA
BB TFEN (3) b K 96 4 il Coster-
Kronig BKIiT R 5 S HABAFE R K IWIR 2 (136
30% ZegT )4

M 9 ATLUE H, ARG Ag 1) L 522 4F
fiE X S AR AT Y S IE (S50 T7 8) FEASTH
TRET N 5—15 keV IR T DWBA B {H (52
£8); AETRTE 20 keV DL, SCIGE S5 BIS(EAT &
AR LY. Zhao %5 143 F1 Wu 45 9] Y% 1 Ag §I0
Al AT A 5 ¥, Zhao 55 143 78 40 BEECE %5 1&
T Ag HXF AL R BIYHL, DIAS A SEEG(E (S50
[ A5) 5 BEIS H AT A AR AE; 0 Wa 55 (99) fifi i A9
ZEM & Be B AR RS, XHICAE G T A W Wi o 2,
AR SZEAE (520 L =40) IS ER Y 20%.
Septilveda %5 (16 {ifi Ff 3 Ag #11 C JE 4} R (9 77 101
HAEIE (S50ER) & THIREY 30%. BT
BRI ZSRCRZI iR AL, Sepulveda 45 101 B2k FH Y
FEL AR A A S ) T 1 A L JEL R AN 389 50 42 ) s e B
R ARSCAH A 2 XIS, A R s e TR
RSP S AR 25 R R M. 7 SE R IR 22V N,
ARSI LS 5 Zhao %5 19 45 BARLT 4.

B 10 451 7 Au i Loy, LB F Ly T-52 245
X S A B SE g {H 5 DWBA HUS{E Y L.
R IR, Au Y Lo, L3 A1 Ly $RAF X B4 =i
T SEHAE (S50 7 45) 5 DWBA B 5 &

PRAR . 2255000 45 BU AdT 4l A SR 5 1) S 56
B (F20 R #5) 55 Shima 55 19 ffi 7 Au ¥ C
PRI A SC I (20228 ) 5 ESEAET R A
BUE FHARHBATE. 1 Campos #1 Vasconcellos 47
i i Au 3R C #F IR & 1Y Lo+ 7 2 R 1E
XS A T SE SRR (S0 =) FTEASTHL T RE
H/NT 245% (4 18 ke V) HL B B AE 0K 5 T 38
{1 W N 2 i N e AR a2 N =

FEAE X 54 F g ™ A A T S0 5 1 AN
B BRI T LIRS R R I T MU G TR 25
(6FF AL Ti Fl Cu 9 K 522 B B I 2L & Cu Al
Ag 1Y L 782, 122£<0.9%; X Au ¥ La
M LBFEE, 182 <3.9%; X T Aufl) Ly 7% )2, iR
#<5.3%. ) HUEIRE (<5.2%) . WM ZRHORIRE
(27 1.6%) FHEEAEIE R K iR 25, Hofr, $&1E
FEK MR ZER B THEAME ome 1R 25, BRI
TSR IS I B S i iR 25 (W F AL Ti
Cu I K 78/Z2L0 K Cu Fl Ag i L 58/, 12 <2.1%;
X Au ) Lo 78)2, 325 <4.6%; X T Au iy L3
MLy 5E)2, iR <9.9%). MR PE1R 2  f], &
HIANE B A ALY K 52)229°8 5.0%; Ti ) K 5¢
E 40 5.6%; Culy KAl L5e)24 4R 5.1%
M1 5.3%; Ag I L 5¢)229°0 4.0%; Au B9 La, L3 #
Ly 72 2R 6.1%, 8.9% F1 11.0%. T Al,
Ti 1 Cu (1) K Fe)Z2 B LA Cu Al Ag 19 L 5%
JE7A AR A K Au ) Lo P AR #0025k I 32
BRI T Au i LB Al Ly 58 2 77 A 8
AT, PR 2K TR 1 B R AR IR P B SR 2.
AR 2B B AR 1R 2278 [l ) 5 B (ol A
ST A R 52800 TAEF L, ASCE
AU S A B IE /N (BB IE R B K H
FEIT 1) 5 00 A Lol P 1% o S 1% B0t O T AR
FE AT, A7) TR R ) R I

5 4 %

ASCAE ] 5—27 keV B3 BB B9 L RE R
i C R B AL Ti, Cu, Ag Hl Au 5 R,
W T AL Ti Ml Cu 19 K 2B Cu, Ag
T Au i) L 72 JZFRE X 2= A #km, Jf HLAE
5 f¢ R~ % PENELOPE &7 X S50 25 it 47 T 1%
1E. ST TRE AR, T I BE B 40 Ak A
P14 JEE 5 X0 T P S M A R . 0 9 JE R, 6 1 gl
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P& AR K 7= H B, ASFRER7E 10 keV
KUL s, 22 /NT 2%; 5 B 25 5 R
J& Cu M L 72)2HF X = A, m2s2 5% —
22%. Cu(flfh Ga Ml As) [ L 52)2451F X HH2kr=
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() L 5 L I 7 T ) B T TR A SR I 1 D S 4
(UnFe 252 YEr=%F Coster-Kronig BRATHERSE) 77
FLTORE A O 22
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Measurements of K-shell ionization cross sections and L-shell
X-ray production cross sections of Al, Ti, Cu, Ag, and Au
thin films by low-energy electron impact”

Li Bo LiLing Zhu Jing-Jun Lin Wei-Ping An Zhuf
(Key Laboratory of Radiation Physics and Technology of Ministry of Education, Institute of Nuclear Science
and Technology, Sichuan University, Chengdu 610064, China)
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Abstract

The K-shell ionization cross sections of Al, Ti, Cu and L-shell characteristic X-ray production cross sections
of Cu, Ag and Au (Lo, LB and L7 subshells for Au) by electron impact at incident energy of 5-27 keV are
determined experimentally. Thin films of the studied elements, deposited on thin carbon substrates, are
employed as targets in the experiments. The thickness of the thin carbon substrate is 7 pg/cm?, the targets are
Al Ti, Cu, Ag and Au and their thickness values are 5.5 pg/cm?, 28 pg/cm?, Cu 35.5 pg/cm?, 44 pg/cm? and
44 pg/cm?, respectively. The target thickness values are checked by using Rutherford Backscattering
Spectrometry (RBS). The electron beam is provided by a scanning electron microscope (KYKY-2800B). The
characteristic X-rays produced are recorded by a silicon drifted detector (XR-100SDD, Amptek), which has a
C2 ultrathin window and can detect the low-energy X-rays down to boron Ka line (0.183 keV). The detector
efficiency is calibrated by using the standard sources (*'Fe, "Co, 137Cs and >!Am) for X-ray energy larger than
3.3 keV while using the characteristic peak method (i.e. by measuring characteristic X-ray spectra produced by
20 keV electron impacting various thick solid targets) for X-ray energy less than 3.3 keV. The experimental
results are corrected by the Monte Carlo code PENELOPE for the effects of target structure and Faraday cup.
Meanwhile, the electron escape rates obtained from the Faraday cup and the signal pile-up effect are also
considered. The results show that when the incident electron energy is low, the influences of electron energy loss
and target thickness are significant. The thinner the target , the smaller the correction is. Experimental
uncertainties for K-shell ionization cross sections of Al, Ti and Cu are about 5.0%, 5.6% and 5.1%, respectively;
experimental uncertainties for L-shell X-ray production cross sections for Cu and Ag are about 5.3% and 4.0%,
and for Loa,L3,and Ly of Au are about 6.1%, 8.9% and 11.0%, respectively. The experimental L-shell characteristic
X-ray production cross sections of Cu are given for the first time. Compared with the theoretical values of the
semi-relativistic distorted-wave Born approximation (DWBA), most of the experimental values in this work are
in good agreement within 7% deviation. The best agreement between the experimental results and the theoretical
values is obtained for the K shell ionization cross section of Al, and the deviation is less than 1.7% for the data
where the incident energy is above 10 keV. The least consistency with the theoretical values is the experimental
L shell characteristic X-ray production cross sections of Cu, with a deviation being about 5-22%. The comparison
of the experimental L shell characteristic X-ray production cross sections of Cu (including Ga and As elements)
with those from the DWBA theory indicates that the theoretical calculations of L shell ionization cross sections
of medium heavy elements and the corresponding atomic parameters (such as fluorescence yields and Coster-
Kronig transition probabilities) need to be more accurately determined. According to the present results, the
ionization cross sections or characteristic X-ray production cross sections measured by the thin target thin
substrate, the thin target thick substrate and the thick target methods are equivalent to each other within the
uncertainties.

Keywords: atomic inner-shell ionization, characteristic X-ray, cross section, Monte Carlo simulation
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