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Fig. 1. (a) Single-electron energy-level diagram illustrating the de-excitation processl”; (b) K shell emission lines in MnOU;

(c) schematic illustration of X-ray emission spectroscopy'¥; (d) RIXS scattering cross-section mapl'?; depicting the correlation

between incident and emitted photon energies. Reproduced with permission from Ref. [7,12].
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Fig. 2. A theoretical RIXS plane, the relative spectral intensities in the RIXS plane are given in the shaded bar. Reproduced with

permission from Ref. [7].
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Table 1.  The relevant parameters of the laboratory-based XES spectrometer.
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ToEE L R <0.025 eV A AE S 148 & 1l
R RS ERATRER . P TSR IRARRINR S AR
OB R SEEE, by 5d EICEIRR (WAKFRER) .
i A BERAA | SN GRS 4 AH IR R
1O oT SR ek T B it Ah, RIXS iR 1)
HERFD XAS $ A 0] A %08/ URE BE G 1) 751y Jié
$e, WTERT (Dy) 9 2p XAS 5l i id 5 Dy Loy
(2p3d) & HHER, WK 4R vE B MO 2s U A
M1 eV 45 £ 3d BB FHFa FE 319 0.1 eV DI K
Ae il X BB E R S ERe ), (L AE S
U VR S PR I A AR K B, AT DAt o
SN AR ) R S LR AN I ROMi T uy R R
TE Fe-ZSM-5 43 tf 00 BRER iz o7 M7 Ak 5
T PO T B 5 R 1 64, G Fe K i1 RIXS U1 H
AL TS PE L Fel ) A BERS, BIRG 1362k o0 i
SEALERAR, MR | R e I ) S AL A
PAE TSI, 7RG RS 1T WM R A rh B,
KH 10 K DR B URAE S AR X T2 X 2E W 5+
HRRE A, it Mn 1s2p RIXS MR —4b 58
THTFEEME. ATES AR 3d BT S
7, WA PSIT AR S, —S, BRAT Ay HL F 2 3tk AT
A IE T R E R w22, 3 2 5% 3 4055 H T
[l N A 8K Rl XS4k RIXS I3k 9 A DG 55
sy, IR T o Hr ik | BB L PERE
SH, X EBHI AR L P RIXS % 8 (0 5 H
RIEHT.

MEZREX X Gk ARN K ERE, K.
fifi X 472k RIXS &I A HARIK R, IF4E
% HOUR LB AT RAIPE. 3 X 14 RIXS
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F 2 ENSME X S RIXS MHRZ D, KA S R4
Table 2.  Summary of soft X-ray RIXS stations and related parameters.
ReB 43 & .
SR etk SEEHOEE AR eV %Zﬂéf TR feRAsiE AR
ARZE TG HE T N3 .
WY ) A S 4% (ESRF) D326 l/f('i'}iﬁsf_ﬁgﬁ% 300—1600  FE50.025@932 eV —
o ARERIANE T A
Bg = — _ .
SOLEIL SEXTANTS (VLS-PC) 50—1700 5000—8000
¥ FEEERSHOGIR (SSRF) BL09U — 250—1700  0.06—0.09@930 eV —
— BL20U2 VLS-SG 130-1500 <0.09@445 eV —
A GIR(DLS) 12109 VLS-SG 250—3000  0.035—0.1@930 eV —
FRWTE ) EH T 24 Be (KIT) X-SPECH — 50—2000 — 2000—4000
Fii - YGIR (SLS) ADRESS!! VLS-SG 300—1600 — >11000@1000 eV
ROk F- it A BRI 2 A 5T
B 11 (BESSY-1) U41-PEAXIS VLS-SG 200—1200 0.06@531 eV —
fHAE LR (CLS)
; itasi? g _ _
MAX-IV Veritas Prieom 275—1500 15000
JInEFIEIR(CLS) REIXSH! CLS it 100—1000 — 2500—14000
SeibEIR (ALS) 8.0.144 VLS-PG 80—1500 — —
FE KR A48 SR TI(NSLS 1I) SIX19) VLS-PG 400—1600 — 17000
SIRIUS IPE" VLSH: E G} 200—1200 — 8000
BIEETIR(TPS) 41A19) VLS-PG 500—1000 0.0124@530 eV —
Sping-8 BLO7SUNT VLSH: H 250—2000 — 25000@700 eV
_ — - 0.4@500 eV, -
BL27SU VLSH: DG 200—1400 15@1000 oV
e f= At -
NanoTerasa BLO2U VLSHE M (55 535 4501000 o 40000—55000@532.5 eV

VLS-PG(##5539%)

25000—50000@930 eV

TE: FAR P ETA SEOFER AR S, THRRIXSH EAIHIES L

F 3 ENIME X B RIXS MRS M S5 m 44
Table 3.  Summary of hard X-ray RIXS stations and related parameters.
i s L ek 00 ey TR
ESRF 1D26 Si, Ge& Johann 2.4—27 —
— ID20 Si Johann 4—20 0.025—0.2
— BM20652 Si, Ge Johann 3—20 —
LRSI (BSRE) AW1Bb Si, Ge von Hamos 2—10 0.2—2
SOLEIL GALAXIES Si, Ge Johann 4—12 0.1@8000 eV
— MARS — — 3.5—36 —
DLS 120 Si(111), Si(311) — 4.5—34 —
SLS SuperXASP4 Ge(100), (110), (111) von Hamos 4.5—35 0.4—2
Sping-8 BL11XU — — 6—12 0.1—1
— BL12XU Si(555), Si(400) — 8—32 0.07—0.305
W AR R A0 SRS OEIR (SSRL) 15-20) Si(440), Ce(620) Von Hamos 5—10 0.5
SSRF BL14W105 Ge, Si Johann 5—19 Sub-eV
— E-line, BL20U157 Ce, Si Johann 3.5—18 Sub-eV
ST IR (APS) 27-1D a-f19(309) XS FRF 1 SRR 5—14 0.01—0.2
= RERE ARG (HEPS) 1D33058) Si(553), Si(911)% Johann 7—26 0.0976@8900 eV

T FAR P T SEOFERERAM S AL, THRRIXSHR BAIHIE S
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FoR FEAEAD MR AR BUE R e R PR, i
FMRRET 3d LSRR L il ETER (C, N, O)
K 1, TEFRENTERIRER | B R £ 55 0 SRR &R Hh A
AE A€ . HLf S LA ORI EAT 0 R SR,
BROX PR ) 2R B TR FE AR BCA 9K, S5
FEME & B2 BT T AT, FF A ET A @ AR X 7
PR, B/ TSR e ) 32 8 — e il 29, M2 T,
B X G4k RIXS W52 38 1A 14 A LA A1 5 5
PERE R, A 3d ISR K i, 465
+IEE LA 5d 8 5f EIC R L. FEf R
(MZEERE ST, B X GHERRERE A Rl . o T S 2 24 I
o 358 R SR 5 A it A R S, A HLERBL2
REVERTR) B 155 T 4 B A6 ek L AT IR 3. i AT
BB X SR EIHEE X BHZIX (1500—5000 eV)
TEZBEIX 22 R 2R R AN ] R G L AME 3,
IZREIXAE A A R 38 8 FE T 50 38 AR ) A ks
g, AR R gE. ORI BEE ASHE T g
T, M B SRR T [, 3 LU R
B2y 3000 eV LA FREIX. HREXAEHERE G T P,
S.HA (C). 45 (Ca) FHR Z TTRM K i1, 4d 12U
LB L K R CE N M L. X —Re e O
TR | BRI R, A 4 Jm ol AR R
TR EOCHE TR WG AL E, B, S, P AEITER
SR L /B IR A L Z Ak A S Y & R
it P S S 9 TP B O 4 48 (Pd) L T (Ru).
B (Rh). #H (Mo) &5 4Adid % 4 J@ W& Tl fi b rp
R PTG VR 43 JCHAEAR SR IR, 4d 1 P4
J& L G T 2p—4d/4s BRIT, XH)2 808
FERUER. BEAk, 2p Bl Zs s A L 1s Bl (K i)
R, L R e /N, R R e S I O B
FIH A5 . 5 K L, L igaa
1 RE BT AT b 1X o0 W B A L B AL /S AR ) R
B ILAGEFm  RIAR, S A R AL AT SR AL T
LR P LIRSS, I, HaE X A H AR
SCE b SR X R R A B S SR
Pk, (HZERFSEXT G EgREN THE X 4R K ixH 2
RS EUERIA 2. Ak, A TR X e E
it ) v L 2SRRI G541, T REIX T 2835
AE 77 W 0 A AT O ST MR SRR | SRR
s JES AR B ST/ T 0 R b, R FH AR RO
H A B RS R R ST Tk, F—T10R L]
FlZerhaE XES iU & 5 0 HIRIF R G ie.

4 HTFEEX HFEi X XES ENLH

4.1 HgE XES N A= ERAIRK

HifiE XES AR MR AWF 5T 50, AN Wi sh
HRERAL | A ARk 2RS40 M e A 4 F AT 7 3
ST AT R, XX TR 45411
R TERAERE A ] RRS2 eI AR K& B AR A5
WEA& | 4 a8 85 VR LA BT S8 oy SR LR pIL 0
S P, SEZEFR D, XPRMAINRITRAE
BHEE N, ZHAR B U fb 27 PR 58 Uk
PE, RERE RBAL SN A5 BT R R, S BT 43 [7]
AHEAVE R AR HETEO. il dn, Sl At A AT PO vte
XES I | W07 31454 DET n] LIAGHETR 5] = w2
R (ATP)/ BRI TT (ADP) w14 i ot
TAIRE | SR (DNA) B B2 S5 &
JEA AN A B R (RS AR ), XX HT
AR ATP K B RE AL B AL | B B R
W25 G 8 ) 2445 2 S T2 P9 Gz RIE AT
T Ak P AR AR A AR Sy ach 4 25 WL e A4
25 FeLF-RE ) 5 LHIARON, PR TC A F 25 A0 4
J& 1 O AR | AR R AL, ik
T v 0 P ) 0 T A A TR B At S0 9 AR A, 3
gL T AUV 28 vie XES RIFAS 215
2, 10061 i 4 T b AR AR AR R HL A5 A AR AR A R 1)
BH2ERON. B —J7 T, S B Ko XES i S A%
57 LA B Jry BB 45 R UM ARG, BT LA 3 BB A6
B IR A R AL S B4 b 0263, X H: KB
T RS AN E5 4 5 e T 2 R AHSS & 0T 3R AE
S L2 RS Tk 25 BT 204651 i i 7K A YR 1) S
FARIRZS 00 XA ARl ML Ak A 4 67681 45 X F
— SO WG T PO RIS LR R A S 4
JBECAY, S WARHR XES $2 R T4 5o, &
E @ik ST = I e i i I o X R K N 1
1M RIXS PR 2R T A M S ML ST Far
JESE, B EAML S, v LASRAS S i i i) i
FRAE 9 4 3(a) R 3(b) Fis. fifBhix—H R,
A LA RIS 4 B LB TR A TR | A5 RS R
B ASARACSEIATIRA ST, I BRI T
A= AL RN A B 1 2 AR A A A G U 4 R Th ik
MR AL Z g T
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®) [ £ = 2950.0 ev

(a) 3p Core excited states
A A (non-resonant)
XAS KB XES @ Emission energy (E.)
1
2p| 1 % Valence excited state
- A E; = 2470.3 eV
Ko XES (15byg)
% Energy-transfer (E;— E.) €
Yv E
() m— Y Ground state
[ (c) E; =2471.6 eV
" (4a,+5bsg) \
k=
=]
3
)
-
<
~
=
.q;': E; =2472.9 eV
. (22a,)
g
-
o
Z
2300 2302 2304 2306 2308 2310 2312 2314 2456 2460 2464 2468 2472 2476
Emission energy/eV Emission energy/eV
(d) 450
—e— Expt. t=0 t=1h t=25h
4001 gy r
350 -
= 300 @
3
2 250
~
< 200
2
> 150
100
50 Electrolyte

0 ke R el
2295 2300 2305

Emission energy/eV

2310 2295 2300

Emission energy/eV

2305 2310 2295 2300 2305 2310

Emission energy/eV

El 3 (a) S AY NXES Ml RIXS 78 & & 990 (b) [Cu(mnt),)? AYAEILIR AR S KB X B4R & 5 itk * 2R A ST B8 S A9 5Pk B g
AR 199 () LioS, A MEARE i 78 T s g i JL R R 3 & 19 RXES SE 3% ) (d) 2470.7 eV Uk fig i~ g 5% AY 2147 FRL 3t 76 5 A i 2 40 30

=N A SR AL S RXES Y63 70 HY [ Sk [69,70], L3RS

Fig. 3. (a) S NXES and RIXS schematic illustration/®”; (b) nonresonant and resonant S KB X-ray emission spectra for [Cu(mnt),]? .

* denote the elastic scattering peak of the incident photon energy!®l; (c) RXES spectra of Li,S, standards excited at the pre-edge

resonancel™); (d) Operando sulfur RXES spectra at 2470.7 eV excitation energy from a Li-S battery recorded at three points at the

beginning of the discharge process.™ Reproduced with permission from Ref. [69,70].

BT LR A ARSI AT e XES 7E
A R AT 358 Hh FR b E A AR B R Al R 4 N T
RAFEH. RIXS FEAE AR e R B 5 W A
SRR TE /PR 1, TI5BES XANES H R[] 0 2 H i
55 (AnBRmRER . BEFREL) THRAY M &, J-aehs 3l
SR e () 25 A R VR L B T 2R 0 F T 45
AR SR AR AR, U X SR AT (XRD) o
ARG f) G 28 T Hh B . AR 2 R4 32 10 A A
BRI, R RIXS AT LK S A F Tt 70 i o 7
TS PR S A AR B I ML A PR ERE
(2% i 0] 34 nT 22 o Hi 4 B e Al it 7 P oK )
S Wi (LiyS,, z = 2—8) (XS & &, Anfel 3(c) A

Bl 3(d) s, 33X A TR b PR FEL vt 78 kR o A
T PR T A AR R 55 %00 R N BIL A Bt T AR,
A B T AL B A5+ . SR B (an 2 ik
WIZERR) | ST R IR Ik S e R B, Wk
fie HL AR | WL I B St RepL AL B

XFT 4d R JEA RS, T RE XM Ly 5 W
Wik, AREE RS 4d 4R YA R R OCHE
B, EFRRERER R (0 H BERKTE ) . T s E AT
FE. & SEREM A EER, DR N T
B A s B2 L (W MoSt—Mo*t—Mo?*). i,
B X R 4d 3 VE A R A5 A 5 REOCHK | Sk
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AHSEATIARL AR AAZ O I R, %88 &L+
ZE PR SRR i RUBE (RS 4 RS S, () 4 e i
AR R Y A e S BB AT R, XER
TR AR 3 HER LR 5, AR (55 7 RIXS
FR. REhREBOE S R R R g, 3
VT JLAE7Ef5[E PETRA IIT [7] 45 48 51 i IRIXS St
T FEZSET 0.035 eV BRI HER 11 32K
2 LA I 40 BF 4d &) AR REREIR . h AL
A S X —BRRWANH L T 4d 2o
WG R RAE R TR R, RN TR REX
= S PRIETFBME M, b 4d R RESR
T R A S U R ATTRE T3 A5
RAETEE XES HoARTER ) )2 1 HA7 2%
P, HAE B kR AT A IS TR T X2k
IX. BRZ AR IREE AR B BRI LIS, 55— S8k R R 7
THE TR FR ST ) T e SR e SRl T it A 1 7
Ja T X 2, BHETTH T HhEE XES/RIXS
DAY D SRS s g R R B b, X BHERR
il 7 rhREBOEFEOR A R 5. A, g X
X FRTEZS T R, ST 2 RS A
SIREE P PEAT, XA S SE e SR RS
BeAE 4 T S R SRR, AN [ 4k A A
G RAEATE RE 43P WA AR R Dy THT 1Y)
N A AE 22 5, X Rh 22 ARG SR e e T P g
XES AR LR A | AR AL | R0 g5 40 i

BT I ). % AL RN, AE A B G DA S b2
fiti e 22 G0 1 B2 N B Bh 48 H R Z RS IR
e AT A, AU RS TR Sl A A X DA J 32
AL REZ (B Y SCHE. Rk, KRR B
S IABE B SR RE St O 2 4 LA S
Jif; XES/RIXS W, Z#Edhdfe XES BARE M
SR HH By Ta).

BT R 5, T R R4 R T b
XES %% & JU[JFHE 5 LR LR AL 5213
AR JE ) S AF 5 it Ji, O B A 8 T BV A | T
SR IR R R A A R A A AT LR T
RESC LA | S ERRE 50 R, DI AR [R] 4
BRI AR AR S ek 4 P ags T
fig XES i A XS4

42 HEEXESEEJLMIEENAREJLA

XES %Y

XES 3¢ & FEITH & 90 X G4t
155307, FERAEJ7 AT 43 Ry e (o BSORIT I 4 (B
K. FESLBRI Y, o8 T i XES X Rfig it /3t
FY TR, 8 E M I K A EOE IS (WDS).
WDS FEHET % = B HSC o, 7 H Ly A4
$% Johann #Y | Johansson A Fll Von Hamos i,
R i &G OGO FER I 25 = A 285
TR JGAE EHOTH R X 52 AE AR T AN

F 4 PHE XES WAL CSEL
Table 4. Tender XES spectrometer and parameters.
) . IS S el REIR M HER AEIE M A e
JNF B =] 3 1
= VAUNTILN A A LA jom (0% V) N EJAF JEIR(RER)
\ APE(10-10)
2£(80] ’ anss [ —5 — -D¢
Nowak%: Si(111), Si(220) Johansson 500 1.6—5.0 0.32(S K) SSRL(6-2a)
e Si(111), Si(110)%5
A2 [81) ) . — - —
Rovezzi=F 8-Si0,(100) Johansson 250#1500 1.5—5.5 Sub-eV ESRF(ID26)
SOLEIL
LA = 5 _
Ismail % HAPG(002) Von Hamos 500 2—5 0.825 @3300 eV (GALAXIES)
o g8 SOLEIL
S 245(83] 5 [ | <1.5: 0. —
Ismail % HAPG(002) Von Hamos 500 2—5 1.5; 0.87@3930 eV (GALAXIES)
ShakouriZ(™) Si(111)3%Si(220) Johann 100 2—10 241 — CLS (SXRMB)*
y . 0.59(S K) SLS
£5(63] < _ _
Kuzmenko%§ Si(111) Von Hamos 150 1.35@6869 eV SuperXAS*
Anklamm %22 HAPG Von Hamos 150 2.56—15 — 2000@8000 eV —
Malzer %23 HAPG Von Hamos 300 2.3—10 — 4000 —
Holfelder4§ 24 HAPG Von Hamos 50 2.4—18 — 1000—2700 PTB*
Gretarsson% 64 A19E(102) Johansson 1000  2.5—3.5 0.1(Ru Ly) — PETRA III(P01)
Bertinshaw % Ge(111)5Montel $i -1 — 2.5—3.5 0.035(Ru Ly) — PETRA III(P01)

T MRBAEMDRZANE, 28T TS 300IR | RIBAREDER, B b THOLES .
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rnkg b AR AT T, SRR PR A, IR A
AJ7R:

n\ = 2dsiné, (1)
o d 2 A H R 0 RATRIA A n R AT BY AL
(n=1,2,3); N EAK X HEETFHHK. %A
A FTRRE BB G DARRE M R AT, 2
IR, Y24 Mk, R R GTE R B TR R L
TR R B T LR AR, (HH AR AR 2 4F
—3 JF Ot Eone XES 2B .G oo,
RRFEEE L oiE T AN Y B 40 WA 5URN 3% A 1
fe. G AT AR 58 28 A, Bl Si, Ge, LiF
B85, FLR T HED & B AT T L dAs i B AR D
A T ] B A7 3 g B 0 5 SE R B A TREAS A H
A PLAE AT SN X2 SR B A RE R A R SR
1T, 563 fb R Y 32 BB e T HAT ORI, A
T 1 A 2 PR R R AR T T 1 BB 1 ) <43 B R
RE R IR, PR, DS A R R R R AR
(1456 & AR, Sl FH I A 25 1 R T 1 /) T R A
PHEZEHI B AT SR, BR T 5836 MRS, 4k —
7 B4 BT R HAPG 3% W7 5% 3] ¢ 13 . HAPG
S — R R A R R T AEAR /N A R L Y
A ARH 118 20k 37 5 9 ol it 2EL S ) e S AR 72 X
Jo A AR R ] T AR 4%, TR LRI T
FUFAEE UM AR -, HAS B ERICHAE
PR AN, HAPG BA R & RUHR, 78
2000—10000 eV {1t FEl A8 7 L HAD 2 0 Ay S S
R 1 E 2 MR, S E IR H i B

ROERE. T2 eI E AR LR L e .

Johann % [ F1 Johansson % (™ JL{a] & F 1)
PR FEA AL, — & B RO 25 il A, B
i SEATT AR 28 0 T 22 B, X iR T
S A il OGRS B S5O TR LA (] 9 A1 B A% A
0 38 A3 43 B A AR S I SR AR BRI A% L i
BT iR S5 RSN SO S, DI S A
I e S e DX i) 3K P 5 g 2 8 DX 2 A A AR
], WiE 4(a) FE 4(b) iR, TEESEH) Johann
R finit i S AR AT, Ry =
MRER R 2 4%, X RECRAIT A 20
T2 208 L, A R AL TASE R % 22 R
B AR S U MRS B AR RIS A R MR
oA, REGER PR TR, RS T AT
5 AR RiA% F7E . T Johansson %Y Firfif FHAY 43
BT AR i AN TA T T AR AR IR, SR A P 2 w9 i
FLERIE 248 R, [ ARG BCE RO T
B =R Rk b, SR R A, P T Johann
AU JLAAT PR ZE X B, (i A 43 B 2
2 En RS B BT A SE R, 3X — R AT DARIEH:
TERARRERE (RATHIAE A1) SC P8 /& 1 g o 0 BF
SR Ab T Johann BUXS R AR B A RG], AR
Johansson A JLAAT iy 442 W] 52 30 B v 1) 4 D K
T GE R RERLYE E, (HHIN T T 2R 2 4, A
B 1791,

Von Hamos #IJLf 251425 T Von Hamos!™!
0 AR, 2 LA R R AT TR 25 1 AR 107 5 d AR

B

B 4 (a) Johann #JLf[ 7~ & El; (b) Johansson %L 7~ & El; (c) Von Hamos JLfil 7~ & &
Fig. 4. (a) Johann-type geometry; (b) Johansson-type geometry; (¢) Von Hamos geometry.
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HRE DX, [ AT S B R ) ST AR BRI A . AL
FEE AR SR SR AERCR N N s B4 W
T TR, HAPG SR = A S
R THAA A5 1, XA HAE 5 58 6 i A

AR A N PRGE gt — 2. 52 Von
Hamos JL[F) R gE— AR FHRE 0 PR, W
T R R 3R A Bl HH S i | ek B IR
HAPG @A, {H WA A6 7 28 ¥ 42 76 B S g
fig SN Hir, 50 SR R AR TR RS K
HUBRZEF B9 2 AL R TR A B2 5, S5 ) 2
T O TFIERCR AR, PRI AE X e it 0 HE A oK
XU RCR 5 R AL i R 2R B Ak
27 N s R A A AR R, 3EF HAPG §H K% Von
Hamos 4 JU B HAEAEAAR I H T I 275 S FHPE.
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HIAVRHE 538 FHYE B2 a0 5 s
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BE B L R O T R SR DL AR S
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2Rty 8 e A7 BRAGASHEIE R 258 i J L]
JETE B AL RE I R T8, DT FR il e 28 g 1t 0 ¢
BB /7. 1M Johann A | Johansson B3 —4L4k H 4
R RAET 2 (DRR) LT, REWS 2 3 LG IR
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R ) TG 3 ol A, IR RUST R B s G 2 A K
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FRAE &0 HERA0, ST SR G B
B BT GBI TR, B SRR R AR
BREA RS S RE B PR, (BRI AR PRI E
R 2 T o i B R L] 2 (8] [ st 2 DAY
YT IERRCRE A T i R AR S H S R
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FeTFUWENCR EEF B A, BRI
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Table 5. Performance comparison of different tender XES spectrometer geometries.
Uik W SR AWEAD SiRBElS AERE RN A L
Johann S R i T VT i forll

Johansson’i! SEFRIE Fi(<1eV) s Tk éu\#ﬁ%ﬁ;.djé?ginnﬂ
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) || : Kapton window
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(c) Position
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|
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(a) JGISAS AP T Y JLAT 38 B T P (W R R LE A1) 5878 )77, (b) DG4 CAD 7% & R DRR B0 M1; (c) XES Gl

TR (Z2) A RN (A7) TEAGNHEL WA SR [77-79), T ARAT AL

Fig. 5. (a) Schematic view of the geometrical setup used in the spectrometer (objects not to scale) [); (b) CAD schematic of the

spectrometer and the DRR design™; (c) layout of the main components of the XES spectrometer (left) and the interior of the

glovebox (right) (™. Reproduced with permission from Ref. [77-79].
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R (1E 2400 eV 2254 0.32 V). WE 6 s, 1Y
FARE 2T 122 cmx96.5 cmx48.2 cm 48 il H
2% (KSR 10°° mbar(1 mbar = 100 Pa)), H
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B AT WO 5 5 AM0) SR TR B AR = NS
3 XYZ 658678 AR 48, AR SRR g i =
TR, PP TR AL = 0] R AR LD
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i (40 UF,). 7EJR ORI ZE ) 225 B 2 mm
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BEANFE S, 38 AR E G BN AR i
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M PA2t B  PAY, H. Ly Ml rsm i Sl
TG VRS B IR ARG, TEMARRT ST T, 2% B8 1
PRI At S T R Aok U 4 T A5 ) D Ao A
TRAF 5 RAE, A0k T 4R S0 B RE S R A

Bl 6 HRE X SRy 3D BORBIER K, A SRR
SR X R AR AR AL ROR . I A SR [80], B 3RS AL
Fig. 6. Schematic diagram of 3D technical model of medi-
um energy X-ray spectrometer. The incident and emitted x-
ray beam paths are represented by the purple line. Repro-

duced with permission from Ref. [80].
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7 (a) SCiE A AL A R B AR, D 47 A, @ SRS, O B8 & EREE B, (b) A BETT R B B 22 JL Ay 25 4y 1;
(c) XL & SLik A & 15, A: CCD R4S, B: M2 15 em Si (111) Wik, C: JRALTE, D: X ST AR, B Has 50
(d) L e i, B Lk (T0AR) Avb ik, RTS8 mm(JFE#8) 0. [ SCHk [81,63], CARAT AL

Fig. 7. (a) Mechanical layout and internal view of the spectrometer: (D analyzer table, @detector, 3 sample environment B!;

(b) Rowland circle geometry employed for the instrument design ['l; (c) X-ray emission spectrometer. A: CCD detector, B: Si (111)

15 cm bending radius crystal, C: in situ cell, D: X-ray path, E: Turbo pump; (d) in situ cell design: all components (top) and cell

body with dimensions in mm (bottom) [%3. Reproduced with permission from Ref. [81,63].
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Glove box Load lock

B 8  (a) B A4 [ H: Von Hamos JLIAT 7R 2 &1 22; (b) XES YR & & 23, 1§ SCiik [22,23], B3RS

Fig. 8. (a) the novel full-cylinder Von Hamos geometry®?; (b) XES spectrometer schematic®®. Reproduced with permission from

Ref. [22,23].

Port aligner

CCD camera |8

Spectrometer

chamber
Spectrometer flange

Linear feedthrough

= Deam

B9 R K I UHV AhFE 10 CAD B8 Y F SRR [24], B 3R15424L
Fig. 9. CAD model of the spectrometer with UHV enclosure. Reproduced with permission from Ref. [24].
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B 10 (a) JERXAY = 4E R0 P 28 1 oR 17 R AU AF, 8 =AY R, R2, R3I(FE AT T L) LAB A EBH T1 A

T2 A% ); (b) 5 RA T 944

(C). B 28 (D) MR AR (S), ETE B & AR LR E LM L = L, = R/sin(0)

P PR 1. SROZHBEABDET I (c) G . A Sk [83], B3RS #RAL

Fig. 10. (a) A 3D view of the spectrometer highlights its main mechanical components, mainly the three rotation stages R1, R2, and

R3 (yellow curved arrows) and the two translation stages T1 and T2 (blue arrows); (b) a close-up view shows the nine crystals (C),

the detector (D), and the liquid microjet (S), all positioned at the distances required for achieving the focalizing condition L, =

Ly, = R/sin(f). SR is the incoming photon beam; (c) A photo of the spectrometer. Reproduced with permission from Ref. [83].
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(a) Schematic diagram of the HRM

(b)

Schematic diagram of the spectrometer
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1.0 mm DCM Montel Mg d
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Fig. 11. (a) Schematic diagram of the HRM: it consists of four Si(111) crystals cut asymmetrically with an angle = 20°. Reflections
1 and 2 collimate the beam while 3 and 4 select the energy®!; (b) bchematic of the spectrometer showing the position of the sample,
I; (c) Schematic diagram of the nested 4B-HRMI®

city the horizontal components of the Montel mirrors are omitted. Photons scattered from a sample are collected and collimated by

analyzer and detector!® ol (d) schematic diagram of the spectrograph. For simpli-

a Montel mirror (Mc) before being further collimated ¢ and dispersed dby two Ge(111) crystals with asymmetry angles o, = —38.8°

(by=1/18) and a3 = vy (by= 18

ing a focusing Montel mirror (M)

B H Bk 4B-HRM (8] 11(c)). %58 HRM
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). The acquired energy dispersion of the beam is then mapped onto a position-sensitive detector us-

%], Reproduced with permission from Ref. [84,85].

5R2

ASCE SR T XES A A R HI I g
R-1R A 3ok R AR B o ) HL - R S AR R AR
Pk e AR TA], XES 7] 43 4 NXES #il RXES
(RIXS) SCEEAAH T IR T R O XES

REMERSNH, ZR TR EA MR, 5255
FACE HEEHT NXES WH5t. Bl & SC 50 %= 6 IR

5 B4

AES XES AR RFFEEAL, XIS E A [ JiE
PO W RSN i B R LRV 2 R T

NXES Wb, Caks) S5m0 b2 b
KB, NIMTHES) T K 5 A i NXES I 5 M [A]
A AR TR ) SE I = IR A F48S, fifk NXES 3%
PRI RE. RS, A SO T [R50 S0 IRAE
RIXS, HERFD-XAS % R W EEM 5T &, 7]

110401-19


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
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. 75, No. 11 (2026) 110401

M AR TR 45015 B . 5% ) Ikhe
WORSEILG, FE I e o HE ) S A R S
Yy BRI A HTV AR R AL T A AT sk AR SCHE.
EE S ST EE XES iU BRI E IR, |
TR AR R R 1 SR SR IR n vk, %68
Xk Rt AR 1S, SR, XREIX T T P,
S I Ad i JE 4 8 AF G TR, XX SEITT R 1Y
XES S tixt FHEh AL Rl | il . RB IR S Sl
R BAEZ R L. WL, WA T a0k
FT e XES 5y & R i, JUH R AR
= YA RFS R R . DGR T R
F, AFEWFFE S8 g XES 351 68 1Y 75 SR A7
TE 2 5. AR B AE ST ARSI AR | RE B w Y L
AE o HEAR DL KA i 8 S 55 0 T 45 ) .
5500 F 1 A BRI A RN TR AL L BE VR S 40
BB iE XES SR O TR EEAE R T
e WS B8R 5 s A5 A A RE . A RE X
XES 153 5 R H 58 28 5 AR 5302 8 i i IR AE R
6 oet:, 454 Johann A | Johansson %! 5 Von
Hamos B L5157, DA N AS [R) B 2 [n) 25 1)
MRATE K. AR U PERE, 5B A4
T ZFh BRI 4, 38 5L 98/ Johann |
Johansson i Fh A ) il R 242 5 R ] Von Hamos
JUTHY) HAPG 8k i 1A Sk 35 i {3 iy s B2 350 %
{HIXAEAE LIAERE 43 B A R 2 b5 1
ISz AR A slGE A 22 TR A ARG 0 Re i
TV, S T AR R et A, B TR
X SR RE REAHRT AR, FE2 S g, AHOCSE
B AAE B B AR T T THRAE . HT 280X
AT TR IR TARETE LS S I, AN I & B 46
MERE, BRI TR AR, A T R 5
il an Z2AHM, BRI, — SR oE 3 SR T 2
TARRR N TEM R R LS BN
(A it

MH TR & B Be R E, T Johann,
Johansson & Von Hamos %5 £ L5 5 JL{r] /Y BE
XES it S Hke e g b i 1
RGBS B R PRl RUE E W R
IRV, FEARHEI B AT S AARAS B 5 A b JLAnT 4544
JIT D I BEAR B PRI X A% Gt JLAnT A 78 v B
XES HEACR B, AW & R SN F 25l
IBR A FER AT, W 2 R NOZFE SO R H
I [] M 37 B 7 L S ) A ] L AR A P T T

e 1 S R A G R bR 25 B A

FEF ILEEULM AT, X Lk Z
TCE YN AR L 43 HHI T 2 i A i
R T W51, I R BOLFFI 2 52 T R
X — [ R S B A A5 MR L ARSI B 5 Bsf ] 3
Z Y BB W 2. FERL T 50, ST g gE sk
BN — K% O, BRI TSR iE g2
i BSR4 Von Hamos % 1) HAPG
AR Bl AR 58 36 B b PR TR 1 0 0 0L 4 TR0 AE it 1R
SR, ER T B EREN I R SR A R T
RETE AT HERE 38 B Rl s [0l 40 =) A2 FRAE (). G
HAETREIX, KATHAE A TAEAMAZR ARTEA TR
23 (Al AR FE A ST AR A, [RIHR 75 I 2 5
N L ) A, RSO I 1 T i 2 1) 2 [
2y PR, ARG A A R I B 37 i I ) AR}
27 )RR 22 S AR R A X E B S
AT, PLAEORUE S AR T 5T 5 AR i 0 AR &5 X T
T A it A Rl AT — 5 B ) 0 B oK B S 55, D)
A ] 2 52 0 TR PN B A i i 3 R DA A U
EGTF ISR, MifE A=A R L B4 s
A AT, WIFEAERCE 5 53 P
P VA ) [, s BRSO 5 AR L PR R AR
EME S WSO BARA RS L —ERETE
PREII AL, TRTE 2 YL o SR T SEHE AR
PERE S L.

TERRTF IR AR A [, FR SR 43 ] AN
A kG A% A B R XES TR N R Y A
R, LHAESIRE N | BRI i k2= A mat
FEHEE R, RO XS ZRE K A TR AR
SIATRES R AE S I A AR AR L TC A 25 4 R A )
el 000 5 235 SR i 25 LS A SO B AR PRI, RS TR
BRI [R) B AT DA S 3 I 37 AR G Ak Ay 7)o 4 o 0
TESE I AR JZ T, P38 SRR YR A0 TSR At
FEa TR B 2 s R 2 il R 5 7E%K
P A B A2 10, AT N7 SR G I S 56475
RN T, 38 2 7 2 T R I 2 5 s B A 3
et dE—0Hh, w51 AL 2 S B 0N
SR, X 3 R AR AR R AT D P M 5 A
FERTI BT AE B A JR S I Bl R ik 3 R 4, 5
PURE G B R R e, R R AR L AT )
BRI PR ) — R RE SBT3, X AT i 25 B Tk
FE SR AE I ) AT SR S E R M

B 2 OO TR DL R R O R OR 1 %8

110401-20


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

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 11 (2026)

110401

i, Thig XES 768 PRt ] 53 HE6E 7 LR85 i
HLB. F0E S XFEL ¥/, Al ) P 1454
)12, XFEL BHA Wb g0 56 k-5 0% i 1A
SERE, K N ARAS RIS TR S, T SE B
PRI, 5 B i S g si =X, RI7E & Ak S S a0 =2 i
F14)JE 01 FSF ] A 7 B B S R B, A HOG v U
v 3G A B R A R B A R R ). AT S A R
Von Hamos JLAT {0 BZ5H | 2 5 BE51 50T, 125
WP R SR 83 1 & S, 3 AT DAk i 5
R RET A b e A — b 5 b B, BRI
SEUE 1 72 bk R e M B S R B SE . Ak, XES
FARBIRA K & & BRI B T 5 S50 5 1
fift ERE T BT, DFT L5 2 i 7 e ) A G 2% i
Z PRELE (TDDFT) R0 88 (R H 3 sl AGE H L 38
FRIEFR BRI, CCh X GBSl b v H
B2 —, ATA R RS T A o i
fit. {1 DFT/TDDFT JfHETT fig, V5 FE 161 2 K fi
[, 5 REB Be SEi E— 2 A e e . 5 ]
BF, AN T R AR I 248 iz SR TR 42,
B, TR 2 I 45 £ 1 1) Bt (25 A 21D
T80 AR 35 T 0 W B BIL AR 27 2T B GG S i 100 2
JrE e RN I . RS B AT 2 BT IR
HLAS 5 IR0 O HAA UL (R SEPRERAE R A
FERT, MRS P, JU RN Az R AR Y
BT, R AR K TR R R, AR
e A TR . A ) 2 J O I AN TE TR RS
PEF, TEAE TR X L P A0 AR LAk A3 BT
6, BEAREOR A, RIS SE 0 I P A o
IE R EE A FR.
ENINSPNEER T ISR Sl S il
fig XES M7, 1 P gL 5 TR AR A PR,
HikZ i i BE XES L % E , BB 58
BURRE T RE RIS S H R TR, Sy bR i st
iR SRR R, EMIERE L & RO
AL 1) o FH IR AR B, FE e T 1) R IR AR AL L Lk
“EAERE L IR SN B A ) 4 B AR R A SR 2k
. R, AR FRATTREAHESE DU AR R0 S R 1Y
FRRETRZL, A/ INMEBEFT Von Hamos JUATHY HAPG
AR, AR T A TRARIRAL XES ARG, i1k
et HUTIE S RE R HETLRE, IR TR /sh SRR 5
SYMTIRCR S AR M, @ —E m Aok L AR
JE A 5 A D RE A A T BE XES HEARKR. [T,
HENT AR HEAL S G AR, TR TR TOAL B | R A

M R AR ST ik, DIRRIRERAR T e
FRL BEUR | BRIEAF U T R SR s 2%
MRS 2 EEA TR, B 7Eit se i bl
i AL S B A | 2 S 1 2 25 55 TR A
PESERE.

S 30k

Bergmann U, Glatzel P 2009 Photosynth. Res. 102 255
Holden W M, Jahrman E P, Govind N, Seidler G T 2020 J.
Phys. Chem. A 124 5415
[3] Pollock C J, DeBeer S 2011 J. Am. Chem. Soc. 133 5594
[4] Safonov V A, Vykhodtseva L N, Polukarov Y M, Safonova O
V, Smolentsev G, Sikora M, Eeckhout S G, Glatzel P 2006 .J.
Phys. Chem. B 110 23192
[5] Zaharieva I, Chernev P, Berggren G, Anderlund M, Styring
S, Dau H, Haumann M 2016 Biochemistry 55 4197
[6] Gamblin S D, Urch D S 2001 J. Electron Spectrosc. Relat.
Phenom. 113 179
[7] Glatzel P, Bergmann U 2005 Coord. Chem. Rev. 249 65
[8] Bergmann U, Glatzel P, deGroot F, Cramer S P 1999 J. Am.
Chem. Soc. 121 4926
[9] Bergmann U, Horne C R, Collins T J, Workman J M,
Cramer S P 1999 Chem. Phys. Lett. 302 119
[10] Fohlisch A, Nyberg M, Bennich P, Triguero L, Hasselstrom J,
Karis O, Pettersson L G M, Nilsson A 2000 J. Chem. Phys.
112 1946
[11] Bokhoven J A van, Lamberti C 2015 X-ray Absorption and
X-ray Emission Spectroscopy: Theory and Applications
(Chichester, West Sussex: John Wiley & Sons, Inc) ppl25-
149
[12] Glatzel P, Sikora M, Ferndndez-Garcia M 2009 Eur. Phys. J.-
Spec. Top. 169 207
[13] Seidler G T, Mortensen D R, Remesnik A J, Pacold J I, Ball
N A, Barry N, Styczinski M, Hoidn O R 2014 Rev. Sci.
Instrum. 85 113906
[14] Mortensen D R, Seidler G T, Ditter A S, Glatzel P 2016 J.
Phys. Conf. Ser. 712 012036
[15] Limandri S, Robledo J, Tirao G 2018 Spectrochim. Acta, Part
B 144 29
[16] Jahrman E P, Holden W M, Ditter A S, Mortensen D R,
Seidler G T, Fister T T, Kozimor S A, Piper L F J, Rana J,
Hyatt N C, Stennett M C 2019 Rev. Sci. Instrum. 90 024106
[17] Sato K, Nishimura A, Kaino M, Adachi S 2017 X-Ray
Spectrom. 46 330
[18] Bartzsch S, Oeltke U 2017 Phys. Med. Biol. 62 8600
[19] Thoss A, Richardson M, Korn G, Faubel M, Stiel H, Vogt U,
Elsaesser T 2003 J. Opt. Soc. Am. B 20 224
[20] Joe Y I, O’Neil G C, Miaja-Avila L, Fowler J W, Jimenez R,
Silverman K L, Swetz D S, Ullom J N 2016 J. Phys. B: At.
Mol. Opt. Phys. 49 024003
[21] Németh Z, Szlachetko J, Bajnéczi E G, Vanké G 2016 Rev.
Sci. Instrum. 87 103105
[22] Anklamm L, Schlesiger C, Malzer W, Grotzsch D, Neitzel M,
Kanngieler B 2014 Rev. Sci. Instrum. 85 053110
[23] Malzer W, Grotzsch D, Gnewkow R, Schlesiger C,
Kowalewski F, Van Kuiken B, DeBeer S, Kanngieler B 2018
Rev. Sci. Instrum. 89 113111
[24] Holfelder I, Wansleben M, Kayser Y, Gnewkow R, Miiller M,
Weser J, Zech C, Beckhoff B 2021 Rev. Sci. Instrum. 92

N

110401-21


https://doi.org/10.1007/s11120-009-9483-6
https://doi.org/10.1007/s11120-009-9483-6
https://doi.org/10.1007/s11120-009-9483-6
https://doi.org/10.1007/s11120-009-9483-6
https://doi.org/10.1007/s11120-009-9483-6
https://doi.org/10.1007/s11120-009-9483-6
https://doi.org/10.1007/s11120-009-9483-6
https://doi.org/10.1021/acs.jpca.0c04195
https://doi.org/10.1021/acs.jpca.0c04195
https://doi.org/10.1021/acs.jpca.0c04195
https://doi.org/10.1021/acs.jpca.0c04195
https://doi.org/10.1021/acs.jpca.0c04195
https://doi.org/10.1021/acs.jpca.0c04195
https://doi.org/10.1021/acs.jpca.0c04195
https://doi.org/10.1021/acs.jpca.0c04195
https://doi.org/10.1021/ja200560z
https://doi.org/10.1021/ja200560z
https://doi.org/10.1021/ja200560z
https://doi.org/10.1021/ja200560z
https://doi.org/10.1021/ja200560z
https://doi.org/10.1021/ja200560z
https://doi.org/10.1021/ja200560z
https://doi.org/10.1021/jp064569j
https://doi.org/10.1021/jp064569j
https://doi.org/10.1021/jp064569j
https://doi.org/10.1021/jp064569j
https://doi.org/10.1021/jp064569j
https://doi.org/10.1021/jp064569j
https://doi.org/10.1021/jp064569j
https://doi.org/10.1021/jp064569j
https://doi.org/10.1021/acs.biochem.6b00491
https://doi.org/10.1021/acs.biochem.6b00491
https://doi.org/10.1021/acs.biochem.6b00491
https://doi.org/10.1021/acs.biochem.6b00491
https://doi.org/10.1021/acs.biochem.6b00491
https://doi.org/10.1021/acs.biochem.6b00491
https://doi.org/10.1021/acs.biochem.6b00491
https://doi.org/10.1016/S0368-2048(00)00416-3
https://doi.org/10.1016/S0368-2048(00)00416-3
https://doi.org/10.1016/S0368-2048(00)00416-3
https://doi.org/10.1016/S0368-2048(00)00416-3
https://doi.org/10.1016/S0368-2048(00)00416-3
https://doi.org/10.1016/S0368-2048(00)00416-3
https://doi.org/10.1016/S0368-2048(00)00416-3
https://doi.org/10.1016/S0368-2048(00)00416-3
https://doi.org/10.1016/j.ccr.2004.04.011
https://doi.org/10.1016/j.ccr.2004.04.011
https://doi.org/10.1016/j.ccr.2004.04.011
https://doi.org/10.1016/j.ccr.2004.04.011
https://doi.org/10.1016/j.ccr.2004.04.011
https://doi.org/10.1016/j.ccr.2004.04.011
https://doi.org/10.1016/j.ccr.2004.04.011
https://doi.org/10.1021/ja984454w
https://doi.org/10.1021/ja984454w
https://doi.org/10.1021/ja984454w
https://doi.org/10.1021/ja984454w
https://doi.org/10.1021/ja984454w
https://doi.org/10.1021/ja984454w
https://doi.org/10.1021/ja984454w
https://doi.org/10.1021/ja984454w
https://doi.org/10.1016/S0009-2614(99)00095-0
https://doi.org/10.1016/S0009-2614(99)00095-0
https://doi.org/10.1016/S0009-2614(99)00095-0
https://doi.org/10.1016/S0009-2614(99)00095-0
https://doi.org/10.1016/S0009-2614(99)00095-0
https://doi.org/10.1016/S0009-2614(99)00095-0
https://doi.org/10.1016/S0009-2614(99)00095-0
https://doi.org/10.1063/1.480773
https://doi.org/10.1063/1.480773
https://doi.org/10.1063/1.480773
https://doi.org/10.1063/1.480773
https://doi.org/10.1063/1.480773
https://doi.org/10.1063/1.480773
https://doi.org/10.1140/epjst/e2009-00994-7
https://doi.org/10.1140/epjst/e2009-00994-7
https://doi.org/10.1140/epjst/e2009-00994-7
https://doi.org/10.1140/epjst/e2009-00994-7
https://doi.org/10.1140/epjst/e2009-00994-7
https://doi.org/10.1140/epjst/e2009-00994-7
https://doi.org/10.1140/epjst/e2009-00994-7
https://doi.org/10.1140/epjst/e2009-00994-7
https://doi.org/10.1140/epjst/e2009-00994-7
https://doi.org/10.1063/1.4901599
https://doi.org/10.1063/1.4901599
https://doi.org/10.1063/1.4901599
https://doi.org/10.1063/1.4901599
https://doi.org/10.1063/1.4901599
https://doi.org/10.1063/1.4901599
https://doi.org/10.1063/1.4901599
https://doi.org/10.1063/1.4901599
https://doi.org/10.1088/1742-6596/712/1/012036
https://doi.org/10.1088/1742-6596/712/1/012036
https://doi.org/10.1088/1742-6596/712/1/012036
https://doi.org/10.1088/1742-6596/712/1/012036
https://doi.org/10.1088/1742-6596/712/1/012036
https://doi.org/10.1088/1742-6596/712/1/012036
https://doi.org/10.1088/1742-6596/712/1/012036
https://doi.org/10.1088/1742-6596/712/1/012036
https://doi.org/10.1016/j.sab.2018.03.004
https://doi.org/10.1016/j.sab.2018.03.004
https://doi.org/10.1016/j.sab.2018.03.004
https://doi.org/10.1016/j.sab.2018.03.004
https://doi.org/10.1016/j.sab.2018.03.004
https://doi.org/10.1016/j.sab.2018.03.004
https://doi.org/10.1016/j.sab.2018.03.004
https://doi.org/10.1016/j.sab.2018.03.004
https://doi.org/10.1063/1.5049383
https://doi.org/10.1063/1.5049383
https://doi.org/10.1063/1.5049383
https://doi.org/10.1063/1.5049383
https://doi.org/10.1063/1.5049383
https://doi.org/10.1063/1.5049383
https://doi.org/10.1063/1.5049383
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1002/xrs.2797
https://doi.org/10.1088/1361-6560/aa910b
https://doi.org/10.1088/1361-6560/aa910b
https://doi.org/10.1088/1361-6560/aa910b
https://doi.org/10.1088/1361-6560/aa910b
https://doi.org/10.1088/1361-6560/aa910b
https://doi.org/10.1088/1361-6560/aa910b
https://doi.org/10.1088/1361-6560/aa910b
https://doi.org/10.1364/JOSAB.20.000224
https://doi.org/10.1364/JOSAB.20.000224
https://doi.org/10.1364/JOSAB.20.000224
https://doi.org/10.1364/JOSAB.20.000224
https://doi.org/10.1364/JOSAB.20.000224
https://doi.org/10.1364/JOSAB.20.000224
https://doi.org/10.1364/JOSAB.20.000224
https://doi.org/10.1088/0953-4075/49/2/024003
https://doi.org/10.1088/0953-4075/49/2/024003
https://doi.org/10.1088/0953-4075/49/2/024003
https://doi.org/10.1088/0953-4075/49/2/024003
https://doi.org/10.1088/0953-4075/49/2/024003
https://doi.org/10.1088/0953-4075/49/2/024003
https://doi.org/10.1088/0953-4075/49/2/024003
https://doi.org/10.1088/0953-4075/49/2/024003
https://doi.org/10.1063/1.4964098
https://doi.org/10.1063/1.4964098
https://doi.org/10.1063/1.4964098
https://doi.org/10.1063/1.4964098
https://doi.org/10.1063/1.4964098
https://doi.org/10.1063/1.4964098
https://doi.org/10.1063/1.4964098
https://doi.org/10.1063/1.4964098
https://doi.org/10.1063/1.4875986
https://doi.org/10.1063/1.4875986
https://doi.org/10.1063/1.4875986
https://doi.org/10.1063/1.4875986
https://doi.org/10.1063/1.4875986
https://doi.org/10.1063/1.4875986
https://doi.org/10.1063/1.4875986
https://doi.org/10.1063/1.5035171
https://doi.org/10.1063/1.5035171
https://doi.org/10.1063/1.5035171
https://doi.org/10.1063/1.5035171
https://doi.org/10.1063/1.5035171
https://doi.org/10.1063/1.5035171
https://doi.org/10.1063/5.0061183
https://doi.org/10.1063/5.0061183
https://doi.org/10.1063/5.0061183
https://doi.org/10.1063/5.0061183
https://doi.org/10.1063/5.0061183
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 11 (2026)

110401

29]

30]

(31]

32]

33]

34]

(35]

(36]

37]

38]

39]

(40]

(41]

(42]

123105

Scordo A, Curceanu C, Miliucci M, Sirghi F, Zmeskal J 2019
Condens. Matter 4 38

Btachucki W, Czapla-Masztafiak J, S& J, Szlachetko J 2019 J.
Anal. At. Spectrom. 34 1409

Legall H, Stiel H, Schniirer M, Pagels M, Kanngiefler B,
Miiller M, Beckhoff B, Grigorieva I, Antonov A, Arkadiev V,
Bjeoumikhov A 2009 J. Appl. Crystallogr. 42 572

Xian D C 2016 The Beijing Synchrotron Radiation Facility
and Its Applications (Nanning: Guangxi Science and
Technology Press) pp15-20 (in Chinese) [¢E4%E 2016 JtaT[F]
R E N (R T )RR ROR ) 5 15—
20 71

Mai Z H 2013 Synchrotron Radiation Sources and Their
Applications (Beijing: Science Press) pp30-50 (in Chinese) [#
PRt 2013 [F) 20 4 G G IR R IR T (A st Bl AL ) 2R
30—50 1]

De Groot F M F, Haverkort M W, Elnaggar H, Juhin A,
Zhou K J, Glatzel P 2024 Nat. Rev. Methods Primers 4 45

Li J, Nag A, Pelliciari J, Robarts H, Walters A, Garcia-
Fernandez M, Eisaki H, Song D, Ding H, Johnston S, Comin
R, Zhou K J 2020 Proc. Natl. Acad. Sci. U. S. A. 117 16219
Ament L J P, Ghiringhelli G, Sala M M, Braicovich L, Van
Den Brink J 2009 Phys. Rev. Lett. 103 117003

Brookes N B, Betto D, Cao K, Lu Y, Kummer K, Giustino F
2020 Phys. Rev. B 102 064412

Martinelli L, Wohlfeld K, Pelliciari J, et al. 2024 Phys. Rev.
Lett. 132 066004

Schlappa J, Wohlfeld K, Zhou K J, Mourigal M, Haverkort M
W, Strocov V N, Hozoi L, Monney C, Nishimoto S, Singh S,
Revcolevschi A, Caux J S, Patthey L, Rgnnow H M, Van Den
Brink J, Schmitt T 2012 Nature 485 82

Ghiringhelli G, Brookes N B, Annese E, Berger H, Dallera C,
Grioni M, Perfetti L, Tagliaferri A, Braicovich L 2004 Phys.
Rev. Lett. 92 117406

Brookes N B, Yakhou-Harris F, Kummer K, Fondacaro A,
Cezar J C, Betto D, Velez-Fort E, Amorese A, Ghiringhelli
G, Braicovich L, Barrett R, Berruyer G, Cianciosi F, Eybert
L, Marion P, Van Der Linden P, Zhang L 2018 Nucl.
Instrum. Methods Phys. Res., Sect. A 903 175

Chiuzbéian S G, Hague C F, Avila A, Delaunay R, Jaouen N,
Sacchi M, Polack F, Thomasset M, Lagarde B, Nicolaou A,
Brignolo S, Baumier C, Liining J, Mariot J M 2014 Rev. Sci.
Instrum. 85 043108

Zhou K J, Walters A, Garcia-Fernandez M, Rice T, Hand M,
Nag A, Li J, Agrestini S, Garland P, Wang H, Alcock S,
Nistea I, Nutter B, Rubies N, Knap G, Gaughran M, Yuan F,
Chang P, Emmins J, Howell G 2022 J. Synchrotron Radiat.
29 563

Weinhardt L, Steininger R, Kreikemeyer-Lorenzo D, Mangold
S, Hauschild D, Batchelor D, Spangenberg T, Heske C 2021
J. Synchrotron Radiat. 28 609

Ghiringhelli G, Piazzalunga A, Dallera C, Trezzi G,
Braicovich L, Schmitt T, Strocov V N, Betemps R, Patthey
L, Wang X, Grioni M 2006 Rev. Sci. Instrum. 77 113108
Agéker M, Englund C J, Ekholm V, Kjellsson L, Sjoblom P,
Pickworth L, Soderstrom J, Johansson N, Ghosh A,
Tokushima T, Caputo M, Forsberg J, Felcsuti G, Fredriksson
P, Malki S, Wassdahl N, Sathe C, Rubensson J E 2025 J.
Synchrotron Radiat. 32 1328

Boots M, Muir D, Moewes A 2013 J. Synchrotron Radiat. 20 272
Qiao R, Li Q, Zhuo Z, Sallis S, Fuchs O, Blum M, Weinhardt
L, Heske C, Pepper J, Jones M, Brown A, Spucces A, Chow

[45]
[46]
[47]

(48]

(49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]
[60]
[61]
[62]
(63]

[64]

[65]

[66]

[67]

[68]

110401-22

K, Smith B, Glans P A, Chen Y, Yan S, Pan F, Piper L F J,
Denlinger J, Guo J, Hussain Z, Chuang Y D, Yang W 2017
Rev. Sci. Instrum. 88 033106

Dvorak J, Jarrige I, Bisogni V, Coburn S, Leonhardt W 2016
Rev. Sci. Instrum. 87 115109

Singh A, Huang H Y, Chu Y Y, et al. 2021 J. Synchrotron
Radiat. 28 977

Miyawaki J, Kosegawa Y, Harada Y 2024 J. Synchrotron
Radiat. 31 208

Zhou K J, Huang Y B, Monney C, Dai X, Strocov V N,
Wang N L, Chen Z G, Zhang C, Dai P, Patthey L, Van Den
Brink J, Ding H, Schmitt T 2013 Nat. Commun. 4 1470

Kim J, Casa D, Said A, Krakora R, Kim B J, Kasman E,
Huang X, Gog T 2018 Sci. Rep. 8 1958

Pirngruber G D, Grunwaldt J D, van Bokhoven J A, Kalytta
A, Reller A, Safonova O V, Glatzel P 2006 J. Phys. Chem. B
110 18104

Glatzel P, Bergmann U, Yano J, Visser H, Robblee J H, Gu
W, De Groot F M F, Christou G, Pecoraro V L, Cramer S P,
Yachandra V K 2004 J. Am. Chem. Soc. 126 9946

Scheinost A C, Claussner J, Exner J, Feig M, Findeisen S,
Hennig C, Kvashnina K O, Naudet D, Prieur D, Rossberg A,
Schmidt M, Qiu C, Colomp P, Cohen C, Dettona E, Dyadkin
V, Stumpf T 2021 J. Synchrotron Radiat. 28 333

Guo Z, Zhang Y, Xu W, Jin S, Gan X, Zhang H, Chen D, Jia
Q 2023 Rev. Sci. Instrum. 94 023102

Szlachetko J, Sa J, Safonova O V, Smolentsev G, Szlachetko
M, Van Bokhoven J A, Nachtegaal M 2013 J. Electron
Spectrosc. Relat. Phenom. 188 161

Alonso-Mori R, Kern J, Sokaras D, Weng T C, Nordlund D,
Tran R, Montanez P, Delor J, Yachandra V K, Yano J,
Bergmann U 2012 Rev. Sci. Instrum. 83 073114

Duan P, Gu S, Cao H, Li J, Huang Y 2017 X-Ray Spectrom.
46 12

Mei B B, Wang L X, Gu S Q, Su X Z, Zhang S, Wei Y, Ma J
Y, Jiang Z, Song F 2024 Nucl. Sci. Tech. 35 156

Guo Z, Diao Q, Zhang Y, Jia X, Jin S, Gan X, Zhang H,
Tian Y, Han Q, Qian H, Ishii K, Xu W 2025 X-Ray
Spectrom. 54 247

Mathe Z, McCubbin Stepanic O, Peredkov S, DeBeer S 2021
Chem. Sci. 12 7888

Petric M, Bohinc R, Buéar K, Zitnik M, Szlachetko J, Kav¢ié
M 2015 Anal. Chem. 87 5632

Mathe Z, DeBeer S 2025 Small 2505 199

Holden W M, Seidler G T, Cheah S 2018 J. Phys. Chem. A
122 5153

Kuzmenko D, Vogelsang U, Hitz S, Miiller D, Clark A H,
Kinschel D, Czapla-Masztafiak J, Milne C, Szlachetko J,
Nachtegaal M 2019 J. Anal. At. Spectrom. 34 2105

Mori R A, Paris E, Giuli G, Eeckhout S G, Kav¢&i¢ M, Zitnik
M, Buéar K, Pettersson L. G M, Glatzel P 2010 Inorg. Chem.
49 6468

Sénchez E, Torres Deluigi M, Castellano G 2019 J. Anal. At.
Spectrom. 34 274

Niskanen J, Sahle C J, Ruotsalainen K O, Miiller H, Kav¢i¢
M, Zitnik M, Bugar K, Petric M, Hakala M, Huotari S 2016
Sci. Rep. 6 21012

Qureshi M, Nowak S H, Vogt L I, Cotelesage J J H, Dolgova
N V, Sharifi S, Kroll T, Nordlund D, Alonso-Mori R, Weng T
C, Pickering I J, George G N, Sokaras D 2021 Phys. Chem.
Chem. Phys. 23 4500

Vogt L I, Cotelesage J J H, Dolgova N V, Boyes C, Qureshi
M, Sokaras D, Sharifi S, George S J, Pickering I J, George G


https://doi.org/10.1063/5.0061183
https://doi.org/10.3390/condmat4020038
https://doi.org/10.3390/condmat4020038
https://doi.org/10.3390/condmat4020038
https://doi.org/10.3390/condmat4020038
https://doi.org/10.3390/condmat4020038
https://doi.org/10.3390/condmat4020038
https://doi.org/10.1039/C9JA00159J
https://doi.org/10.1039/C9JA00159J
https://doi.org/10.1039/C9JA00159J
https://doi.org/10.1039/C9JA00159J
https://doi.org/10.1039/C9JA00159J
https://doi.org/10.1039/C9JA00159J
https://doi.org/10.1039/C9JA00159J
https://doi.org/10.1039/C9JA00159J
https://doi.org/10.1107/S0021889809006803
https://doi.org/10.1107/S0021889809006803
https://doi.org/10.1107/S0021889809006803
https://doi.org/10.1107/S0021889809006803
https://doi.org/10.1107/S0021889809006803
https://doi.org/10.1107/S0021889809006803
https://doi.org/10.1107/S0021889809006803
https://doi.org/10.1038/s43586-024-00322-6
https://doi.org/10.1038/s43586-024-00322-6
https://doi.org/10.1038/s43586-024-00322-6
https://doi.org/10.1038/s43586-024-00322-6
https://doi.org/10.1038/s43586-024-00322-6
https://doi.org/10.1038/s43586-024-00322-6
https://doi.org/10.1038/s43586-024-00322-6
https://doi.org/10.1073/pnas.2001755117
https://doi.org/10.1073/pnas.2001755117
https://doi.org/10.1073/pnas.2001755117
https://doi.org/10.1073/pnas.2001755117
https://doi.org/10.1073/pnas.2001755117
https://doi.org/10.1073/pnas.2001755117
https://doi.org/10.1073/pnas.2001755117
https://doi.org/10.1103/PhysRevLett.103.117003
https://doi.org/10.1103/PhysRevLett.103.117003
https://doi.org/10.1103/PhysRevLett.103.117003
https://doi.org/10.1103/PhysRevLett.103.117003
https://doi.org/10.1103/PhysRevLett.103.117003
https://doi.org/10.1103/PhysRevLett.103.117003
https://doi.org/10.1103/PhysRevLett.103.117003
https://doi.org/10.1103/PhysRevB.102.064412
https://doi.org/10.1103/PhysRevB.102.064412
https://doi.org/10.1103/PhysRevB.102.064412
https://doi.org/10.1103/PhysRevB.102.064412
https://doi.org/10.1103/PhysRevB.102.064412
https://doi.org/10.1103/PhysRevB.102.064412
https://doi.org/10.1103/PhysRevB.102.064412
https://doi.org/10.1103/PhysRevLett.132.066004
https://doi.org/10.1103/PhysRevLett.132.066004
https://doi.org/10.1103/PhysRevLett.132.066004
https://doi.org/10.1103/PhysRevLett.132.066004
https://doi.org/10.1103/PhysRevLett.132.066004
https://doi.org/10.1103/PhysRevLett.132.066004
https://doi.org/10.1103/PhysRevLett.132.066004
https://doi.org/10.1103/PhysRevLett.132.066004
https://doi.org/10.1038/nature10974
https://doi.org/10.1038/nature10974
https://doi.org/10.1038/nature10974
https://doi.org/10.1038/nature10974
https://doi.org/10.1038/nature10974
https://doi.org/10.1038/nature10974
https://doi.org/10.1038/nature10974
https://doi.org/10.1103/PhysRevLett.92.117406
https://doi.org/10.1103/PhysRevLett.92.117406
https://doi.org/10.1103/PhysRevLett.92.117406
https://doi.org/10.1103/PhysRevLett.92.117406
https://doi.org/10.1103/PhysRevLett.92.117406
https://doi.org/10.1103/PhysRevLett.92.117406
https://doi.org/10.1103/PhysRevLett.92.117406
https://doi.org/10.1103/PhysRevLett.92.117406
https://doi.org/10.1016/j.nima.2018.07.001
https://doi.org/10.1016/j.nima.2018.07.001
https://doi.org/10.1016/j.nima.2018.07.001
https://doi.org/10.1016/j.nima.2018.07.001
https://doi.org/10.1016/j.nima.2018.07.001
https://doi.org/10.1016/j.nima.2018.07.001
https://doi.org/10.1016/j.nima.2018.07.001
https://doi.org/10.1016/j.nima.2018.07.001
https://doi.org/10.1063/1.4871362
https://doi.org/10.1063/1.4871362
https://doi.org/10.1063/1.4871362
https://doi.org/10.1063/1.4871362
https://doi.org/10.1063/1.4871362
https://doi.org/10.1063/1.4871362
https://doi.org/10.1063/1.4871362
https://doi.org/10.1063/1.4871362
https://doi.org/10.1107/S1600577522000601
https://doi.org/10.1107/S1600577522000601
https://doi.org/10.1107/S1600577522000601
https://doi.org/10.1107/S1600577522000601
https://doi.org/10.1107/S1600577522000601
https://doi.org/10.1107/S1600577522000601
https://doi.org/10.1107/S1600577520016318
https://doi.org/10.1107/S1600577520016318
https://doi.org/10.1107/S1600577520016318
https://doi.org/10.1107/S1600577520016318
https://doi.org/10.1107/S1600577520016318
https://doi.org/10.1107/S1600577520016318
https://doi.org/10.1063/1.2372731
https://doi.org/10.1063/1.2372731
https://doi.org/10.1063/1.2372731
https://doi.org/10.1063/1.2372731
https://doi.org/10.1063/1.2372731
https://doi.org/10.1063/1.2372731
https://doi.org/10.1063/1.2372731
https://doi.org/10.1107/S1600577525005478
https://doi.org/10.1107/S1600577525005478
https://doi.org/10.1107/S1600577525005478
https://doi.org/10.1107/S1600577525005478
https://doi.org/10.1107/S1600577525005478
https://doi.org/10.1107/S1600577525005478
https://doi.org/10.1107/S1600577525005478
https://doi.org/10.1107/S1600577525005478
https://doi.org/10.1107/S0909049512051266
https://doi.org/10.1107/S0909049512051266
https://doi.org/10.1107/S0909049512051266
https://doi.org/10.1107/S0909049512051266
https://doi.org/10.1107/S0909049512051266
https://doi.org/10.1107/S0909049512051266
https://doi.org/10.1107/S0909049512051266
https://doi.org/10.1063/1.4977592
https://doi.org/10.1063/1.4977592
https://doi.org/10.1063/1.4977592
https://doi.org/10.1063/1.4977592
https://doi.org/10.1063/1.4977592
https://doi.org/10.1063/1.4977592
https://doi.org/10.1063/1.4964847
https://doi.org/10.1063/1.4964847
https://doi.org/10.1063/1.4964847
https://doi.org/10.1063/1.4964847
https://doi.org/10.1063/1.4964847
https://doi.org/10.1063/1.4964847
https://doi.org/10.1107/S1600577521002897
https://doi.org/10.1107/S1600577521002897
https://doi.org/10.1107/S1600577521002897
https://doi.org/10.1107/S1600577521002897
https://doi.org/10.1107/S1600577521002897
https://doi.org/10.1107/S1600577521002897
https://doi.org/10.1107/S1600577521002897
https://doi.org/10.1107/S1600577521002897
https://doi.org/10.1107/S1600577523010391
https://doi.org/10.1107/S1600577523010391
https://doi.org/10.1107/S1600577523010391
https://doi.org/10.1107/S1600577523010391
https://doi.org/10.1107/S1600577523010391
https://doi.org/10.1107/S1600577523010391
https://doi.org/10.1107/S1600577523010391
https://doi.org/10.1107/S1600577523010391
https://doi.org/10.1038/ncomms2428
https://doi.org/10.1038/ncomms2428
https://doi.org/10.1038/ncomms2428
https://doi.org/10.1038/ncomms2428
https://doi.org/10.1038/ncomms2428
https://doi.org/10.1038/ncomms2428
https://doi.org/10.1038/ncomms2428
https://doi.org/10.1038/s41598-018-20396-z
https://doi.org/10.1038/s41598-018-20396-z
https://doi.org/10.1038/s41598-018-20396-z
https://doi.org/10.1038/s41598-018-20396-z
https://doi.org/10.1038/s41598-018-20396-z
https://doi.org/10.1038/s41598-018-20396-z
https://doi.org/10.1038/s41598-018-20396-z
https://doi.org/10.1021/jp063812b
https://doi.org/10.1021/jp063812b
https://doi.org/10.1021/jp063812b
https://doi.org/10.1021/jp063812b
https://doi.org/10.1021/jp063812b
https://doi.org/10.1021/jp063812b
https://doi.org/10.1021/ja038579z
https://doi.org/10.1021/ja038579z
https://doi.org/10.1021/ja038579z
https://doi.org/10.1021/ja038579z
https://doi.org/10.1021/ja038579z
https://doi.org/10.1021/ja038579z
https://doi.org/10.1021/ja038579z
https://doi.org/10.1107/S1600577520014265
https://doi.org/10.1107/S1600577520014265
https://doi.org/10.1107/S1600577520014265
https://doi.org/10.1107/S1600577520014265
https://doi.org/10.1107/S1600577520014265
https://doi.org/10.1107/S1600577520014265
https://doi.org/10.1107/S1600577520014265
https://doi.org/10.1063/5.0133896
https://doi.org/10.1063/5.0133896
https://doi.org/10.1063/5.0133896
https://doi.org/10.1063/5.0133896
https://doi.org/10.1063/5.0133896
https://doi.org/10.1063/5.0133896
https://doi.org/10.1063/5.0133896
https://doi.org/10.1016/j.elspec.2012.11.002
https://doi.org/10.1016/j.elspec.2012.11.002
https://doi.org/10.1016/j.elspec.2012.11.002
https://doi.org/10.1016/j.elspec.2012.11.002
https://doi.org/10.1016/j.elspec.2012.11.002
https://doi.org/10.1016/j.elspec.2012.11.002
https://doi.org/10.1016/j.elspec.2012.11.002
https://doi.org/10.1016/j.elspec.2012.11.002
https://doi.org/10.1063/1.4737630
https://doi.org/10.1063/1.4737630
https://doi.org/10.1063/1.4737630
https://doi.org/10.1063/1.4737630
https://doi.org/10.1063/1.4737630
https://doi.org/10.1063/1.4737630
https://doi.org/10.1063/1.4737630
https://doi.org/10.1002/xrs.2719
https://doi.org/10.1002/xrs.2719
https://doi.org/10.1002/xrs.2719
https://doi.org/10.1002/xrs.2719
https://doi.org/10.1002/xrs.2719
https://doi.org/10.1002/xrs.2719
https://doi.org/10.1002/xrs.2719
https://doi.org/10.1002/xrs.2719
https://doi.org/10.1007/s41365-024-01486-2
https://doi.org/10.1007/s41365-024-01486-2
https://doi.org/10.1007/s41365-024-01486-2
https://doi.org/10.1007/s41365-024-01486-2
https://doi.org/10.1007/s41365-024-01486-2
https://doi.org/10.1007/s41365-024-01486-2
https://doi.org/10.1007/s41365-024-01486-2
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1002/xrs.3453
https://doi.org/10.1039/D1SC01266E
https://doi.org/10.1039/D1SC01266E
https://doi.org/10.1039/D1SC01266E
https://doi.org/10.1039/D1SC01266E
https://doi.org/10.1039/D1SC01266E
https://doi.org/10.1039/D1SC01266E
https://doi.org/10.1021/acs.analchem.5b00782
https://doi.org/10.1021/acs.analchem.5b00782
https://doi.org/10.1021/acs.analchem.5b00782
https://doi.org/10.1021/acs.analchem.5b00782
https://doi.org/10.1021/acs.analchem.5b00782
https://doi.org/10.1021/acs.analchem.5b00782
https://doi.org/10.1021/acs.analchem.5b00782
https://doi.org/10.1002/smll.202505199
https://doi.org/10.1002/smll.202505199
https://doi.org/10.1002/smll.202505199
https://doi.org/10.1002/smll.202505199
https://doi.org/10.1002/smll.202505199
https://doi.org/10.1002/smll.202505199
https://doi.org/10.1002/smll.202505199
https://doi.org/10.1021/acs.jpca.8b02816
https://doi.org/10.1021/acs.jpca.8b02816
https://doi.org/10.1021/acs.jpca.8b02816
https://doi.org/10.1021/acs.jpca.8b02816
https://doi.org/10.1021/acs.jpca.8b02816
https://doi.org/10.1021/acs.jpca.8b02816
https://doi.org/10.1039/C9JA00195F
https://doi.org/10.1039/C9JA00195F
https://doi.org/10.1039/C9JA00195F
https://doi.org/10.1039/C9JA00195F
https://doi.org/10.1039/C9JA00195F
https://doi.org/10.1039/C9JA00195F
https://doi.org/10.1039/C9JA00195F
https://doi.org/10.1021/ic100304z
https://doi.org/10.1021/ic100304z
https://doi.org/10.1021/ic100304z
https://doi.org/10.1021/ic100304z
https://doi.org/10.1021/ic100304z
https://doi.org/10.1021/ic100304z
https://doi.org/10.1039/C8JA00345A
https://doi.org/10.1039/C8JA00345A
https://doi.org/10.1039/C8JA00345A
https://doi.org/10.1039/C8JA00345A
https://doi.org/10.1039/C8JA00345A
https://doi.org/10.1039/C8JA00345A
https://doi.org/10.1039/C8JA00345A
https://doi.org/10.1039/C8JA00345A
https://doi.org/10.1038/srep21012
https://doi.org/10.1038/srep21012
https://doi.org/10.1038/srep21012
https://doi.org/10.1038/srep21012
https://doi.org/10.1038/srep21012
https://doi.org/10.1038/srep21012
https://doi.org/10.1039/D0CP05323F
https://doi.org/10.1039/D0CP05323F
https://doi.org/10.1039/D0CP05323F
https://doi.org/10.1039/D0CP05323F
https://doi.org/10.1039/D0CP05323F
https://doi.org/10.1039/D0CP05323F
https://doi.org/10.1039/D0CP05323F
https://doi.org/10.1039/D0CP05323F
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
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. 75, No. 11 (2026)

110401

N 2023 J. Phys. Chem. A 127 3692

Larsen C B, Ledbetter K, Nascimento D R, Biasin E, Qureshi
M, Nowak S H, Sokaras D, Govind N, Cordones A A 2024 J.
Am. Chem. Soc. 143 20645

Kavéi¢ M, Buéar K, Petric M, Zitnik M, Aréon I, Dominko R,
Vizintin A 2016 J. Phys. Chem. C'120 24568

Peredkov S, Pereira N, Grotzsch D, Hendel S, Wallacher D,
DeBeer S 2024 J. Synchrotron Radiat. 31 622

Grigorieva I, Antonov A, Gudi G 2019 Condens. Matter 4 18
Johann H H 1931 Z. Physik 69 185

Johansson T 1933 Z. Physik 82 507

Dikaya O, Nachtegaal M, Szlachetko J, et al. 2020 Results
Phys. 18 103212

Hamos V L 1933 Ann. Phys. 409 716

Kav&i¢ M, Budnar M, Miihleisen A, Gasser F, Zitnik M,
Bucar K, Bohinc R 2012 Rev. Sci. Instrum. 83 033113

Holden W M, Hoidn O R, Ditter A S, Seidler G T, Kas J,
Stein J L, Cossairt B M, Kozimor S A, Guo J, Ye Y, Marcus
M A Fakra S 2017 Rev. Sci. Instrum. 88 073904

Shakouri M, Holden W M, Hu Y, Xiao Q, Igarashi R,
Schreiner B, Bree M, Li M, Li W, Sun X, Sham T K 2020
Electron. Struct. 2 047001

Nowak S H, Armenta R, Schwartz C P, Gallo A, Abraham B,
Garcia-Esparza A T, Biasin E, Prado A, Maciel A, Zhang D,
Day D, Christensen S, Kroll T, Alonso-Mori R, Nordlund D,
Weng T C, Sokaras D 2020 Rev. Sci. Instrum. 91 033101

(81]

(82]

(83]

(84]

(85]

(86]

(87]
(83

(89]
[90]

Rovezzi M, Harris A, Detlefs B, et al. 2020 J. Synchrotron
Radiat. 27 813

Ismail I, Journel L, Vacheresse R, Travnikova O, Marin T,
Céolin D, Guillemin R, Marchenko T, Zmerli M, Koulentianos
D, Piittner R, Palaudoux J, Penent F, Simon M 2021 Rev.
Sci. Instrum. 92 073104

Ismail 1, R, Marchenko T,
Travnikova O, Guillemin R, Verma A, Velasquez N, Peng D,
Ringuenet H, Penent F, Piittner R, Céolin D, Rueff J P,
Simon M 2024 Rev. Sci. Instrum. 95 053103

Gretarsson H, Ketenoglu D, Harder M, Mayer S, Dill F U,
Spiwek M, Schulte-Schrepping H, Tischer M, Wille H C,
Keimer B, Yavas H 2020 J. Synchrotron Radiat. 27 538
Bertinshaw J, Mayer S, Dill F U, Suzuki H, Leupold O, Jafari
A, Sergueev I, Spiwek M, Said A, Kasman E, Huang X,
Keimer B, Gretarsson H 2021 J. Synchrotron Rad. 28 1184
Nascimento D R, Biasin E, Poulter B I, Khalil M, Sokaras D,
Govind N 2021 J. Chem. Theory Comput. 17 3031

Besley N A 2020 Acc. Chem. Res. 53 1306

Nascimento D R, Govind N 2022 Phys. Chem. Chem. Phys.
24 14680

Penfold T J, Rankine C D 2023 Mol. Phys. 121 €2123406
Penfold T, Watson L, Middleton C, David T, Verma S, Pope
T, Kaczmarek J, Rankine C 2024 Mach. Learn.: Sci. Technol.
5 021001

Moussaoui R, Vacheresse

INSTRUMENTATION AND MEASUREMENT

Methodology of X-ray emission spectroscopy and technical
developments of tender X-ray emission spectrometers

LIU Dongmei Y2  ZHENG Lei"?

ZHAO Xiaojuan 1?

ZHAO Yidong V2T

TANG Kun b?)
WANG Yongyang 1)?)

MA Chenyan V2
CHEN Dongliang V)%

LIU Shuhu V21

1) (Multi-discipline Research Center, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China)

2) (University of Chinese Academy of Sciences, Beijing 100049, China)

( Received 4 February 2026; revised manuscript received 8 March 2026 )

Abstract

X-ray emission spectroscopy (XES) is a non-destructive photon-in/photon-out technique that provides

exceptional chemical sensitivity to the occupied electronic states of materials. It enables quantitative insights

into oxidation states, coordination environments, charge-transfer interactions, and spin states, and has emerged

as an indispensable probe for electronic structure characterization across diverse fields, including quantum

materials, energy catalysis, and life sciences. With the continuous development of laboratory X-ray sources,

synchrotron radiation facilities, and X-ray free-electron lasers, XES methodologies have been progressively
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refined, evolving toward higher energy resolution and enhanced sensitivity. This review first introduces the
fundamental principles of both non-resonant and resonant XES, as well as the types of electronic structure
information that can be extracted from these techniques. It then outlines the development and implementation
of laboratory-based and synchrotron-based XES spectrometers, with particular emphasis on resonant inelastic
X-ray scattering (RIXS) instrumentation and its applications. At present, both hard and soft X-ray emission
spectroscopy have become technologically mature platforms worldwide. In contrast, XES operating in the tender
X-ray energy regime (1500—5000 eV) has progressed more slowly due to the unique photon energy range,
limitations in crystal optics, and the relatively limited availability of synchrotron beamlines in this regime.
Meanwhile, the tender X-ray energy range encompasses light elements such as P, S, and Cl, as well as 4d
transition metals, which play pivotal roles in catalysis, energy conversion, and biological systems. Accurate
characterization of their electronic structures is therefore essential for advancing research in these fields. Driven
by these scientific demands, this review systematically discusses the design principles and geometrical
configurations of tender XES spectrometers, analyzes their respective advantages and limitations, and compares
different configurations in terms of energy resolution, diffraction efficiency, energy coverage, and experimental
compatibility. Furthermore, we comprehensively summarize the technical progress achieved over the past two
decades in tender XES instrumentation based on both laboratory and synchrotron radiation sources. This
review aims to provide researchers with a deeper understanding of the tender XES methodology and its
potential extensions to broader applications, while also laying the foundation for the development and
optimization of future XES instrumentation in this energy regime.

In addition, catalytic reactions, biological processes, and electrochemical battery systems typically occur
under dynamic conditions, often involving liquid phases, multiphase interfaces, and complex reaction pathways.
Given these characteristics, this review places particular emphasis on the compatibility of tender XES
spectrometers with sample environments under in situ/operando conditions. We discuss the development and
application of tender XES in situ/operando infrastructure, including helium gloveboxes, dedicated sample
chambers, and gas reaction cells. Finally, we examine the remaining technical challenges associated with
practical applications of tender XES and outline future developmental directions, along with our perspective on

methodological strategies for enabling operando XES in this energy regime.

Keywords: X-ray emission spectroscopy, synchrotron radiation, tender X-ray emission spectrometer, in situ
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