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PG AR U o SRTAT, mARBE R X STRMBY BB ST S R RO B R . BB R
FILEE, X BRI A B AT CTE P 0l BRI X i e =R 2
SR . 1895 AEABEE IR X 2k 1, XELFFT 1900 4F b1 )5 B E M #i0- TR AR AR 5T
AF . SR, R X SR REE X SRE A, S AR SRR R, BB
J& (photons/sec/mrad?/mm?/0.1%BW) M LR i 60 AR, AZEHRT T 1-2 MR
(10— 107)0 tAh, BETIIAREE AR X BHEORAFAERBUER. Tk RERTT MGG, 2T B
4D 60-70 AL, A T e REINIE AR B 45— AUR 25485 (synchrotron radiation), 4% X SO
BRTFZE 1012, HH @ RER (4 [ S AR S (R P 4R aT i 1%, I T R AR AT BRI IE Uk . Bt
28 90 fEAR, BEE LARIN A 48 516 (European Synchrotron Radiation Facility, ESRF) 1. Z£[E et
J6J5 (Advanced Photon Source, APS) %), H 7 SPring-8 St (Super Photon ring — 8 GeV) [, fi [
PETRA-IIT S5 2 oy M8 = Rm iR A BvE i, el EEHTTEI T 10%°0 Fid. 5B =
RIFEAEGT AR R WIRYE. REit v I DURARGE . (AR T AR R . AU IR B A
L3 20 FRYRIE, G =ARIFEERADEHR PR TR BRI AT 5635, HIFE X 2k B 1
A FBEE T BOAREERL

VLR, SR AR SRR A T7 2210 S PUAR ) S 5B U8, sl ESRF-EBS 131 3k i RB I 4 4
SI67R (High Energy Photon Source, HEPS). SE[E APS-II £ 12 al 2 Bkt~ 2045/ N R A &
B, JEURSE BE AT AR T 1-2 MG MAh, 35U X 2k B i FIH0E (Xoray free electron laser,
XFEL) % ik 14, Hrp E 28080k (self-amplified spontaneous emission, SASE). Fffi 7+ (self-seeding)
SERA AR BORTT R, 6 X TRk A E S R TH T2 6-8 DRI, SCIRIN K RS T4y 52
FEARLARTE, e RigFE (RRZUGM . HAKIEARDL 7)) WARIT KRt . #la, 1527 10 €
(fs) FHOBKIRSE RN 1 HLFEREE (eV) A SEEHIA . SASE Wl LMR{EZY 107 — 10" 1967, X4 X B
MEHTFMAE . SRR SR T IZ IR . MEAh, SN (externally-seeding) %) F1 XFEL {# 45
(XFEL oscillator, XFELO) M7 SErify iR 7y %2 it 4 A ety 9 10 77 208 il LUK 7 DR ik —
HARTE 2 MEURRLL L M X BEORIREOR IS KA, RS & AMTHARS] B RO HoAR 0
B ARSI E A o BOEIRER TR X BIZeifg. #5 BIREHSWHORI R RAN, X JIht 1
FIX R RHI N BT AR POl

o

B 7GR RYER T, SHEEN R T RAZGHE X FLETOEERIRO . K AR b
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FESAE A SN R ARG . 1E X G142k (~10 keV) REIX, A LA RK —REGI AR R 3 A0 45 )
T TN (inner-shell) SRITAEIR/KEL (Mossbauer) BRiE. T NFEEARRF, REITR
(9 K 301+ Ly F1 Ly SO R A eI A9 SRS, Bk IZBRIE 1920, (LR N Fe 2 T2
TR GRS R R AR LR BT . TSR LT M. £ Mossbauer (&R, HMUL A2 M+
IR BURREAS o 1958 4F, Mossbauer & M7 TC RO IIRMICEN G . BES % B0k 44 4 Mossbauer
BOSPY o MR M, FFAE Mossbauer 250 5P AZAEFR A Mossbauer . Mossbauer ZERITHIKZ R H— K
KTWRERT, ARSI, 7508, F oI 3 AL IR %, @ gy Rk
(neV), XX R EBACHIIRAE T ) (AR fRD) B2, (St S B HOARME R, ST
B XIS, WRERIARENEE, ARLTEERREL (I eV 2] eV), NIk ik EmErE,
HAKGTBAE T R) (1 FTRD 2 6RD) B FRE T AEBLE BORSAT FRRE NP 7o B

BT FPHEM R TICAR ROV OL L. TR TEEEms. BEE SR EEAURBIREEAR R B
R 22 Rk RO RO TE ST RS SR ma e SRR et S RRg G, 1o X HHZhi
FHP DR T, R UEBEAN TRZEIE. 2005 4, Rohlsberger 55 NI 1 2 R40K000
T, K STFe g EIX PRI R, AR SRR T AT RIS P, ST X BB
JiE Purcell 2R P4, JRh 2 240K USRI S 5625 (optical cavity) /8L, DRI b gl B vl st - T
JiEo H1T Rohlsberger 55 A\ T HIJEI (& T /20 Fe, iFEHCK. 2010 4F, Rohlsberger 55 AEGit T
L RS TR EAE . (S Z MRS R, AR Z MR TR 1R T TR IR RES
IFE SRR T FF R G e st P Rk R g PO S IR SR E
Bt , FIRE T RGZ IR AR, 7300 B3l T X S B s Sm g Pl jxses:
¥ TAERHT, WP ] MR X G BT ST I RN AR RS Y P 5 o B, Evers P
4l Palfty BRI, Lohse PREIZIMARAEIIE A et T AT Jaynes-Cummings AR HIER Byl 7
28200, e PO, PR AR BT R PP SO SR T H . XSS HE SRR B
JRRT L X Gt OIS B, BV SR E AT P SO RN T AR POl 2
He2 s F BRI A 0L X S e BEg Bl BT 75 BRI SE SR A4 S F R RRL LIRS B0 20l
B BUHEAE R AR O a6 X BZoiiRg i A 1Y SRR IRAE X SHRMBAR LS
Blo IXLEFIFAVEIEMI LI TAF, HEgh X & ot 2Bk Rl RHERLAZ, B
X GHEE R ORI TN GO AR R X LB RO I A R ARSI A TN ), BAZBRE A
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A7 SR I B RESUA AR AR A S LR BRI 75 L, SE 505 R ORI I B AR R I A s B R HRAE
s MRS RGER, FIE S I SRR A i O IR . SR, BN
PETFBANS WU EIRE] TR R X SR 7Ot DA R

TELMETTMAR T . ERIVE R P DIREG 12 e B E I A1 2L, AT 23N S35 5 I
+ (%) HEAERRME . NEER AR, X SHEERFE] LU A 7 2R RROBREAT N . FERE X S48
B, RS TR ST W Z A EE AT RO A, flnd ik U Rz 2 RIS
TR EAE R BEE 140), Kossel R 140900 Sl LATEAR R b £ B AR S REIR I I 1 FR 51728, 5K
MBS EF=R . SOBHEATIUR P02 SR W P B IERUY o SRTAT, X i AR R 25 R AE X
ST BRI VAT RE 85 . Bl A BE B R (S REAE AT R A BE BT A SCILT T 70 2 LB POt - R 4
% J2 I _ M E ) Kossel UM AEATHLA% M BEF UL RESCINLT 1 70 2+ AR AL . FEIXEE IR Ry, 38
AR E 3 LG FEANRE FLAS Zh 3 B nDI A IS BU G . INIER N 78 B AR AR AT 5E X Sl B e ey —
BRGIET 2R M T AR, S =R SR B T T A 6 55 2 IR RE T, N et
AT AT LASEHIZY 10° A5t R RS 007, 25{BUY Kossel RUR AR f FERTERESEIL 10 58
JEREs P8, 2019 4F, Rohlsberger HUBA EFIF Ta N72/2 Ls JUFHIERI L6, FRIL T R A R
A S R B SRR PR ER T A R RS2 P90 2021 47, Vassholz Fil Salditt FI ISR A A SEIL T # JE
W 5 B &Gt P R, AR X ST P sl 1 N R 2S5 a0, b
J& o FRA TR AEE NS TH Ak R PP B MR B T BRI A O o XSG TR, R X G
B ERERT LA T N5 2R R, BISTI T, Mukamel SRR H T30S AT TSR A S
o, JEBEgE T HAl i 020,

XS FIRFAZE R, WIRRARIAFEROR . REREE AT e L, BATRBAL R TIEM T W
TR BRI AR BT IR B, BTS2, X IR PO RIS TIN5 2R R e
PIMERRHF OALIMA e 1R MG, SIS TR RGHS S TN BRI B, RS T
FORE ELAE B BE AT RIS AR A 6, 52 2B R AR AR 5 R R R A H /N — D B g 12264,
R RO 55 XS BT B A RER A RS B SR & S DUGOME LAE— B i A o 2
Hoh, W RRY IR SO s B~ RS2, S A 2. AN, SIET
HIRARAFRY R, W7 RN S SPGB BRI 20 R A SRR RO RE R,
M ERARR . IERI, RIMEC A LA 2 A S TARGE, KT W R T R S AR SRR 7 A
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Fille LANFE R IR WSiy gl 040, 77 WIS R SRy, Tkl i rRIR RN T 1 gk
I, SRk BRIbZAh, WA R R RIHAET 5 IR R E T, DA EZ 2 T
AR AR R B CARRE LI (~ 5 — 20 keV), REJTRAFAERIRN HZRAT, 1M1 HA RN
N5 WA SAS ST A LRERET N 2. A IMERIR IR, X SRyl LLE
R 2SS KIEZ S BEE R R T B H 2 FER RS2 R AR, GRS (resonant
elastic X-ray scattering, REXS) (6266 4£4 % 5]1% (resonant X-ray emission Spectroscopy, RXES) [67:68]
HARARBVERT (resonant inelastic X-ray scattering, RIXS) 0071 45, BA54 X SFLR IR 252 it 5
I RER, a0 RXES o] LM REGE RGN 58 B . fod sk, X SHekfit-rolea s
T BAL AT I S 2 B, e BRI RS I B A BRI E R AT 5t o ASOI DA S T A 76
B X SR, ARSI R BRI SRER L B A — SR M TR IS
h . FEENTEE X SRR R AR — LB R, R ARSRI & SR T 1A e

X GG OLER A RA USRS T X FEOCIAIRIEARRIRED . AT ) b T I5F e
# LZMRTE. £ X BIZBL, — APRROIT SR A LR S/ T 1 R (L=0+i8). filtn,
Bifdxs Pt SEICRAEL, 16 10 keV BfT, HIGHWZE 0 (8 107° 5t Pl Tt X Gy 2%
B (~ V28) — AR/, PRI (mrad) Hig, SXERETEUE X Sk Botk DA F 2 000T W BB
P o 58 S8 M AAEAT DA A R T R E AT AR S S, (B e AR AEAR 72 A /R SCTE FE
(~ prad)l™ ™ BUE— R THRTT X GHRY AR T i 7 iAE TR X RS T
BRI AR WP @B T A RORSAE T, 78 X ST A BRI S IR B e i FEfN
SSRGS ST, X G Een] LU & BE P i R RO . [, FEE RSl R A i &
BRI RERRSE, AT DRRRES M R X Gh2eit 7ol o 081 o (R, P e R ik i 2
JEIEER , ARSI TR R Tt 7 B 22 BRI FFIRIEA R A LR foR B AL X FHAGT
TR SeH . — BEESREAEEER) X SHEOLR (295 prad); X TomiE AN EMAGSLE, —BEbRIRERAE X
BHEOEHR (FEA AL pm JeBE) . INELFR, JEFHEILT . f£ X GHdalif-rmEscie g, ARa0E. &4
s POERF RPN Hrp SR OCHIES YRS TAREA/ NV A BEVE RN . TR — PR PR G B A R
IR (~ 1m)o FOUR DM S BRI FR . IS, T AR X BTt 4k A
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JEEAHITRNEANER IO . BINSOCREMA R W o AT, BA VA AP SR, FFihe

e WL SO R AN SO G S8 T i

Angle Offset (10~ degree)
Angle Offset (1 O'Jdegree)

10170 10195 10220 10245 10170 10195 10220 10245
Incident Photon Energy (eV) Incident Photon Energy (eV)

8380 8390 8400 8410 8420 4
Emission Energy [eV]

Inelastic scattering Fluorescence Reflectivity

Guiding layer
= Guiding layer
p= uiang ay Resonant
ensemble
Substrate

B 1 SER R o ST R T T A B Sk 61, R A S A P B Sk B2
Fig. 1. Sketch of the experimental scheme. The reflectivity and fluorescence maps refer to Ref. 61, and

the emission spectra map following inelastic scattering is taken from Ref. [82].

2.1 LIHKRHR

HPWBCT RN X HEPIRRIA T X G2 TED, HERGESE L FWZ his i A
K (Pt/Pd/Ta 55) R X SIS —BORRIRYBL PR LB (KT 10 nm), sefeufi: MUz
HI BT B Z MRS (29 2 nm), e84 feof@ s AP T2 AR (C/B/ByC) NE/Z. fEiXHh
ZRRTE R, AEEIE BIRA A U EE . &R AR I R S M O, AR
MRS, XFER] AR X P8O BE RS BRI A 20K, (Him Al 3 AR il T 5
REHGFE. R & AR et Z . 208 7R REM PRI S i O B A T LA s
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TREMBUMIZ RS, AP RER TR, W RMRGHEETT EF PR R B2 B iR
B (LJLT90eK) . DI ETEEER RS o FERXFRRIRII BT A S @IS AT, X GHMEHHIY
KA NP, HAERRZRZHZ KN TR, AT X S0 R RE it AR F R
ok, FPBRNREENARNAE. i, BT REFRIRE PRk, FIbH A St iRk
SRAFERL: 35— 7L, R R YRR R RO A AR U B N NTAE 2 7T (JREETT
1) TR AR . Rt S 72— MR LA (< 3 nm) B gbhh, iy FEBOT A A TAEE RN
SIARE, FRRREBDERE RS SHOHOR, X BRI R b R RER, — B2 L+ 2K,

IR ST R A ST RS S oM. SR, RIS Hop
TS TSR] 73 B /R P T I 22 D BK . BAR AR SRR BRI 2 R SRR AT gk
AORS BERTRIRERE . RRCTRER SR o (R, AR ARZOT AR IR il o 2 A RO A LE , mE=
AR, il & P A B AR IR LR T B A . MRER R A 2
G ERYBIRERS, At MAEM SRk, R BRI, (AL, YRR AU R AR R R, 516
PR B RORCRL BERL. BRI AOBE RS LAWY B A R R A AR OISR . SRRerh, R
PERERITE DU . TR T AR ARG RS D3 AR IS o i) S5 A S BE A B Bl e 5
MR, TORRNIE TR RIS AR AR, WP PR f & Bk A T e o It 2kl
IR A HORA) & -5 . Rohlsberger. Evers [ Palfty Sf41G IMEIL — A Wi il -
FEEITH R A, HIARSCEL T R A R A B R R AT RGP0 SRt iR i PO A E ] P,
BT B Rty PO S Lep mEA R OREIR, BHIER T X SRR X — T .

HITHRE], BT FIIRR, EITHRM K R L A ABEAI ALk (white line) BRIT 19201, 24
SR, WREBIRIESBER/REOEA A e BB R O (1) BTk R, SBA o B3, i
SRS A H AR AR TR T A 7R AR B O R SR 5 SR A H 2 R SR R I 2
HNFEISE N AT REAE T HCRAUFERL. BOAIRTORE . WNRBRZ RS (~s) 5. J5r NIRRT
R A LSRN A AR, (3R — PG T s (2) I N7 2 S TGS AR 2 RBIOEIE . B 1 3R
WEZ S, i n] LB R S AR O s e B, AR RAIRHOEE thati ok TR A (3)
AR B IAKTE (~ eV) RBETE/RIZERTR BARLIE R 9 Mg, X QHiof & A 23000
Fo ANid HATHY F SRS K of 98 FEEGR AT Woe B2 S e, IRIL R R T oms : (4) BZik
T, e ZRREI RTINS BCR KI5, WREGAEL MEBIERE, #lin WO, B8, CeO,
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%o Haber S A P07 sp e BT IR RSN T Ta JTR FIERBRIT A ML SERIRE AL, SIEB] 73R
P L A A ATt A RIS )% (cavity-QED) L5, FAISLRALH 2018 s T Nk WSis
MBI R, PR T — &5 X S P20, ST 2GS A OO gasTwim il
LANELIY O o FE2fR 8 WSy BT REE . Hrh Lin 185 5d (il 2[RI AR DA T 67k
HIFIZERIT, HBGERER L) 10208.5 eVo Ff il a5 58 a8 2 b7 3 X I 52 BE AR IR S8 90T
TEAE: FIHJET T WA (atomic force microscope, AFM) FH$#HE AR IETTE A 21 KT ARMIRE 2700
0.2 nm; FEHTHLIFRAEL (transmission electron microscope, TEM) XA b BRI &t R WIRE i 25 22
JEs) . FEEMT, BEESEIMEIRZ/NT 0.2 nm; R X SRS (x-ray reflectivity, XRR) 152
THIAFM 5 TEM W R J5 B2 RIS FE25 R

ye Band
F M,/ M,
I
| , Lal/a2
U I
7 | !
A Ly

K2 WS, Wie/2 LBt nEAl.

Fig. 2. Schematic diagram of inner-shell transitions in-WSi,.

2.2 EIWAE

X GO S HFFA A LR H R ROt BT T IR S AR E.
XETHFER 2R T, P E e R X BT XIS RE RS X ST B E A,
BN ek (bending magnetic). BEATfLEL (wiggler). ¥z #% (undulator) %, 4NE3F7~, PETRA-IIIL %
JRI P23 Zedi 1 00, HEEh 2 SKIB A, T D AE 5-35 keV IR X k. S4UME. EEIE
i (coupound X-ray refractive lenses, CRL) FIMEE S5 (toroidal mirror) J LAREARAGRAY & HOF45 /N
BT T X SRR A AR U, RO E R L, BRI P23 Zanbifd
HIE R A BUEL)A 5-10 prade XN RAIASEE, HIAHITANSH G, FREE IR, —RrT LUE
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R EEIES (focusing CRL) BT (Kirkpatrick-Baez mirror) SEHle BT ASTAEZAR/DN, JEBEAEFE
RIS RBIIOR 1/ sin€ £, R B RGEDEIER S, FINIAIE P23 el BB R 2908 50
pmo FEANCFEAER) X S BO SRR, BN E RO SN L IR, R sy
e T B A g A A AR EARE P s P R eV B neV AATE, 1
MW ERR T A RHARIBER R . BARTS . T AR RMEE, — ROt Haekig, &
WHIBFEHAR P Ahs (AE/E ~107° —107%) RIRERETR, flin Si(111). Si(311). Si(333) %, %k
IEARER S RE B WA R . — B P AR R DD B B vt PR B 5 A N B A 98 4 0 meV
P, HECA RS (B ERD) ORI R G AERT B R (55 9 s R S gt 5 T4
% 10 neV Hg, RIS EIR SE e R O o TR R IR T IR BN REIR, FEASORAR
FGOE BEAh, WP AR AR S A S R A IR 20K, Wi LA, —BH A
TG filin P23 BCERY Huber 5+2 BATHAL, ATLMRME < 1 purad HUMAEIEGIREEE. B 1 iXLexs
WEEME e RO AIRE IR DR A mkE B EOR , X B2l i 7Ol 2 I8 — SRkl BN, FEaRAY P4
Pt 2> RO Tk A BE AR, RO 5 AR AR i O 228 AR T BRe 7oh, AERYIR S
TSR ZE RIROR 5 R AN R BT LA (R R s A2 M M B

>\
“,r

sample EH2
110 m

4 3 PETRA III StJ P23 Zevififi e i 400

Fig. 3. Layout of the P23 beamline of the PETRA III synchrotron[®%.

FILRIR 1 X BIZJERE i RO BEF BE, BB RO O RARMIERU G S, Hrp, K4t
YEXF R R HARFIARAARAY X B ZE AU o WA ST LA A B B e — A (diode), 41
41 PN diode 1 APD, (HFFERCE =l EEPRGE RGE o tonl LA HA (1B 20 W —Z4ERIER . AU
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HIEhAVERIROR, ] LA S BB 4ot 04, Bl Medipix 71 LAMBDA # 8%, 4R 5F 55 pm,
REBAT N2 N B AR RITRTR . tEoh, —ZEGRINER i LU SRt i AR 2 B R SR T ARt —
AR L BN . BT 26E S AR, P EME RIS ACR . RINRCREGSEA Bt RE 40 BRI
PN AR, o rl DM BAT—ERE R 0 B RS AN+ (silicon drift detector, SDD)o i 1 FRAIZ<E
PRI, — MRAEHRIAR R/ NFL O X WTR SR &5 T ARG PO SR EEAE I, (e T RE o)
RESFEENHTCEPRTOCHATIE R D IOCHTE SRTEBF N L%, Bk X gk
S, o HASE YRR W] R A S RERE FROZOLIRERL, [ UHE PR T 28 L A
RIS T & S s 2l B2, RS R R S TR A A, I LY von Hamos (L 7.
U Johann FEAL 0L 3 H TR AEAG ST B AL 7 o AN, S ATEASOA AT LASHT FE A AR F R 8
W SR, TR R TR R CCEAUR L, A3 AT 2 6 7LEK (photon hungry) 7
S8 i H— MR RS AT A Loy TIESR X S ERY sl L, AR B, H X SR EOR S,
X IR S AR R AN, NS T BRI B B AR R B2 7y
ZIESR, BTCIEAIERE R R . BR T iX2e X BIZilag ERIRORBE, T X ST R Z0R sk
ZRTHAL, —AERTST RO IR L BN T L, AR A b 2 AN A, R R S (R 2K A B A
(AT S g NGV AT | NSRS

PR RS 1 RO AT OE TR 2B, U TR ST A AR RS RE R A R
WAZOERE . SRR, NG X BT AR, W R A NG AR 6, [N SR SRR R A
20 3R EEh. B T RELS ARSI TE . REFRAE AL ihiE T SE R R, SOt a] LU 5 A A L
JESE A KSR B S5 S ARSI ST, T CBEAERE R SRR, A Al A2 SR RUBE Y B 24 23 1
FPEEE MR, I AT 2% BB TR A B LA o ZOLTEAZ Z 1B TR, AT
EAMZE HHRE RS LM BE o BEAh, TP NS EE R USSR AR A L, SOLTEIE AT LAZE AN
B RO FRAHCEEE, RTEARI SRR B R JE280% il A SR 8l AR IE R SR L. H 2018 LA
k. BEBBEN T T 4ERAHERZOE I X G EERUV PR RS . fE2<[E Diamond J¢j% B16
Zeyt P91, Ml PETRA-TIL SEJR P23 Zeuli 91 gt SLS SEJE SuperXAS 2 9 f1ik[E SOLEIL S
GALAXIES £y ' Z U #AE T RAIERN AR X GTEEREd
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3 BRARA GAER

A3 X B RSP T S A LA P G BB AR - B AL RR 2 3L Parratt AR5 IEO ., 2 B A
JrEIOPLL MG e AL PO S R IR SRR T T 204103, Parratt J7 M T SR AR
R G, T LT (EHAS B A S s AR S R BB SR . et e iR e 3+
FIVEI . (BB S RAE R IE R BRI BN 2 o P E MU R RE R T 200 1 525 FR R i 78 S A BT A
FRRIRYOC R AR, AT LMSESF I S R AE NIRRT 2. g2, S MR X bt
AR, R AR B SR A R, AR R IR = A, AR RS S RO AR R AL
SHE AR EIARAUN RIS AT R0, MEGE s RN A o 7 3 AR A P B A2 2R 22 SR
MEBOEsi, HETIPA e, HARES 1 SR AY BB EUES R, B2 5L R
PEECE R ZE . B IR eR OIS MR 17— Fh R AT LSRR RS B AR S m U Be U7 3%, Wl LA
T2 B E R RUESE R R, AR BT IRE N T X Gt e U R w7
e X SRR FEIS R BIG TR IR, A T ST s 7 g bt s (61, e i o
TR EO TR O RIS TR N RE R, AN X LA AR

3.1 Parratt EXFE

iy L i

& 4 Parratt JEATTERNEE. ny N § R POT X TR, d; NE § RS RNEL, 1o, H
ti—1g N X BHEAEN B J — 15 j S E AT RIE ST R

Fig. 4. Tllustration of Parratt’s method. n; and d; are the refractive index and thickness of the j — th
layer. r;_q ; and t;_, ; are the Fresnel coefficients for reflection and transmission at the interface between

(j — 1) and j th layers.
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Parratt &R EETIRE/R AN, LR 2 RIR AR EERZ 0 5 RS AES R e
[ X SRR RN A 1O EAZE T Parratt Jrksb mg AT BRI R RE . NS X HERAES
Bii—1 Ml i BRI 2Rk EOEST, ZJRBXT X B2 EE FURAL Y B S (rie1:) . DASGE
SEA — 2l RS R R, IR R R R A L B H A (fii-1) 0 T EERERE, BERRST
WRIIN— D HEEMRIBIMARL dio 2, BRI RE v, ; ATLAFRN:

. ) / . p2i9;
/ Ticli T Tii41 €

T, ;= - (1)
1—1,2 / R ]
1 + Ti—1,i° Ti,i 1° 62“1)1

Her, vy NREAAR BRI REG ¢ R X BN 0 IEE 2 TS d B S INRIRALZE
FEIR/R BRI B SR BT LA X B RAES T P ARG 2 -

kL — k.

Tij = — 2 2

7 ki 4kl @)
2k!

ti' = N z =y 3

7 ki + ki )

Hrp, kL O X BHRAENBT 0 HIVE 2 JTIRIIBRI N gt AR TN X SR k
PRI T MR A S A A, 3BT 3R R S I BRI R A K

k! = ky/n? — cos?0. (4)

X P ZAEEIL S Iy i A B R AL IE LT HAE 2 J5 A Ry di:
¢; = kid;. ()
FEBNGT AR, 20 X SHRROACATHR ARG U S AME S e e 3750 A -

E’L_(wyzz) = ﬂ?aiEi<w>zi)a (6)
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Fig. 5. Sketch map of field amplitudes in the cavity.
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Fig. 6. Reflection images from the cavity samples with (a) flat surface and (b) distorted surface,

respectively. The beamsize on horizontal is larger than the one on vertical.
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L0 (a) Reflectivity rocking curve
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(b) Field intensity map
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K7 _EEhEER Pt(2.0 nm)/C(18.0 nm)/WSiz(2.0 nm)/C(18.0 nm)/Pt(16.0 nm)/Siioo (infinitely thick)
OIS P I R X ST ST R - Ze AN ARSI A BE T JE N5 BE A 2 5 MR A, HoAr 3 0 Se e fiie
TR LR

Fig. 7. Rocking curve of the cavity with the structure of Pt(2.0 nm)/C(18.0 nm)/WSiy(2.0 nm)/C(18.0
nm)/Pt(16.0 nm)/Si;go(infinitely thick), and the field intensity distribution inside the cavity. The white

solid lines dipict the boundaries of different layers.
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Fig. 8. Rocking curves under on-resonance and off-resonance X-ray energies.
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(a) Parratt's recursion (b) Transfer matrix (c) Green's function
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Fig. 9. Simulated two-dimensional reflectivity maps of the cavity around the first mode angle using (a)

the Parratt’s recursion, (b) the transfer matrix method, and (c) the Green’s function framework,

respectively.
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Fig. 10. Comparisons of reflectivity spectra at -0.001° offset, 0° and 0.001° offset from the first mode

angle.
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Fig. 11. Collective Lamb shift and superradiance of Mossbauer transition of °“Fe due to the cavity effect.

The cavity structure used here is same to Fig. 8.
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Fig. 12. Comparison between (a) experimental reflectivity map, (b) experimental data by exclusion of

absorption edge, (c) simulated reflectivity map and (d) simulated map by exclusion of absorption edge.
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Fig. 13. Measured reflectivity spectra at the first mode angle for three different cavities. The dots are
the experimental data, and the dashed lines are the fit to data according tothe theoretical model. The
solid lines present the Fano profiles in the reflectivity spectra by subtracting the fitted edge components
from the experimental data. The squares of Im(q) for each data set are also presented. Data are quoted

from Ref. [611,
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(a) Under-critical cavities (b) Over-critical cavities

L Angle offset: -10urad : Angle offset: -10urad

o =)
N N

o ¢
=)

00 I | L | L | L | L | 1 L 1 L L 1 L 1

0.8+ Cavity mode Fraction of * Fe | Cavity mode
5.0% |
— 20.0% B A
— 40.0% =Y

S ¢
=)
—T—

ey 204

= =

E — 65.0% E . 57

153 N 15 r Fraction of ~ Fe

o 0 4 - 95.0% 1) | N

= U = 02 — 10.0%

9 - Y02 — 35.0%

~4 0 2 ~ r - 38.5%
’ — 55.0%

- — 95.0%
0.0 I . I . | . I . I 0.0 | ) | ) 1 ) I 5 |
| Angle offset: 10ura : Angle offset: 10urad

L I L I L I L n L I 1 L 1 L L 1 L 1
00— —"=20 0 20 40 00— —"=20 0 2040

Detuning energy (I') Detuning energy (I')

B 14 AR OTFe HILHETFRIRAE (2) A (b) RS REFXIAS AN 10 prad F2kiE. B
15 10 prad 1A R
Fig. 14. Reflectivity spectra at the first mode angle and +10 urad offsets of (a) undercritical cavities and

(b) overcritical cavities with different fractions of 5"Fe.
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Fig. 15. Full fluorescence spectrum collected by the SDD detector.
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(b) Simulated fluorescence map (c) Measured fluorescence map

(a) Simulated field intensity
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Fig. 16. (a) Simulated field intensity at the atom position for the cavity in Fig. 7; (b) simulated

fluorescence 2D map according to the reciprocal theory; (c¢) the measured fluorescence 2D map.
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Fig. 17. Selected fluorescence spectra at the (a) 1st, (b) 3rd, (¢) 5th mode angles, and (d) offset angles
far from the mode angles. The experimental spectra are fitted by the theoretical model, and the widths
of the Loreztian response are presented. Note that at off-resonant angles, the natural linewidth of the
atomic transition while the width is strongly altered by the cavity effect at mode angles. Data are

quoted from Ref. [69,
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Fig. 18. Far filed fluorescence intensity at different exit angles, the directional emission is observed at the
first and third cavity modes. The solid black line is the simulation result based on the reciprocity

theorem. The blue dot line is the experimental result using X-ray excitation, and the red dot line is the

result using electron beam excitation. Data are digitized from Ref. 5%,
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Abstract

In the last decade, X-ray quantum optics has emerged as a new research field, driven by significant
advancements in X-ray sources such as new generation synchrotron radiations and X-ray free electron
lasers, as well as improvements in X-ray methodologies and sample fabrication. A very successful physical
platform is the X-ray planar thin-film cavity, also known as the X-ray cavity QED setup, which represents
a significant branch of X-ray quantum optics. So far, most X-ray cavity quantum optical studies are based
on the Mdéssbauer nuclear resonances. However, the scope of the applications is limited by the few available
nuclear isotope candidates and the lack of general applicability. Recently, X-ray cavity quantum control
in atomic inner-shell transitions has been realized in experiments where the cavity effects simultaneously
modify the transition energy and the core-hole lifetime. These pioneer works suggest that the X-ray cavity
quantum optics with inner-shell transitions will become a new promising platform. Actually, the core-

hole state is the fundamental concept in a variety of modern X-ray spectroscopic techniques. Therefore,
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integrating X-ray quantum optics with X-ray spectroscopies could lead to potential applications in core-
level spectroscopies communities.

In this review, we introduce the experimental systems for the X-ray cavity quantum optics with
inner-shell transitions, including the cavity structure, sample fabrications, and experimental methods.
We explain that X-ray thin-film cavity samples require high flux, high energy resolution, small beam di-
vergence, and precise angular control, necessitating synchrotron radiations. The grazing reflectivity and
fluorescence measurements are shown in Fig. 1, along with a brief introduction to resonant inelastic X-ray
scattering. We also describe the theoretical simulation tools, including the classical Parratt’s algorithm,
semi-classical matrix formalism, quantum optical theory based on the Jaynes-Cummings model, and the
quantum Green’s function method. We discuss the similarities and characteristics of the electronic inner-
shell transition compared to the nuclear resonance. Based on the observables, such as reflectivity and
fluorescence spectra, we introduce several recent works, including cavity-induced energy shift, Fano inter-
ference, and core-hole lifetime control. In conclusion, we summarize the review and discuss several future
directions. In particular, designing new cavity structures is essential to addressing current debates on the
cavity effects with inner-shell transitions and discovering new quantum optical phenomena. Integrating
modern X-ray spectroscopies with X-ray cavity quantum optics is a promising research area that could
lead to valuable applications. Furthermore, X-ray free-electron lasers, which offer much higher pulse in-
tensity and much shorter pulse duration, will advance X-ray cavity quantum-optics studies from linear to
multiphoton and nonlinear regimes.

Keywords: X-ray quantum optics, X-ray planar thin-film cavity, synchrotron radiation,
inner-shell transition
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