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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].
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gFi, B X B FARe e AK ARPEANF Y
TR, B R RIS R RIS & Ak, BTl
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IR T 1 ) 28 U 2RE . R4 I S 10 A T
F, M EA R, mE T e AR A
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TE IR T AR R P SZ B T Ta 70 &R HZBRIT 1Y)
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T 61 25 15 2 Fras i WSis BBRE /R B, Hp Ly
15 5d BB Z 18] (A (R A BRAE RP SRy Iy G 3 1Y) 1 R BR
i, HERERER 200 10208.5 eV. &l & 52 BUR,
T 2 22 Ty ol R R VR R SR TR RELRE B AT TR
fiE: B 1 B3 (atomic force microscope,
AFM) FHE 2R T 545 21 10 34 07 AROHLRS 13 29

V}A e I I Ln] a2
E7N |
V‘ Lin
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Fig. 2. Schematic diagram of inner-shell transitions in WSi,.
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4 0.2 nm; FEH S PUEE (transmission electron
microscope, TEM) X 5 fify 8 AT 12 [ 4 2 B A
SRR SR, BRSO HE R ZE N
F 0.2 nm; FIH X B STE (X-ray reflectivity,
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2.2 SR E
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FRAAEAME, BN 8k (bending magnetic) . 34 4
R (wiggler) , 13545 (undulator) 55, 4l 3 Fizw,
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] FRATTAE P23 £ ki il F Y Ot R R B 29 0
5—10 prad. XF &R A SEL, 41 G T A SRS
G, 2R R A, — M DU R A
(focusing CRL) 1k Jz #f i (Kirkpatrick-Baezmir-
ror) SEEL. BT A AR/, SCBRELERE SR Y
RSO R 1/ sin 047, R 2R GDEHET,
BIINFRATIAE P23 Lol i FHAOEHER ST 29284 50 pm.
AN A X2 — R s iR, B an i o
PRI SO L B IR, TR AT A
e TG B 25 | DO AR R RS | (R

Collimating mirror
system 58—60 m

Focusing
Focusing optics
/ﬂ/*
‘l’r

Sample EH2 110 m

.=

Sample EH1
88 m

i

Secondary source optics EH1 SRRt :'\'
optional /\ ’a/' /
\ CRLs, focusing and
EH2

v U A AR 02 ISR AR eV B neV AU BE, W
JE NN 78 2 BRAT 3 i % BR AT A A [R] g o o L
K. BRI, X T NG 2B, — Rty
RESE, W LA PFEBAURL AR (AE/E~107—
10~4) RIfgwE 27K, Filhn Si(111), Si(311), Si(333)
S RBRIEAR FO6F RE B 43 FE ORI, — MR ]
IR S IEA TR g QR IR R A S AN ) i 87
JE4R E W meV w2, HHLA iR HE (A R FD)
YERIN 2R GEAE I S SR A A 0 A5 5 1990 sl
MBI TE R 2 10 neV =4, FIH 28
AL st L Re A 0. TR R R E AR
TTEBONRRR, TEA SO FBGA. BEAh, -
FEASE it RN 25 0T £ A2 Tl AR 3 oK, 7R e
ZHIARET- &, — 2 ECA HRRTEHL. Flan P23
Fe E 1 Huber 542 BT, AT LI < 1 prad
PR HORE . R T 3K S L OB RST I
R M HERIN ER 20K, X BT 2Ein
—SEHORPRE. AN, FE S AP R A 25 S A T
FR A B R, TGN 15 PP R P A i 1) 220
JreCEE TR S Ah, AR A S T iR 2
VAR, e LA A T A RIS A [0 5 A S 2k
]

K1 RN T X OS2 A i i AT 8 3~ B,
G G . 5O R AR AP BUME 5 e, Ho,
S 6 X B S R AT e HR Y XS 2R 5
S WS LAE 5 AT DUl AN EL A A7 B o FE A A
&, B PN 25 —#H 45 (PN diode) 1S AR 4
(avalanche photodiode, APD), {HT5EHL & =k
PEE RGN, o nT U R (B PR — 2R
ES, AL SN FRR, 38 7T LAERIN f 559 5%

Front end slits

Monochromator
56 m

CRLs 40 m,

aperture matching optional

Secondary source
optional, 75 m

Kl 3 PETRA III Jt.U5 P23 £k 3 A Jah o B 6] 100
Fig. 3. Layout of the P23 beamline of the PETRA III synchrotron*’.,
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BHGA A, 140 Medipix A1 LAMBDA #30 #§
BFE RS 55 pm, e 2 7SR R I 75
SR.EAh, HEGRINER AT DA R AN R B Y
FRHG, AT LAR R — 2D B AR B AR 5 ). 2
TFHCAFZ HHRN, AT LI FH 7 AR fA K A%
IR EA BRI 0 HE PN 25 A8, T LA
i FHBA — 2 B8 5 70 FE A REEE SRS (silicon
drift detector, SDD). & 1 B il 2 't iy e £ 31 [l ,
— P AE R 25 H R AT /L DAL X R e R i ]
DI OERY R EE AR B, (Hl T REsm R, o
AR DOCHI A5 S BATE S RE R HE Kt
T IE AT LU Hr o e a5 8., Bl an ik X 5
LR SIS AT LIRS RSB RE 1 T Y2 ki A,
E 1A E R T 484 Lin HRRASHE T &5
T 2 (5] 52, R S i AR A T A SR AT A, 1]
WE AR von Hamos HEY ) BRI Johann
TEAX 10, 38 T e X SR 55 TR ik A 07 45 it
A, FRATE G T D23 A HABAS [7] A0 A 35 T 3
. SR, F TR ) S 2 R R A oK R
&, B A S8 3 A& 6 F YLK (photon hungry)
RUSZIG. i H— R [F) 20 4 5 3 22 4Rl o T 3B 5K
X SR il R, DGR AU KR, T T S g
SREHEEL, XSRS AR A iR i A,
PG AR BT (8 R RS O BE RT3 A ) T A A4 B
P TR ZIEOR, DI 2 8 m Y RE T PER. BR
TaX e X kA E R EORPRER, T X BTF
THT s S5 35 3 A e 0 B 1 22 TR0 A, — AT
55 WU MR S B UL, ARG 2kt 2 A
BCAs, PRI i g Si PR 26 1) B ol A, 75 22 22 TR )
M2 NG AE.

Bl 1 Ad B 25 1T OISO GG —4E K, —
T TSRS A BE AR R A BB RE R T 1
SHERDOEE. LR, A X SR A
A TR AR S S SR A E 6, TR ISR SR
WM E57E 260 42 FHCZh. BR T RE 45 B 4 S 1 9
RE AL IR TSR HE B, RS T LU
FE MRS AR B | e 2 S SRR B S5 R TR
AGHFAET, BT OCBEAERE SRR, FE A
JEEK RUBE A B 387 5 A TR A, 25 S el R0
W2 R T R B A B O A . DTS2
238 18 T R2 ), AT DL 0 25 ) R A A A
HGE. MO, BT IR T A AR R R s A A R
FAE, DGR IR AT DL 25 W B IR 80 ) W i

FE, AT DU T AR BUR RN, | il A5 BT 5 R s
DL R IE SCSHIEAR B A 2018 4E LISk, B4
ST T A S A G X SR AL
M EIPRETR R, 7E3[E Diamond Y& B16 2k 981
i [E PETRA-III )G P23 £k 3l 19 3+ SLS Ot
Ui SuperXAS £ 9 #17% [E SOLEIL Y6 GAL-
AXIES Zeufi 100 Z R B RAE T A [ 9 B N 25 1)
X SRR

3 HEREA GAER

A B X IR P i fr AR A P B BRI A
B F B A5 2 M Parratt 247 1k 10U 2 il
AR Rk 102 MER O AR 205 I T
TR AR R BT 1 B260103, Parratt 7 1K
TIEIEARAAT S, W] L5 (5 A5 3] ) 9 375 3
A MU AR RUEER, FElE S5 BT At e
A&+ B EROVE I, E RS AR (A B S
JRRBIBEN AR . e M AL R A e 5 vk i SR e
WA S A SO AL S R SC ZR E AT LA 1)1
TE Js 52 55 A< RIS PN 37 W B R g A ks ik — 20,
SEAMESR X ARG TOL A ] DL R T
R SRR R TN, R A A R AR 22 A
i, AR JESES AR SIR B S5 i R IR 3L
PRHCH LT3, SR, MER BTl A A%
SRR R DT IR AR AL PR A R i 22 R A Z RO
i, HAgATI = 2%, HANRES tH— L83y
MBIV EHEER, B2 5L E R e Tl E
Y25, AR AR R i T — b R L
7R NIRRT A B T 1, TGS
AR 22 2 W T s O R 25 2R TR, AR
BOTEBEN T X S i 1A U 320
T5 k. X PRI R 7O Be KRG T I Tk
Z, TGS Ot T MER T ROR (01 A2 i
T 7k R T MR RR BT I O, il RE R A 3
TITNFRER, AN LA E
R,

3.1 Parratt ERFE

Parratt 5873 TIEE/R A, @it A
22 )2 WP N [ B2 00 5 ) s S s 3 2R 8, e 1
TR Y XS 2R S 5 338 S AR g oA 10U & 4 Jor
7NN Parratt Jr ik ib AT SR R B E, A
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X SFRAEA T 0 — 1F0 o W ST Ab 2 % 2E S S B
¥, ZRMEXT X5 2 S SR A A5 B Ak A B S
(riovs)s DAURGESHGZ T — 2 MR 9 S 5 R
T A A4 1] 20 AU T Ak 1) 3 53 40 (tii-1)- i
BRI, BRI A AR SR
SMANE @i . T2, BB R &), TR Ny

o . e2igi
, T’L—l,l + ri,i+1 (&)

i—1,4 —

(1)

T -
/ R]
1 + Ti—1,i" Ti,i 1" 621%

Horr ) r g AR BT R A, ¢ X5
LAENTT TG 2 7 A% d; B 51 AR5
FHAL. FETR IR B AT R BT DL X PR A
URINE R EE

ki — ki

Tij = kl kja (2)
21{:;
i S ¥
Horb, kO XERAEN BT i h T s 2 5 m Bk

RN TS, A2 A i X 2R
Je {1 3 Y I J 0 T 1o B8 0 AN 2 R AR AR T
L TR 0] B 735 50 R B3 34 5

k. = ky/n? — cos2 0. (4)

X e A A i 4 AL R P B AA A I He
TE 2 J7 W ARSI IR S d,; -

¢ = kid;. (5)
TEFEAST AT, 208 X 52 04 A 0 T f L
BEFE ) Sz 5 AN B 3 e 43 5 oA

L (w, 1), (6)

Bitij B (w, z)
21+ Bayrij)’

Y x k
Ti-1, tii—1 tii—1
Z oni_g 0
di| n; \ i 'i,i
Tit1

Bl 4  Parratt 0T R R B R Hp n, B i E AN BN
X LT IR, d A IR TR, ri_q s Flti_1
R X FFERIENTR (0 — 1) 5 4 P Ak /Y S5 RS 5 R 8

Fig. 4. Tllustration of Parratt’s method. n; and d; are the

F' (w,z) = f2E

Ei(w,zj) = (7)

refractive indices and thickness of thei-th layer, 7;_1;
and t;_1,; are the Fresnel coefficients for reflection and
transmission at the interface between (i —1) and i-th

layers.

Hrp 2% o f1 B 1 Parratt Z48 453

Tii+1 5i2+104i+1 (8)
1+ B2 ip1riipr’

o =

B; = exp(—ikid;). 9)

Bl 5 s R P E Hr 3e BE or Ai s s B S T
I8, AT DOA R S ETZE (58 0 2) g
BRI AR MRE R TCRER LR, BLaT,
5 WAL R T2 OB IR EE SR T A
B X S0, FRZEA RSO, @t K gL
IEATTRR, T LA R R A A B

JE 3758
afe2) = PHEIE D g
I(w, 2) = |a(w, 2)|?. (11)

S TH] RO X2k 18 S A 2R BRI A S S Dt
5 ASIREZ M

E° (w,0)
E%(w,0)"
BLSRFE |r[2 RI S S50 v 0 S 5 G i BE 5 S Ot
EZ .

T(w’ 6) =

(12)

yT—»x EY(w,0)  E%(w0)
! \/
0 Pt

Ei(“%za) Ei(w,za) C

g 2 WSiy

=1

E C

=

& Pt

S /\ Substrat
El(w,ze) BT (w,2) ubstrate

5P R SR

Fig. 5. Sketch map of field amplitudes in the cavity.

T Paratt 35 Q77 1, ZRIBOH BB R Y 37
SRR OCHE. — BT =, W X AT
S5 AT DS SRy A O 37 RV D' 37 AR T 2
)9 JoE BT S 3 AT LA AR A 0 e O
(scattering length) 15

21np,
2 . (13)

Hdr o p, PR R BBCE . B R £ 07
T ARSEIR A9 17 Wb SR T fr DA B SRR
B TTER Afa, B fa = fr+ Afa. FEIREIF K

n=1-—
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JRE B4 R RS T LA R AR B8 XS e W e e 7 2

k
Im[Afa] = &Uabs. (14)
SEERAT LI i Kramers-Kronig ¢ & T8
* W'Im[A
Re[Afa(w)] = 79/ s _f’;z do’,  (15)
m{A fa(w 2”73/ Rel Af_AWQ d',  (16)

ﬁ*PA IRTPE A, i, 7T LS bR
AR TN
n=1-38+iB, (17)
ok, 5 il 3 RAHIT X SHEAERH S (~ 10—
1076 ). % F M LLZS S A B BHE 2 T 0 X S48,
FEBSHAE R T LR, X S LT 4 Hd 5
APHER R, T 2555 A f8 /I P U LT 2
ié&%‘ 5 8L 2 T L 47 5 L W B
=24, sn‘ 5d XEHE LR, KA NILDZINE.

32 MRETFHE

FIF Parratt 773k, 1] LIAS 2] X G2k 9l iR
AT s S 5 1 S B 3R il 2 D B s B (B 25 5, 5
ToE I ENEE O S B RGBT
YEREIR. R T i — 2D A2 BA R R, T
FAE SR L ) O A AR SR g S v Y T O
it 28T QIR TR TEARRON w AN EKEN T, A1
HAERZRS N IR s

H = Adata +iv2eg (ama’ — afa),  (18)

Hrb, an HIRSDCIHIREE, a(al) KR
A (LK) BAF, ke Fomm X ST IK S5 s pi X m)
FEA R IR AT B Bl 1 AR B SR T RORSE T
A1 0 FIERE A 0 -

A = (Ssieg‘ - 1) w, (19)

TE X HHRAER 20 10 keV BUIE R, ASHA
ﬂ;-ﬁcﬁ BF 3 B/ N AR AR 235 | S S 3 1Y e o

W, BIANFE 2 mrad B BEFTE, & 1 prad 194

f“ﬁiw SAT LI R 5 eV ISR, XMl T 5050

O LA AT XSO RIS M ) A o A

Bk FERE NIRRT (%) BB T, REMIGH
i it 1A o A 35 63 5 LR G 2 (B A A AR R

Hy = —A6, +gn(6ra+6_a"), (20)

Kb, ARAS X SRS R ER T 22 18] Y fE &
W 6.y - RAEIR R 2 S S R A
WO SN RER R G LAELT, gy AT
SRR Z R R G B, 5 R A AR IR AL
KL NHG, Bl gy = VNg, b g ol 58
T (B%) BRITZ 1) AYHE 5 9 B

X SB35 5 V1 2z 8] A AR AR T AR A T
S LA Lindblad SBAFHE. 178, XHEEA
FF O & AN pREL:

L[p, 0", 0] = O10p + pOTO — 20p07.  (21)
DU J 1) [ A 8RR AN R BT (1) 2 A R R A Y
Lindblad B45453 51N

ﬂ[p] = _K‘C[pv dT7d]’ (22)

Zlp] = —g

H p ARGE R, « FIERE A BFE,
I h A EESHER. REREAAE T Ik £ 72
ik

E[pa 6r+,&_}, (23)

p = —i[A, p| + Z[p). (24)
MFEERGE, L] = L), # = A ANIRIE
MIERGA Llp) = Lo + Llp), H = A+ Hn .

IR A AR, R Ak 3l ) 2%
FEMFERES, HRAB N

a=i[A, 4] — k. (25)
TELHGER, (a=0) F, AT LLRIFE SR
A \/main - lg(AT_
o= (26)

FoESMA (20) Xnyrasgima i (23) Ay, Alfq
AT = (A — ALs)67 + [gnRaind™ +he], (27)
I'sg

-fof[p]:*fﬁ[p,o 6] (28)
/\‘I:Fl:

- \/2HR

SRt #)
Ars = |gn]? x Im ! (30)
LS = |gN Kl+iAc )
T'sg = 2|gn|* x Re ! (31)
SR = SI9N K+l |

SR UL B AN S SR R R R A
AR
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Gout = —@in + V2R (32) q(z) = M1, + M3,, (42)
T R A 37 R AT LIAS B U R A A3 s N AR N T A3 ALK ) 35 18 B 43 1,
{Gout) M? NI Z GG B AALE 2 AR R .
R=""" — R.+ Ry, (33) ]
Qin i —2, % T4 B R e B A% T
Ro— 14 A 7 (34) JiE, T A AR EAE B DT ik, XK R Y
K +ide ST, TEMIBE R, SEIRBRIE X (560
lgn |22 BTk TT LR M® ~ exp(iAFd) , Horh d }pJE

Ry = (35)

SIAT Ars +i(I + Tr) /2
KOHFEN, =S ER P RIER FH, ik
PR I DR AT A8 2% pR AR, (HIERON & B T —E 1Y
RE RS FITELR I 58, RIARIR 2 R A s PSR
SRR T .

3.3 fEWEREAE

i M Parratt 25 Q7712 09— Fh R BLE
X, AT RLAS SR oL, Rl (1) IR AESE
PREUN TSRS IR EUN 0 BTk, 535S
SEI 22T, AR A AT, X A 2 R B,
Fey R B 37 R JRE R BT (+ ) RGBS (=) P o3
i, HAEF AR A N AR AT D T LU 4
CEE TGS

1oy
Mi=1,. 1] (36)

eikidi 0
Mi:< . em)' (37)

SR AR 23 1) A i A B RO RT THB A SHE 7E
TH S PN ) 325 93 A1 -

Atop

(A%P) . (38)

Abot
(am) =
5RO 28, R B AP = A
At =0, R RETIFR N
AP My,
AV T My
BEAb, ST A B 2 A I — k37 e B T L) P
MEIG4 H:
alz) = Ay (2) IOAf(z)

Hr,

To = (39)

M21

=p(2) = 4()- 3

(40)

p(z) = M7, + M3, (41)

TIREEE, M AF HA I B

we(M2)
FEFETC A f AT LA R B A2 R U B S 3
Af = QZaA fa. (44)
KoFE N, MR R
M* ~ exp(iAFd) = I +iAFd. (45)

PRI, ol R S 1)~ TR A R
M = M*[I +id(M*)™* - AF - M*].  (46)
SN B RET VAR s R (o ) AR L
S22 F0, P R 20 B Tk
_idAfla(z)?
e 1 —idAfp(za)q(za)
X T NSRRI B BRGE, HIUHHC B A REB
RIUIBIEZZLIE, RI

Af=

(47)

fo
e+1i’

Hrh, e =24/T, A=w—wy AAG X FFLA*T

F PR fE 1 wo MR, T ILIRERIE A9 A &

58, fo MR, A (47) ABEH ] 15
idfola(za)[?

(48)

T AT AT+ 1)/2 (49)
Hirr:
Ac = dfol’/2 x Tm(n), (50)
Fc = dfO X Re(n)’ (51)
N = p(2a)q(za). (52)

BEHEM, (49) P RYRER N B IRE— N8 IE 2%
PR, TEIERON 5 AL T A FRE RS BRI T, A4k
WL m VN S8 B EAEAOG, IR d W S5 KL 1
WO, P R M DT 545 ) BRI IR
O P ¥ AL A7 JEE DR 50RO S-SR N R AE
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34 EWREHTIE P, B R
N
S 2k ; } . R
ZWEFHL 3 /1% (macroscopic quantum ele B (rw) = BT (r,w) + jiow® Z G(r.rs,w)- 67 ds.
ctrodynamics, M-QED)!"04 £ {4t 7 —Fp 4 34 H1 14 j=1

Y55 2 W SO A A B HE L. AR Z
NS X SRS TS APl I 5
eI A R T sl R A AR . S, R
ST PR P R S8 2 BRI AR B, TR AS FHIX 3
G T IR S T N B AR A
R, SRBAUME G T AR 1 T I AL B, 45
FHEAE IV . PRI B T 2 7 k4
R RS R, LA S T B ) L2 H IR
J2 U B IEAR B R B2T080 FERSHGE LT, I8
N KT —RESAR B, RGBT T LR
|

A~ _ 3 o0 ’\.1_ w
A /d r/o dwhw fT(r,w) f(r,w)

N 1 N L,
+_ ghwd 65 ~ Z/O dwlo}d; + 67 dj]
j=1 j=1
x E(r;,w). (53)
Horlr, £, w) £ (r, w) 53500 3% T (17 2E FITEE
KIBFF, hwo WAIRBGERERL, 67/~ NIREGER
TR, d A AR R S T ST T fs v )
FL R 37 T AR S pl 4500 T R T 7 A S TE S
[ENEAT

E(r,w)=Et(r,w)+ E (r,w)

= iwpg /dr/G(r, ', w) - j(r,w) + hc., (54)

Horp) o RESHETR, he AFRLFILYE (Hermi-
tian conjugate), ¥ EEL G(r, v, w) HH L LLT
Pesh T RE R i

[v XV x —?a(r,w)} G(r,7',w)=6(r — 7). (55)

X TR G P A AR IR Y, s SRR
T A

3(r,w) = wy/(heo [m)Imle(r, w)]f(r,w).  (56)
M FAEARIRPERCH, IR AT LA L (4 5

Jj(r,w) = —iwpd(r —7r'). (57)
I A ) Yk
ES(r,w) = pow?G(r,r',w) - p. (58)

59

ZWESCHIR AL, i 2250 H IR0 A A R 2 i i
F1 Lindblad &455 15:

N N

peff __ adfn— Adn—

I ——FLAE Ujaj—hg 9ij0; 0;
i=1

—~
N

Q=1
N
_ Z[d; . Em(r)&;“ +h.cl], (60)
Jj=1
Noor.
ZeM ) — Z _ 2” Llp.&67,67], (61)
ij=1

o, AT A R B
gij = MO—;Zd* Re[G(ri,rj,w)]-d,  (62)

2,uow2

Fij = dr- Im[G(ri, T, w)] -d. (63)

H TP v J A 2 5 1) e AR, R AE
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Fig. 6. Reflected X-ray patterns from the cavity samples

with (a) flat surface and (b) distorted surface, respectively.

The horizontal beam size is larger than the vertical one.
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Fig. 7. (a) 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)/
Sijgo(infinitely thick); (b) the field intensity distribution in-
side 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-reson-

ance X-ray energies.
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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 (a) —-0.001°, (b) 0° and (c) 0.001° offsets deviate from the first mode angle.
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Fig. 11. Collective Lamb shift and superradiance of
Mbossbauer transition of “Fe due to the cavity effect. The

cavity structure used here is same to Fig. 8.

4.1.3 *RETHS

HISCEER, K7 I A5 5022 s i AR LR o
PEHURRET (%) J2 A9 R 3 B i SR R .
M (33) H—(35) KB S 5 REAT LA, 800

B T B iR T (8% PR BRAE A SR A 22 R Af
IR 8% S R AR A s RS FR BT AR A SR
S 5 23 I S U AR & . i L, 2R
W RS M N AR H -2, RN A A sk
B LR A RE B N RIS R 2E T, 2R
H LB AP A E . R, X P E B A
B ] DAAR G b 3 LA 25 44 0 i 1 1106.107),
R T IE, K (33) AR SHIRE T IE:
RA<1+(U>, (76)
e+1

Hr, e=2(A-Aw)/(I' + I'sg) WAL BE =, i}
s A FEE R g 3508

KR — 2/4,]1 —|— IAC
A=——-—"—"F7"""2 7
k+iA, (77)
FSR 2K2R IifiAC

—i=i == : 78
1 ! IFSR+F K I€—2/<,R+iAC ( )

LR BTG ¢ 2R Ty  FERLREL
K IR REE kr LA A AT . X FOHETE
KB RG] 24 IERE T, R X R
R Ba TR 6. 20, D U R R
A ) B 5 B 28 ML v a5

g +¢f?
14+¢e2°
HEMPaaEe AR R, X BPEN T ¢ —Hk
RHEEL, FRTRAE T R AEAE T HFEE A, 1t
B, AT RO RO RS A R A 588354
AIOE|V iR =3I

|R[* = a0 (79)

(Relg] + 2)?
14 &2
ATLVE ) W BB R BTk T — 8N EAE
T 2L LI, HR BE A2 it DA B R /N ol
T 52 S5 155 0 AR 11 = X6 A7 - B e T30 R - 7 52

(Imfq))*|

R} =
2] o0 14 &2

(80)

246101-15


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

Y 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024)

246101

HR, B
I 2kp 2(k — kr)Ac
s+ T Kk (k—2kKp)?+ A2

Xof T T, ARAE RO LA B 37 S
HAS X 2 [A) (R B 23 36 AT AT 40 FE e IR TR
G rr, B (k—kr) > 0. I, BRERET
b T SRR S (R T Relq] A1, JEE
K IEN Relq] MIE). b, TERERECT, ik
7 1 528 %, (80) 2H AR 1 i STk A 7 3t
iz, B U A G548 5 M T DTRR 18 18 22 e 25 14
FEFREREDL (Imlg] = £1) T SAMAHEHH, B BUHE
TR HALIE. TESLBREOLT, TR X 2
A —E B WOT BAERU NIRRT, MHEL 2
T IR LI , 3 PR 2 AR 4005 20 Rl I S
FE. AN, X TNSERERIT, 75 I X
FE R R i 12 AR A i 7

FERLREL kv HIERG SR IE rr EEIPORL T 45
¥, W 22 (A BRI A, e DL S I — 24
AR, ARIE P Z RIS KNy = 26k /i, AT LASE

Relq] (81)

- -
o =
i —
< <
+ +
) (9]
& &
5 5
2 <
80 o0
=] ]
< <
10160 10180 10200 10220 10240 10260
Detuning energy/eV

e G
; 7

= =)
i —
< <
+ +
9] 19
& &
5 S
2 <
0 o0
] ]
< <

10160 10180 10200 10220 10240 10260
Detuning energy/eV

T IBSE T S 50k 3 28 RIGAHEA (undercritical,
n< 1), IEFHE (critical, n=1) M A H A
(overcritical, n > 1). iHiL & IR B ELGEHE (E
AL B2 A RERREE), W] LIAG i A A
FEAS TR A T RS- ThI . X TR I 54, 038 A
SRR BE RS R A SR AT Z A R RIS L IE A
5 F B, IXTE WK O Fe A% W A7 T R 48P 15
BT IR, R, BERIE A =0,
T g ol s

q:i(l—i—H 2R ) (82)

K — 2KR

BEAE, 2 (g2 < 1B, ST 2B FRIGAS, BIET
PR Y (g2 > T, SRS A I3 IS (S 22 LIE
R, 4 (q)* = 1, R[> = oo, BUM AN
HRe KRN HLRLI. FEE 1T g ¥ IESK
B, Al B R A KRG R (26r < k) 11,
WA Imlg) > 1. MAESHG T, Im[g] = —1/2
HiEW. FIL, HZREIE R M BT it
AR K 12 45 T ESS ) Pt(1.0 nm)/

w O A N O N R O

10160 10180 10200 10220 10240 10260

(b)

2.4

2.2

2.0

Detuning energy/eV 1.8

w O AN O N A O ®

1.6

Intenstiy/107

1.4

1.2

1.0

10160 10180 10200 10220 10240 10260

Detuning energy/eV

P12 B e 5 BLE R XGPS TR (a) SRR S5 (b) SCIR BRI ER W ICL ; (o) BB AEAIEE R (d) BB

A0 R 2

Fig. 12. X-ray reflection two-dimensional spectrum of experimental measurements and theoretical simulations: (a) Experimental re-

flectivity map; (b) experimental data by exclusion of the absorption edge; (c) simulated reflectivity map; (d) simulated map by ex-

clusion of the absorption edge.
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Fig. 13. Measured reflectivity spectra at the first mode
angle. The dots are experimental data, and the dashed lines
are the fit to data according to the theoretical model. The
solid lines present the Fano profiles in the reflectivity spec-
tra by subtracting the fitted edge components from the ex-
perimental data. The squares of Im(q) for each data set are
also presented. Data are quoted from Ref. [61].
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with different fractions of *'Fe.
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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) 1%, (b) 3, (c) 5 mode angles, and (d) offset angle far from the mode angles. The

experimental spectra are fitted by the theoretical model, and the widths of the Lorentzian response are presented. Note that the re-

sponse features as the natural linewidth of the atomic transition at off-resonant angles while the width is strongly altered by the

cavity effect at mode angles. Data are quoted from Ref. [60].
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Fig. 18. Far-field fluorescence intensities at different emis-
sion angles. The directional emission is observed at the first
and third cavity modes. The blue and red dotted lines are
experimental data resulted from X-ray excitation and elec-
tron beam excitation, respectively. The solid black line is
the simulation based on the reciprocity theorem. Data are
digitized from [58].

5 RAEERZE

X P R E BT ], B
T4 T BT X SO GIRTE T ARk UG i B Rt
A A X S TR AT
SHRBRIE IR R, B B A REAR R T | PRI A |
FAT IR SRR A, HAZ IR TR — R it iR
FIEARTT 58, FAAE—E WL BiS, 56T N5E )2
SEHRBRITAR 2 09 52560 T AR UE S B 76280 ]
P T N7 R BRAE. AR SCRER T X G2k s
e B K ek, JF M A B SL iR & | SL Ty
2% BOIS BRI LAS 2 31 X Gk Bel 7ol

246101-21


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. 73, No. 24 (2024) 246101

BN T NA. RERME T NRRER, Ihd
TESEFEERN—LHEFMZESZ A, 52
W T TR TR ZTE | 55 (A R0 RS AR B
. WAt BILHREREAEAE X S B BOE RNz
FATE, HET 28 7GR A AR Z i H Ry X 2k
Js TR AL T =R e B 1A,
TR N B IR RER A, Wy X R Ol
FRAL T BN, AT R BT
W 2R R, B T X J 1ot
RN TR X Bk — S, AUNER Tk
i BB Z 0 TR A8, 80T LR X G2k
SRS, R B AE . MRKFE X R T
SN 2SS IR RE T, P LA B — e HLR Y
NS . B, S R G 0y BLEEE R, AT LA
R HETR ILPR MU RN B X R AT 5
WA B T LA v S AT S 0 (O P £ 2 RIS ) 1
a.OFRA, TA) A A R R O R, S
R & S B ZI o BE ] e & g e e
25 B, AT DA B & 2 B G (high energy
resolution fluoresence detection, HERFD)!''! 143
PRI KB (high energy resolution off-resonant
spectroscopy, HEROS)M2) 4 i 24 F2 8 1) i 24 {57
B S—J5 i, R E S E P - e
fii (Raman-Stokes shift) & 13 i AT DR AR ER
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M. T X BT HRE TR A A B, B
T2 AR REE, AR )Z T 20K X6 X G2
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BN GIE. X EERE N, N2 RRERT
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T I B AR ARSI, — 7 1T AT DA R A o e
filg T2, ¥R Z2EEREMS] 1 nm DUF; 534b
AT DA 3 A 38 R N2 BRE IR R, DA
BB S48, il an A G 4 07 Uk A8 )2
il ) XS 4 i B o 0 R A AR BR AR R AE . I
Hh, BT N R BRAE 2 55 114 iR 5 8 0 e BT T
B PFEL, )2 (A A2 4 AH AR IR AR AR S
B UESE. ARFE T 2 HAH B AR, T DA SE B2 (B] 5
B, 425 TS Al 102630 S50 50 1) ) R S e

LHP B XA T SR G E RN R R,
DA R B 0 e A5 ), 58 M 1 it JB BT, 497 an
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HEHZ A0, Sty SRR G 7 b R 2 i,
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PP PN 25 159,

24, X PO 4 R RAEL
WORAEEIN , 31X B P R [R] A HR S B 67 I B2
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T g 129180 R0 XSk R 2 ' L i TR A (152155)
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SASE i REHLYE (stochastic), —EEffF 57 TAEEF]
H HBT(Hanbury Brown and Twiss interference)
Tl T O BA  SREETR 134
X SFER A AR T 204 XFEL ik oh 58 B 1991 DA,
5458 (compressive sampling) 74455 H
1 U 1% (ghost spectroscopy )6 M &t 75 3T 1
S5 A BB E. SR, X LeAR LM 2 A 5T 1Y
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Abstract

Over the past decade, X-ray quantum optics has emerged as a dynamic research field, driven by significant
advancements in X-ray sources such as next-generation synchrotron radiation facilities and X-ray free-electron
lasers, as well as improvements in X-ray methodologies and sample fabrication techniques. One of the most
successful platforms in this field is the X-ray planar thin-film cavity, also known as the X-ray cavity QED
setup. To date, most studies in X-ray cavity quantum optics have focused on M&ssbauer nuclear resonances.
However, this approach is constrained by the limited availability of suitable nuclear isotopes and the lack of
universal applicability. Recently, experimental realizations of X-ray cavity quantum control in atomic inner-
shell transitions have demonstrated that cavity effects can simultaneously modify transition energies and core-
hole lifetimes. These pioneering studies suggest that X-ray cavity quantum optics based on inner-shell
transitions will become a promising new platform. Notably, the core-hole state is a fundamental concept in
various modern X-ray spectroscopic techniques. Therefore, integrating X-ray quantum optics with X-ray
spectroscopy holds the potential to open new frontiers in the field of core-level spectroscopy.

In this review, we introduce the experimental systems used in X-ray cavity quantum optics with inner-shell
transitions, covering cavity structures, sample fabrications, and experimental methodologies. We explain that X-
ray thin-film cavity experiments require high flux, high energy resolution, minimal beam divergence, and precise
angular control, necessitating the use of synchrotron radiations. Grazing reflectivity and fluorescence
measurements are described in detail, along with a brief introduction to resonant inelastic X-ray scattering
techniques. The review also outlines simulation tools, including the classical Parratt 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 unique features of electronic inner-shell transitions and
highlight recent advancements, focusing on cavity-induced phenomena such as collective Lamb shift, Fano
interference, core-hole lifetime control, etc. Observables such as reflectivity and fluorescence spectra play a
central role in these studies. Finally, we review and discuss potential future directions for the field. Designing
novel cavities is crucial for addressing current debates regarding cavity effects in inner-shell transitions and
uncovering new quantum optical phenomena. Integrating modern X-ray spectroscopies with X-ray cavity
quantum optics represents a promising research frontier with significant application potential. Furthermore, X-
ray free-electron lasers, with much higher pulse intensity and shorter pulse duration, are expected to propel X-
ray cavity quantum optics into the nonlinear and multiphoton regimes, opening new avenues for exploration.

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