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Table 1 Performance of SACLA BL3.

Electron beam current 5.1-8.5 GeV

Peak current >3 kA

Repetition rate 30 Hz (max 60)

Photon energy 4.0-15 keV
Pulse intensity 500 uJ@10 keV
Pulse duration 2-10 fs
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XA BRI D W S B T B (SR A RS B 7 i FE - oD TR LB
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2.1 EIEWIUY (dual beam multiplex detection) &
Fig. 1(C Dual Beam Multiplex Detection # 12 X % 5E %%
REXAR$2520, ZOFETE, SACLA O X/ OU1A
BB EIPE T COEL, +1BXU0-1mEIEES
PIVA LBV ACFIA T 5%, pEShicEgo/ b
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LF5, BE/VAEEIRIOVAE, EHL LRSS
T250 X 25 um OMER O ARy FIZENK SN, £DDHIF
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Fig. 1 (Color online) Schematic diagram of time-resolved direct X-ray absorption spectroscopy using SACLA.26),
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Fig.2 (Color online) Lowest detectable absorbance (2% cor-

responds to absorbance of 0.01) .26)
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Fig. 3 (Color online) Schematic diagram of time-resolved X-ray

fluorescence excitation spectroscopy using SACLA .28
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Fig. 3ic K phiikic X A EBREBER % /R 92,
SACLA © X 0V A% Si(111) K e s TH1.3 eV O
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25.6 x 51.2 mm? ® MPCCD 7% @ k7> 5100 mm O 7.1 1
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MPCCD T ERERETH AL LT Wi, ERICIE
CC7 5 b ALT—Fatie L CHAT 5, ShER
$5.6x5.6mm2 D7 x F X A A —F&EFHkH» 516 mm D
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Fig. 4(a) I21.3 eV ICH AL I N/HED X /L ZAD 5
JEC A7 S LT, P DORELE RO L0800
BB, L THT, WHEE FE) IASFT 5 X OV A
Il 5720, ROKXTEINS,

F(E) = CO—abs (E) ¢ﬁu0 ¢det-P (E)

ERXHOXTITHRINFE—, CIZEOAIEE, ous EHRIL
WITH B, Pauo (ZHOE T, Do (B ETIE, £
LTPE) GAHXBO/IWVALINVE—TH5b, ZD
A6, F(E) L P(E) ORICIIKOBEGRYRH S Z &5
b,

% . = COaps (E) Prio P et

Tabb, F(E) L PE) OBFOTay FOEE»H
oas PEHN 5, Fig. 4(b)13, EfO F(E) & P(E) O
ICEFHICRVEBERP DL L ER L T 5b, Lich-
T, AHXBO/NNVAZRNVFE—-DRELENPZOE TR
KHEOREREICEHERL I NS DT TiEL\v, 300 3
v FULEICDOWTF(E) & P(E) OHBEZRANIL gans D
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Fig. 4 (Color online) (a) Histogram of the X-ray pulse energy for
900 shots. (b) Shot-to-shot fluorescence intensity plotted
against the X-ray pulse energy obtained at an X-ray photon
energy of 7.125 keV. The slope obtained using linear least
squares fitting is taken as the fluorescence intensity.2)
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AN PV ORER 7 86 L 72 TRXAS ORKE L, M
Feph L S EHERBEIC TR LSV L fm S h
bo BIMCENNIVDOE, BTFIHRIVF—% ATy /T
LIFEREENDL/OTH S, HEKBR TIERED ST
BICHANTHEEOKRO G FRPEFMICKE VA, BX
AR T ORDO X FERIETERE 2/ NS W & &b E T
IR BRI AR TEORERE /NS Wew, BRESIIHE
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Fig. 5 (Color online) X-ray absorption spectra of aqueous [Fe
(IIT) (C,04) 313~ solutions measured using the dual beam
multiplex detection method and the fluorescence excitation
method. With the former method, a single absorption spec-
trum covering the 30 eV bandwidth of an X-ray pulse was
obtained on a shot-to-shot basis and integrated for 10,000
shots. Five such spectra were similarly measured for different
energy regions by shifting the X-ray pulse spectrum, and
these were then combined to obtain the entire spectrum,
shown in black. The sample concentration used for this
method was 500 mM. With the latter method, monochroma-
tized X-ray pulses (spectral width of 1.3 eV) were generated
and energy-scanned stepwise over the original 30eV
bandwidth to obtain a single spectrum. The detected fluores-
cence intensity was averaged for 600-1,200 shots at each X-
ray energy step in the scanned region. Five such spectra were
combined to produce the spectrum shown in red. The sample
concentration used for the TFY method was 40 mM.
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[Fe(l11)(C,0,))* PG00

Fig. 6 (Color online) Molecular structures of [Fe (III) (C,04)3 3~
and [Fe(II) (C,04),]?>~ and the reaction mechanism. The
structure shown in the middle is not a stable species but a
transient structure with one of the C-C bonds dissociated by
the ligand-to-metal charge transfer. Fe, C, and O atoms are
shown in yellow, grey and red, respectively.
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ML CEIERRIA50 ps LINIC 2 5 L D ISt 4 %5, Th
LFoBEmrHabEE, AoRy/-7n—-7EF%
T BB BT, WKHESA Ro0 5720101, 2EHNk
MEEDEPTETCNWDLE T EDHHRTH S, R E
EbLRICIIFE 2 HERD LD, Bl 2IERBLEIC Ce:
YAG fduziE &, XHRORHAE THOEE 74 L TCCD
NASTRBL th, CORIARy FEBRICELSL LD
NN E GRS, BV, REHIEICEY VR—IL %
FELT, AL XROBRBLEPRKERDLEDITH
bdLHTELTHETH S,

7e2l, —EXAIVI EDbETh, A« %L —
Y— DRI & XFEL OB OB ORMA F Y 7 ¢
%, b, BEEEOREZIOK EEREOERICT
WCEILERFRIO F U 7 FBAKEL, 1psEBEICK S, L
72T, 72 A FBBEEOGH T OHEICEERE L
SWHBENRDH, BRI, X7V AD—HMEeDr T w7
L, ZOFERMLYY g v MECHEIEL, ERETHRICHE
P ORILRFE TT — X W~z 2 TERHE SN TY
%o 72721, SACLA © XD /)L AEiE10 fs BE TH
LOIK LT, RL—F =000 ZAlgid ok ¢+
fs, SRHMETL00 fs BED 5720 (WREMESEHOE A7
LKD), FEReRE 5 #ERBIL50-200 fs & 2 5D
NREYTH b, XFEL # VW 7oly /-7 o —75%d kR
TEHEOHEDD 5,

3. HAFYV— MEHKBERDENK
R TRXAS

BRI & LT [Fe(IID) (C304) 313~ @ TRXAS I DWW C
g 52, [Fe(Ill) (C,04)31%~ 13, M@ TmPUG ke C
FToF L L TERLECREEOS T TER<AGNT
WA DEUGEREILI A O T, S5 IE AR 2 i
D (EFEOh), $FE T 3d Ml —EMEEL e, Ml &
ZHEMEE Lty MBI AT S, LT LSO AEIEH

R < 7207200, eptyg BOE T RIVF — /NS, F 0D
KA, Pauli OFHIC k- CEER TREIIEAY VIREE
IC72 %, COBEKOKBRILIIGORETIRITLIABL 5
BEMNB5H EREINTHDE0, bwnws bk, k)
O EAL T2 REE L TR RTCRIGDEC 5 & Bk
T 5, AT IV L 72 BRICHE C A Y@ n RS & L C
I3, RKOZOOBEBPREIN TV S,

[Fe(ID) (C404)313 (s=5/2) + hv—~>[Fe(ID) (C,04) 313~ *
—[Fe(II) (C;04) 212~ +C;04 ~ (or CO;+CO;5 ~) )]

BIO

[Fe(II) (C;,04) 313~ (s=5/2) +hv—[Fe (IIT) (C,04) 313~ *
—[Fe(III) (C;04) 1~ +2C0O5 ~ (2)

(D RERIC & » TR FBRILINDM, #ErD
LD A VBB S TLO S F & ORI @ 6K
AR IITHTH Y, QRS 2HOBA 4V EHK
HL, BELRBEETZRRIGTEZISEVDHTH
%32’33)0

% % 130.1 M (NH,)3[Fe (C,04)3]*3H,0 /K B 47 % % 4
I, MO A R LTk K WRIUH T B O TRXAS
w17 7- (Fig. D2, Fhie Y3268 nm O 7 = A FF/ L
ATH B, Fig. T1(a) 1%, IR ERIC R x5 IRe ] TR
L7z AXRYZ RV Th %, Fig. 7(h) 13, KMEHED A7 |
Wn BIRERTO AR YT PV EGIWEARZ FILTH D,
ZOWKRB(C)THSH, TNHOERERITHEOHOE
A R L T B KR R B E %1 K T %
WE—NZA 72 < &4 3eV DL E red-shift 5, ZDH,
3 ps LA IC red-shift Ok & S 84+ 5, 3ps H» 5100
ps ETARY FIVEALIZ A <, EBELRALFRIGIT 3 ps
BETHKRTL TV,

F9 3ps TEWT H5FORTEEITD, KhkicHl
WAy Fvid, KEETFIREEO[ Fe (1)
(C04);3 3~ ERIBEBI D AT FIVOREY & 75 -
TWABH, EFRPWOBRICHAKE BT RIVFE—[Iicy 7
FLTWAHZ ERBLNTH S, ARY FILA100% KL
POLDTH - ET 576, Billsniz3eVoy
T BERYOBRBIHRDY T FBED LD B, AN
FIVEALD U — T — R ARSI % BT L 75 R, Fig. 70
ANY FIVIC BT L EZHERITHE0% LRkD O, £
YD K Wi O red-shift Ok & X3 6 eV & Iz,

Yeph eI & - T K WL A red-shift L 7z &\ 5 5
i, KR L > THBRBTBRLER LT &, 2D
PIRFRBRILINIC EHRET DR, MOMEROTTEE
LRFIL7ze BI21E, $kEfthodicit [Fe(ID) (bpy)sJ2*
DX HR/ A 7B AT —N—kNnDH Y, [Fe
(IID) (C304) 313~ IT 2\ Th AV Y 7 0 A% —/N— A #ia
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TANENRD D, £ T, EZONARIEERWIZOW
T, WERMRAEE BN (TDDFT) 12 X - T K R
DOF AT - 7= (Table 2) , = DFER, K & /& red-shift
(~6eV) ZRTDIFEPEIL SN/ HHDALT, [Fe(lD)
(Cy04)3 13~ DB TR - T T A VIRELZE 2T
4, FEHO LDk red-shift FIAFRFEI NN &350 -
723, I 5IZ, Fig. 6 DAY b SAERYO X AR
AR PV L& 2 A, WIS red-shift L T
L7203 Ta L, IR XV & OV FE— A OREE O
MR L TWBZ ERbh Tz, RBOBAD, A
RIFREDMET L2 C & (BB T RO & A 1)
—Z72 o720, BTN LIS L) #E%RT S, £
ZC, BALTFH—oREEL 7z 4 RAZO[Fe(ID) (C,04) 212~
(Fig. 6 2%) I 5 XAFSZ#FHIL/2L 2 A, FE
B OB SINIEBHDOAXRZ PV ERVW—FEIRL
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Fig. 7 (Color online) (a) Time-resolved X-ray absorption spectra
of an aqueous [Fe (IIT) (C,04)3]3~ solution observed at vari-
ous time delays.?®) The excitation wavelength is 268 nm. (b)
Difference spectra between those obtained at positive delay
times and that measured at a delay of —3 ps. (¢) Expanded
views of the reddest region of the difference spectra, reveal-
ing a blue-shift. The arrows in the figure are the excitation
energies at which the decay profiles were measured, as shown

Joo TOT EDD, [Fe(lll) (C04)313~ DOMEEEMBEERIT,
BT 2 beE~ORTFHEE (LMCT) ICX55FHE
TERS &, US| &6 < Sl 7R BT O fREESUL TdH %
CEDBW B NITTIR 5 722, fREES NICEAL T DR AT
D5 F & R R TTIRIGER 123100 ps LV K
WIRFRE 23 022 5

BAFIZEDEDICHERP MBS D255 0, X
RO T FIVF—%EE L TRPUREDORE 717 7 4 )V A&
W L 755 % Fig. 8 173720, KFR4fi#6E13200 fs THhH
%o BT ORI & VAR T RILF— OGS EBIC
FAHLDTHY, L/ & IKITHWERL 3ps IFEL 7
Z F—%rd, B’GEX DB OVF—MTE, B TO
WA & DR K E 7280, WL & I RIGRE
BB T B, I6IT, AT R A & EFRZ i — B 5
BOKHEETEL TWAZ &g nh, £2T, TNHDA
N7 PVEL R N7 4 v b (T =0T 4y
F) +5&, AT FIVEAN1401s & 3ps D ODKF
ERTRELERG -2, COZ LD, BALT
DOFHECIT 2 SDOFEBELEFTEN TV HEEZ BN S,

COERDOBETASTH AT 72 25, LMCT 2
ZHEXFYU—FRMETFOBRFREZFHED CO, &
CO; DE ALY C-CHEEGVMATEI Ehbhr -
7228, X512, Fe(Il) & CO, DO AT IEFITT 2
&, CO, BRSNS, CThARFER140fs TR %
b TH 5D, ZDOW% 3ps e T 5281k, COy DfF#ERK
HThb, EBRTIE, BIUmRDPRIICKE < red-shift L
Totk, ZOV 7 FEPELTLEHETHEM I NN,
Table2 % B T2 5 X 512 CO; & ik L 7= [ Fe (1)
(Cy04) 212~ DWW X[ (COy) Fe (I1) (Co04)2 13~ X 0 &
red-shift /NS 7% EFHINTW 5, THITERER
T BRHAT %,

Lk k512, SACLA %7z TRXASIZ L - C, #
TFEY U — FERORETRIGE, (D) ORIGHERTH 5
CEDREPO BN, BT ORRET 2 BB THEA,
AL CO KICCO; WIRBEST 5 T L BB/ -
728, OB IOICHERT H-DICE, Kb —
B —% W/ EEIRE 5 BT I« RN T
Jy FatE (QM/MM) 12 & 2 KB b RIEY R 2
V= a VBRI TH 5, TRXAS [IbOEIBSEAIC L
FWRETH 5 & MRS, KEGEML-CKAE T /39D
S BOKE RT3 A 0 & BRI, Fox 1306k -/
BBl 2 ERE DTV D,

in Fig. 8. BRICiR N7z 5212, TRXASZWd &4 58y T -~
Table 2 Calculated binding energies of Fe(ls) electron (eV).
[Fe(II) (C;04);13~  [Fe(Il) (C;04),1>~ [(CO5 )Fe(Il) (C;04),13~ [Fe(IIl) (C;04)312~  [Fe(II) (C;04),1~ [Fe(III) (C;04)513~ [Fe(IIl) (C;04)31%~
(s=5/2) (s=2) (s=5/2) (s=2) (s=5/2) (s=3/2) (s=1/2)
7152.7(0) 7147.9(—4.8) 7147.0(—5.7) 7154.0(1.3) 7154.1(1.4) 7151.4(—1.3) 7150.6(—2.1)

The numbers in parentheses are the relative values (eV).
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Intensity (arb. units)

7140

Fig. 8 (Color online) Time profiles of the X-ray fluorescence intensities at different X-ray photon energies and the global
fit of the exponential decay curves; the X-ray photon energies employed for these measurements are indicated by

the arrows shown in Fig. 7.2%8
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Femtosecond time-resolved X-ray absorption
spectroscopy of liquids using SACLA

Toshinori SUZUKI

Department of Chemistry, Kyoto University
Kitashirakawa-Oiwakecho, Sakyo-Ku, 606-8502 Kyoto

Abstract The X-ray free electron laser (SACLA) opens a new avenue for time-resolved X-ray absorption
spectroscopy (TRXAS) in the femtosecond time domain, which has been difficult to perform us-
ing the third-generation synchrotron light sources. This article introduces two different methods
for TRXAS. One is a dual beam multiplex detection method, in which a transmission grating splits
an X-ray pulse into the signal and reference pulses and measures the spectral difference between
them. The other is fluorescence excitation spectroscopy, in which the photon energy of an inci-
dence X-ray pulse is varied while monitoring the total X-ray emission intensity from the sample.
We conclude with a brief description of time-resolved resonant X-ray inelastic scattering of lig-

uids.
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