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AIOE G TR 7] 25 4 SR AT DB Ak 1 52 B i Al 55 4
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I FH 2 [ 25 183010 v A1) [ 52 S e s Je i G IR (adv-
anced light source, ALS) 454 & F- 6T WH (IPB)
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2P9s AN 2 PY, AL X GBS R, DG o R AE
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Fer ¥t T mUOEHE (m=1, 2, -+, 6) FIZ4EXF
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FIAHTE, Hbkeh 8 B nl & fs 2%, W{EIHRE,
REAE AT i B P %) [ s PR A v P DA (B DI 2R A7
T4 DESY 1Y FLASH J& [ b F5—& TARTE
XUV, 5 X Sk B B i i Fiotds, Jokr
e IE BT Z = 15 (iRt 1
wZR 20 eV) B Z =75 (it At FRemdh
200 eV) [ 2RE B T 278, )p—22P o BRIF 1 B2t
SO PS5 GO X Sk BOB IS T s TR
EBIT, n] ¥ & XUV i Bt HCT &+ iy R 2t
BOEEIESLYs. FLASH DL XFEL A B #L 0%
AL eV LT keV HOETF, AT
KRG TC R IR B F 11 29 jo— 2P, o BRAE (P 1),
2007 4F, Epp % PR B i H 730G FLASH AN
EBIT %54, HUCHIF H 060 S T2 Fe?+
B R R PO, PF5E T HCL 851 22 W #
HUIRHICHY 18725 28y o A5 F 1522p 2Py ABHYERIT
(48.6 eV). SRMIZBEFICIEE AR, HATXF X Hi2k
W B 3 1Y BB P BR AT RS B EE R LGV R
HOT S AN 20 B A ZE A 22 LA 2.
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Fig. 1. Photon energy range covered by FLASH and XFEL

and transition energy 2S; 5—2P; 5 for some systemsd.

CRPEOCIR SN A B U (HHG) /Eh—

B 1 2R BAS A SR A TR IR, HL i = A i
TREE R = C ik keVBT. 2015 4E, Rothhardt %5 38
P TR E IR KE HHG OGRS GSI HEE TR
WG IR S G AT 2R B T XUV I B Ot
i FHEsE. WK 2(a) fis, TR FHECN MHz
[ 125 D) 2 RAD G 27 BOE 25 5K 2 AR 7E 40 nm
(CETFRERZY 30 eV) &b 7= Az 1) A 1B I 38 o mT L)
IREN 101 O /s, ARG 0 O A F) 5 WD AR ST AR
MK, IF BRI I HHG o] L= 7 hE
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Fig. 2. (a) Schematic of an XUV laser spectroscopy experiment at the storage ring ESR in Germany; (b) 2S;,—?P;, transition

energies for Li-like ions plotted as a function of the nuclear charge Z5%l.

TS I/INE] AE/E 2R 3x 103 IIZASHE IS, M
1A SRR 5 2 1R EI A AF BRI JR AR XS RE 1t 1Y
Z = AT W BBE T2, jo— 2Py o BRI (BRITHE S
29 100 eV) Sl &, X QED 00 A% & IE K
SR ERAL T v R ARSI ik, AT A
SR £ A BT HECR AT IR B BRI LA, RIS
Ty 2RO IR ¥ A% S R 1G5 AR Y
HHG SGFRB R 8K, M 7E 5—25 eV, HEgagl
i Z = 18 LRI HCL [ %S, p— 2P o WY ERIT AEZ
P QED ik Z AR AR AR LA, IR
KUK 3h 1Y 5 1w X HHG & 4819 T fig 2 ) 3k
20—200 eV, el Al ik 101 J6F /s, Al LI
TP 3 R HCT G i &, HH ™ AR i 6 R 6
PEEZE, AT R Ao anfarts HHG ™ 2B /) XUV
FERI LR (AN/N) 4 2 104 LU T, L& HOI
REGIRIE 0 I H A 2 129,

3 HCI & F M £ ¥t g & 447

RANEOEIK S HHG fH 52 SR S BA R AR
L2 PR AR PR TR R, H HHG 5 9KE0H06
KRR, n] IF i fi S 22 BT D 2 s 8] 0 HE A DI i
5. el AU 5 S HHGOGIR C 2800 i,
VP2 o s B & WU 54 HHG I R3S
SEH: 1O X T HOT B 1K BBRAE, B A AR
N, MOEHOE T & AR IRRCR L LS
] £ A9 HCT 2 B2 SRR L 7SO il i 45
55 L ECE S, L, BESLBXT HOT B 5ok &
REZM LA S AR T B /N A SR B I 7 8 vt o
FOR BTG, sl R RENE P R AT AS | MR
SIR PR L [ P G A TR e R AU P T ik

IO L B r ] St AR e A I BT R OBl i G st
BT Rk 2 2 T D B 3 o 73 1 MDY 7 g
DGR, E I A L AN B, KRR TG ZE AR
] Y HOL B T R4 1) | RES 5wl 2 5L 46
B b ) 2 A ) A TR g B A [ AT
gy GSI [ ESR., H Rl B 3 A 9 BB 5
i) CSRe 4, LS A \EAE X 1) FAIR 501 H Airdp
FEIE7EE R HIAF T H %, B PR S &1
RSB B ST SR Z S 2 AR AR,
H A Br_E v A R A BT R IR R 2 2
EEE ISR R B . S
XF HCT 5 1) Bl Rb oG il 1, m] DUAR 98 47 0
TR 2R 0 15 DA A 28R RDG TR L 3 7 AR B A
B O BITE RS KRR AR B R HCT Yl &
Lt LA S AE T BTN R EAE AR 3 /5 T
AL HNTFPEIE 1 HCT B 3066 27 4.
AT DGR | B8 L B 5 1 A T
1 HCT 255 Bl R 8] 43 BRSO GG I & vl Be i) 77
e ST

3.1 RELEHMFD SR

H 2001 4F B YORAF BT RR ik o LA g 1) 52562
A BRI ) 322 7 AT A AP BO G AR B
SRR A R A E U . 2017 4F, St In AR
IR Tl KA (ETH) fii H & =X Ti:Sa “FMEOL
SRR (OPA), P74 T 1.8 pum £L4MNK 5
WO, WO 65, Tk9ih 11.5 fs, fknBe
O 480 wJ. FEAIFHZ CRDEOE IR 3l A s A,
FEAE T ERJEIKGE R 43 as BYPRSL Kb, st T EE
ik F] 180 eV, A ST 100 eV, ek, M TiEH]
FHH K RER: 2.5 mJ EKF A CENEOEIK 3 T
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AR, BAEAT 100350 eV IR X STk # %
SEiik | F) X — 8 T 5 B X SO TR AT DX B Y
K 72 2 WIS A 0 BT A L 72 WGl dE1 71 2
W WS N £ (0], ] 4 Miiller 45 B4 fif H1: 2 &
WE WK K e 28 (OPCPA) P A 1 i A0 28 4 fir
(CEP) FE M) 1.8 pm  KEMIR SO E kb, Bk 5EHh
12 fs, EMHE N 1 kHz. MATHHIZF L5 CRD
WOLIK BN AR, R T HKFE R 53 as, 100330 eV
(14 B 4 A 5% A BT ARD S Bk ) I L ik
K 5E 2O EiE o, b 4 A ENEOEHE R
)2 e, BLAT MHz FA ) i D3 A2 ik 5s & R 2
CRNEOE R E S L = A HHG /) 20K
SR, FIFHHE =469 HHG Y67 = 2 nl LIk E)
3x 10 SF /s REAE T & HOL 2§+t & 77
K. BRI Z A, i IS g R A ) FH e A v T ok
L REMEOCA N e B M A LT XUV
BEMOEIE S BRI IR. AT KRN R
() 1 wm 33 BEOG 26 A5 930R bk 9 1R 45 J5 B 8h < A4
B FEOGTRER R 26.5 eV IR RS T )
KA (12.9+3.9) mW B S ARk b, X0 17
TN 3x10 6T /s, 75 30 eV DL iDL T-fiE
B EHRBE KT 1 mWH,

FEI bR - IEFE S A TR il e L G TRE
St AT i b g BT RD AR 22k B AR RN B it i
Bl BT R ik oG IR (ELI-ALPS) . bt R4
e Sty 2% A4 52 56 28 D R O A 2 A S BT R B R 45
ELI-ALPS &I 5 40604k, b 4 2064 A|
FAAEE R ORI (GHHG), — 2R Zd i
TS5 B8 T R 9 & 5 7= A 1) i 2 S T v Uk

W (SHHG). ELI-ALPS 76532 % | fknhHp4E
Fis 1 R i 5 00 2% 4 TR L 5 TS AR SR AR BT RO
IRAEA IR KA, AR Rt R mDLFRE = R
120 eV, I KT8 1.25x10"2 J6F /s, feki
ik /N T 500 astol JbHU AR LRGS0
3¢'H (SECUF) & T FIFMEOL IR (ALS), 3t
H 44 XUVOIEHZ. 5 1 mER Aot rie
B0 90 eV T RETE. 100 as LR, EREMHRN
1 kHz; %5 2 £k 200 kHz—1 MHz B &3 K
FOCLFBOG AR RSN, BAT & 0 B R DL R A 1)
XUV i 55; 55 3 & th CEP fsE M 10 fs £k
W AT BOGIK K 3 1Y SRR FE A XUV R L,
HAEME N 10 kHz; 3 4 W i CEP fuE 19 I
10 fs OPCPA otk b ak 3h, n] DLy=A: BAT W &
AR () 58 IS BT RD ok o, B R ARGAE] T
100 kHz. % 1 43T ALS (SECUF) 5 ELI-ALPS,
RAL, seeded FEL F1 SASE FEL % [# [ |- [r] 2%
B R BE AR AT L 33X S TR AR S S5 = T R
HOT (= 4% B RE 2 75 il 2 DA B2 o % A BE DN i
SRR T AR T AR LIR S5

3.2 HCIEFH

FFJE HCT B FHE % 6% S50 0 1) o5 — 4
FAE T HOL#E R %, HATSLe 2 /=4 HCI &1
M FE3 74 EBIT. ECR B 15 Fl 8 & 7k
IR HEAFIRAE.
3.2.1 wFRBFH

EBIT f&—Fhab b B | AR A XA, ] A

# 1 ALS (SECUF) 55 HHG, sceded FEL 1 SASE FEL % XUV J&EM EEBH

Table 1.  Comparison of ALS (SECUF) and other XUV light sources based on HHG, seeded FEL, and SASE FEL.
SR PR Jok5E JeyiEt /Ot Tst) PR eV CICEIES
ELI-ALPS HHG <100 as 1.25x10'2 10—120 1—100 kHz
ALS (SECUF) Beamline 1 HHG <100 as ~10%—10% 30—100 1—3 kHz
ALS (SECUF) Beamline 2 HHG <200 fs 101t 20—S80 1 MHz
ALS (SECUF) Beamline 3 HHG <200 as 1010 50—100 10 kHz
ALS (SECUF) Beamline 4 HHG <200 as 101 60—96 100 kHz
Artemis (RAL) HHG 1050 fs (APT) 1.8x10@30 eV 10—100 1 kHz
LCLS (SLAC) SASE FEL 10—1000 fs 101 500—800 120 Hz
Dreamline (SSRF) SASE FEL — 3.5x10"'@800 eV 20—2000 2 Hz
FLASH (DESY) SASE FEL 50—200 fs 10'2—101 24—310 10 Hz
FERMI (Elettra ST) seeded FEL 150 fs 3.7x101 15.5—62.0 10 Hz
DCLS (Dalian) seeded FEL 30/130/1000 fs >2.5x10"3 8.3—25 —
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Fig. 3. Schematic diagram of lifetime measurement for

the 1s?2snp 'P; (n = 2-—5) states in Be-like carbon ion by

fluorescence method!!].
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Fig. 4. Schematic diagram of the experimental setup for HCI spectral measurement on FLASH-EBIT?.
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Fig. 5. Schematics of a pump-probe experiment on Ne-like iron ions (Fel6+)Pl.
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Fig. 6. Schematic diagram of the ASTRID and ECR ion source combining device?.
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P 7 Bl i A A A 62 R R T B

Fig. 7. Schematic diagram of experimental setup for attosecond transient absorption/®*.
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Fig. 8. Schematic diagram of the experimental setup for
attosecond spectroscopy of HCI on EBIT.
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Fig. 9. Schematic diagram of a XUV-pump XUV-probe experiment on HCI at storage rings!!®.
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SPECIAL TOPIC—Attosecond physics

Prospect for attosecond laser spectra of highly charged ions”
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Abstract

The spectra of highly charged ions (HCIs) are of great significance for astronomical observation,
astrophysical model establishment, and test of quantum electrodynamics (QED) theory. However, the
transitions of HCI are mostly in the extreme ultraviolet or even X-ray range, the excitation spectra of HCI
measured by laser spectroscopy in laboratory are very limited due to lack of the suitable light source. Up to
now, only few experiments on the spectra of HCIs performed on synchrotron radiation, free electron laser or
heavy-ions storage ring have been reported, which are summarized in this work. With the development of
attosecond technology, several attosecond light source facilities have been built, such as extreme light
infrastructure attosecond light pulse source (ELI-ALPS) and synergetic extreme condition user facility
(SECUF), which have high photon energy and ultra-short pulse duration in the extreme ultraviolet and even
soft X-ray range, providing new opportunities for laboratory research on HCI spectra and ultra short energy
level lifetimes. Electron beam ion trap (EBIT), electron cyclotron resonance (ECR), and heavy-ion storage ring
are usually used to generate ion target. But it is difficult to combine the attosecond laser source with large scale
facility of HCI, for none of laboratories has both these two facilities now. Thus, two possible experimental
schemes for attosecond spectrum of HCIs are proposed in this work. One scheme is that an EBIT can be
designed as a terminal of attosecond laser facility, such as ELI-ALPS and SECUF, which can output different
laser beams with high photon energy, ultra-short pulse duration or high flux. Another scheme is that a table-top
HHG system pumped by an all-solid-state femtosecond laser or fiber femtosecond laser with high power can be
combined with heavy-ion storage ring, such as ESR, CSRe, HIAF, and FAIR. Owing to high energy of ions in
storage ring, the measurable energy levels of HCIs can even be extended to keV by the Doppler shift. Three
different measurement methods: fluorescence detection, ion detection and attosecond absorption spectroscopy,
can be used to obtain the HCI spectrum. Finally, a preliminary experimental setup for attosecond laser
spectrum of HCI is proposed. The proposal on combining extreme ultraviolet attosecond light source with HCI
target is discussed, and the feasibility of attosecond time-resolved precision spectrum for HCI is analyzed
according to the typical parameters of attosecond light source and the known excitation cross-section and
detection efficiency, which can provide a new platform for implementing ion level structure calculation, QED
theory high-precision test and astronomical spectroscopic observation. It can be used to measure the ultra-short
lifetime, low excitation cross-section ionic energy level, and even some transitions with large energy interval. We
hope that this work can provide a reference for the experimental measuring of HCI spectrum and ion energy

level lifetime in future.
Keywords: attosecond pulse, highly charged ion, precision laser spectrum, energy level structure
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