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Calculatwn of the magnetic moment. The data for the calculation of

M, the magnetic moment of the hydrogen atom, are as follows. [, the
 pole piece length, 3 cm; the distance from the middle of the slits (i.e.
of the ray) to the knife edge, 0.29 mm, corresponding to the value
(0H /3s) o= 140,600 gauss/cm; s=0.19 mm; (0H/ds),=107,800 gauss/
cm; 1" the absolute temperature, 663°K. Upon substitution of these
values into the equation given above, there results 4/ = 6050 gauss-cm.
This is 8 percent higher than 5600 gauss-cm, the magneton value calcu-

lated on the basis of Bohr’s theory.
showing separation overshadowed by dittuse central ray.
IV, V. Images secured with atomic hydrogen from a hot filament. IV. Without
field. V. With field, showing broadening secured with high velocity atoms.
VI. Diagrammatic sketch of II. s=0.19 mm, ¢=2.2 mm, D =0.9 mm, 4 =0.08 mm,

B=0.30 mm.

T. E. Phipps and J. B. Taylor, PR 29, 309 (1927)
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““This is a good idea. Your idea may be wrong,
but since both of you are so young without
any reputation, you would not loose anything
by making a stupid mistake.”
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a: superposition of magnetic
field in z-direction:

Penning trap

b: time varying voltage (RF) between
ring electrode and endcaps:

Paul trap

10
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g-2 of the free electron

VOLUME 59, NUMBER 1 PHYSICAL REVIEW LETTERS 6 JULY 1987

New High-Precision Comparison of Electron and Positron g Factors

Robert S. Van Dyck, Jr., Paul B. Schwinberg, and Hans G. Dehmelt

Department of Physics, University of Washington, Seattle, Washington 98195
(Received 23 March 1987)

Single electrons and positrons have been alternately isolated in the same compensated Penning trap in
order to form the geonium pseudoatom under nearly identical conditions. For each, the g-factor anoma-
ly is obtained by measurement of both the spin-cyclotron difference frequency and the cyclotron fre-
quency. A search for systematic effects uncovered a small (but common) residual shift due to the cyclo-
tron excitation field. Extrapolation to zero power yields e ¥ and e = g factors with a smaller statistical
error and a new particle-antiparticle comparison: g(e ~)/g(e*)=1+(0.5+2.1)x10 _1?.

PACS numbers: 14.60.Cd, 06.30.Lz, 12.20.Fv, 32.30.Bv

10-° measurement of the anomaly (g-2) results into 10-12
accuracy for the g-factor

Best CPT test for leptons

One of the most accurately measured fundamental
quantities

Most accurately calculated fundamental quantity

Most accurate determination of the fine structure constant
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Pioneers of trapping and cooling in ion and laser traps

Principle of
Penning Traps

Frans Michel
Penning

Storage and Storage and Cooling of Atoms

Cooling Nobel Prize 1997
of Antiprotons S.Chu C. Cohen-Tannoudji W. D. Phillips

Nobel Prize 1984

J. van der Meer
C. Rubbia

Storage and
Cooling of lons

Nobel Prize 1989

H. Dehmelt
W. Paul

Nobel Prize 2001
E. Cornell W. Ketterle C. Wieman
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jr=s12

The 25,/5-2p/» energy splittings AE; of the lithiumlike ions 137 Au’", 29¥Pb7", and 3°U™* have
been measured at the Experimental Storage Ring, utilizing low energy dielectronic recombination. The
resonance energies in total 41 different 152 2pysanly (n = 20) autoionizing Rydberg states populated in
the dielectronic capture process have been determined. The 25, — 2p, excitation energies have been
obtained by extrapolation of these resonance energies to the associated series limits n — oo, The
combined analysis of the experimental data for all three ions yields AE; = 216.134(96) eV for Au™®",
230.650(81) eV for Pb™~, and 280.516(99) eV for U+,

g
=)

o
=
—
—
I
-

0.0 1 1 1 | 1 I 1 L/ -\g

7
DOI: 10.1103/PhysRevLett.91.073202 PACS numbers: 34.80.Lx, 31.10.4z, 31.30.Jv 20 40 60 80 100 120 140 160 240 260 280
c.m. energy [eV]

Rate coefficient o [ 107 em™ s ]

TABLE 1. Comparison of experimental results of this work (first three rows) for the 2s,/,-2p, /, transition energy in lithiumlike
ions with the experimental value of Schweppe et al [1] (fourth row) and with recent QED calculations [4,6]. Units are eV. The first
experimental error denotes the statistical uncertainty, the second our model uncertainties, and the third the systematical errors (see
text). Individual theoretical contributions are itemized in the table: finite nuclear size (fin. nucl.), nuclear recoil (nucl. rec.), one-,
two-, three-photon exchange (lph-ex, 2ph-ex, 3ph-ex respectively), self-energy and vacuum polarization (SE + VP), screening of
self-energy and vacuum polarization (scr. SE + VP), and one-electron two-photon contributions (le-2ph). The theoretical
uncertainties arise from the individual errors listed in the table (first error), mainly from the nuclear size effect and three-photon
exchange. For 23¥U®* the second error denotes uncertainties of the calculated le-2ph contributions. For 13’ Au’* and 23°Pb’*
calculations for le-2ph contributions are not available (n.a.) yet, hence the second error is an estimate for uncertaintites due to the
missing graphs. For details see [4,6].

Element Experiment Tot. theory  Fin. nucl. Nucl. rec. lph-ex 2ph-ex 3ph-ex SE + VP scr. SE + VP le-2ph
7AW 216.134(29)(39)(28)* 216.17(13)(11)° —7.68(12) —0.05 257.29(1) —9.44 0.10(5) —24.95 0.90 n.a.
28pR79+ 230.650(30)(22)(29)  230.68(6)(13)° —10.67(2) —0.05 27899  —10.18 0.11(6) —28.47 0.96 n.a.
BBURT 280.516(34)(22)(43)  280.64(11)(21) —33.35(7) —0.07 368.83  —13.38 0.17(8) —42.93 1.16 0.16(21)

2BUST 280.59(10) Ref. [1]

Present experimental result has been shifted by —16.67 meV to be compared with the calculated energy which does not include
the hyperfine splitting of the 2s,,, state.

alue does not include one-electron two-photon contributions.
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Autoionization states:
a discrete states embeded in continuum.

Fano formula:
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G
1+ &

o o,

The exact coincidence of the energies of different configurations
makes the ordinary perturbation theory inadequate, so that special
procedures are required for the treatment of autoionization and of
related phenomena.

—U. Fano, Phys. Rev 123,1866(1961)
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X.J.Liu, L. F. Zhu, Z. S. Yuan et al, Phys. Rev. Lett. 91, 193203
(2003)

Incident electron energy: 2.5 keV
Energy resolution: 80 meV
Angular Region: 0° -6°

Energy Loss Region: 56-66 eV



Counts

100000 -

80000

60000 -

40000 -

20000 —

56

| ; | ; | ; | ; |
58 60 62 64 66

Energy Loss (eV)



Counts

100000

80000

60000 —

40000

20000

56

58

T T T
60 62

Energy Loss (eV)

FL Rl B

M. Domke, G. Remmers and G. Kaindl, Phys. Rev. Lett. 69, 1171 (1992)

64

66

Photoionization Yield

i 1 1
80 61 82 83

T T T LA S I I N B S

1
64

I~ T TTir= —E

{bJ

7 o

iz ]

i d

(c)

1P,

PIN —

65 3(}
Photon Energy (eV)

65.35

65.40



Counts

100000 —
0
80000 0
60000
40000
20000
0 T T T T T I
56 58 60 62 64 66
Energy Loss (eV)
18000 —
16000 —
14000 —
[72]
o
c
3
12000
O
10000 —
8000 —

56

58 60 62 64 66
Energy Loss (eV)



-_ | n(1-0)2+1DE|

| n(1'0)2+ 1Sa| | 1
. I Bl

_ n©.1)2" pe!
-;-_'\—__L—M‘.'— 60

L - 50
- i 4u
5 - L I ‘
o - - L - ] ] I {]_I
- 4 . LT} 3
3 (] ,
"‘:" 3 L 1 1 1 1 1 1 |
S I 2°
w1 1°
o 1 4]
= 0
© - ] 1 ] ]
D 1 ] ] ] ]
5 58 60 62 64 66

Energy Loss (eV)



2 )
df + &
LIS G0 Iy =S
f.;: Relevant continuum involving interfere with the ith

resonance

f.e: Total continuum GOSD

q;: Profile index of the ith resonance
ei= (E-E/(T7i/2)

f (K,E)
2 _ _ai
% f (K E) ‘E:Eri
Ly
fi = 7 faiqi2 ‘ E=E,
1l
S; = 7' fa E=E, (qi2 +1)




GOS density (10 eV™)

(1,0),"'s° (1,0, 'D° (0,1)," 'P°

56 58 60

Energy Loss (eV)



Generlized Oscillator Strength Density (10'2eV '1)

0.8

0.7

0.6

0.5

04

03

0.2

0.1

0.0

3.0
2.5
2.1
1.69
1.41
1.21
0.91
0.71
0.52
0.36
0.24
0.144

n(_1 ,0); 1Se

ZY

Q25
[ =~

59

Exitation Energy (eV)




'> 14

o - 0.1, 'P° | \
I{:J n( ! )2

. 12 } n= 2 56
>

.E e He H(1,0)2-1P0 ZS
@ 10} n=3 4 5 1
G 010

c X (-1,0'P |
g) 8 o n=3 1- 5 v
@

5 L

5 of

= i

2

o 4r

o

@

N

=

@

c

@

O

Excitation Energy (eV)




65

64

(1,0),"'D°

O
1L

)
=

3 e
1% e ——==—=====1
5 |5 b e " | r I 5 J 7
« oo |
I ~ HD I ﬂﬁ 117
o
m = ﬁ;ﬁ 5 7
L ™ ”D & N L i
S il
b
S _

|
- o
-— -

(,.A®,01) AlisueQg yibusng 10je||I0SQ paziausD)

!
<
-

x
S

©
S

<
S

N
o

<
o

62 63

61
Excitation Energy (eV)

o9 60

o8



il (0, K%
— \ s (6, 2.01)

@V/XC&Q@AD

\7 I //}1 4

- ,___::AM o
R[N | AT ‘ Y rrrmman, (47, 0.91)

! ‘ ! M ! ‘ |
3°,0.52)
|

IS
T T T

L
N
.

|

> ,
D -
'o d 1 L \d 1 y— L |
= L / r wm—k— (20’ 0.24)
w ? = o
g WEJ ‘ I ¥ - (1, 008)
© 1r A (0°, 0.03)
0 ! . ! . ! . ! . J
56 58 60 62 64 66

Energy Loss (eV)

iu, L. F. Zhu, Z. S. Yuan et al, Phys. Rev. Lett. 91, 193203(2003)

X.J. L
Z.S.Yuan, X.Y. Han, X.J. Liu, L. F. Zhu et al, Phys. Rev. A70, 062706(2004)



«——rare gas-filled

generation cell /-\ _
: time-delay control

(here: fixedto r~ 5 fs)

‘ Niber 0 20meV/50meV

“ 200nm X
7fs, 730nm, 0.3mJ, Al filter & : g 4

04wW/em2 A helium-filled 5
iris polym. target cell £

aperture Al :4
filter i

loroidl j flat field '
mirror spectrograph

/ "
intensity control
ashk i A IE B 5T LL A1 Bk 3k FIVE F VLS grating —

C. Ott et al., Lorentz Meets Fano in Spectral Line Shapes: A Universal Phase and Its Laser
Control, Science 340, 716 (2013)



doubly- ex0|ted Helium smgly excited Helium

. : : 02 ‘
S [ Experiment —Ex
I A g e
9 Qo 1s6p ] < ‘
8% = 2 1s8p 2 Pioge-1. 1
o 8] . £+ — g€ 275 . +2g€ —
2 8P, -+ £ d(€) o< lim q( zq ) N+ q q2 + 1l
2 ol £ 00 a0 1+¢& 1+(ce) l+& 1+ (ce)
2 ° 2
% R 1s7p
s i Fief 35 ) (B AR L -
[ -0.05+ @ -0.1 °
640 642 644 646 648 650 652 654 24.1 242 243 24.4 245 I, + AE
photon energy (eV) photon energy (eV) d (0) () < — ‘luge exp(—— t] exp[ ]9(1‘)
T ‘ T T T 02 T T ‘ T 2
60.10 - B | Gt ] = D ~ Cliaton
9 ] 9 o
3 3 VIR R Ap=-]= 1
c c
© o
o 2 00 c
o 3 S 1A ; = B
3 a B = without LASER 3 | excitation
© ] ®© 5 without Cl =
5005} 1 B-of 23 5
= 1= o § g
1 1 Il 1 1 1 L 1 1 1 E ¥ E
640 642 644 646 648 650 652 654 24.2 243 244 24.5 5w J p
photon energy (eV) photon energy (eV) L% L IS
S_E: Eﬁéjﬁ% @ frequency & %
S . c without LASER o
' 1 oo T = with CI =
= Z| | & % {b) = Fano
i T I T T T E | absorption: e+9)
@ % ption: o(g) o<
M 2
—_ . = ] e+ 1
g ©
= [ | frequency €
S # f -
= f | =|E with LASER i
2 -’J S— ‘E‘ without ClI I K_ (‘OLaser: B
o = i
— 4 "
= = Laser pulse
A ©
1 | 1 L 1 1 1 L 1 1 L 1 V frequency &

C. Ott et al., Lorentz Meets Fano in Spectral Line Shapes: A Universal Phase and Its Laser
Control, Science 340, 716 (2013)



3.7.2 IAIRR T HIBE R E AL 1E

252

BeF T HJREZ EMERE

25

v AR FHEFEBe. Mg. Ca. Sr. BaflRa
v HESHBEFHSEAE(-1)pbns? (n=2-7) WHAZXTESEM
v AREBTEBKEBRRIBURSE S nst BT B BURK S

SRR B



> NAIRIR FRIBUR S G — s A3 B — I nsHEFI
REBINIMRESMERR (FRFERL=S=J=0, AHFER)

» 5SRETRE, HERESN=ESNERZ

> SRARTARZEET, A

B nsE

n'I'n”" 1" RSEERKTE

EE;%I% ’ %f(

(=]

B BUR T B

RER S M

HEER 7. ﬁDBeJﬁ?EﬁﬁEQ&(ﬁ(?.252p(3P0,1,2)\ 252p(tP,)~
283s(3S1)~ 253s(3Sy)~ 2p4(*D,)~ 233p(3Py 1 5)-.-



3.7.2 IBIER T HIBER S M R EE

2
6 S1/2

6s9s
6s8s

2 3 1 2,10

32,1

Hg J& 7K 56 4 B A ERAE

6595 Gsgp  6s7d
6s8s — 664
~ bsTp >
6S7s
_ 2
6s6p 1
0



X0.1

12 14

10
g (eV)

1

=.
L=CN

AVAS)
Niin



)

=R D

1.6

0.0

1 1 1I |3I 1
P 6p' P
N Hg 6p i
| 1 |
6P, |
9'P
- -
6°p 7'p
: 8'P
7's

J>.J\ N

6 8 10 12 14

peEfk  ( eV)

AR TR BT RE R R



> |IBIRRFEFEZn. CdH

Hg, EfTFZESESA (n-1)dOons?

FIETAHZ, MHNMKERTES/R5 RS,

> IIBREFRIBASREE—MNETFATnSREANME —
AN FRIBOR BN’ 1T R

> Hg)??fﬁi H, HERSER

ELSHE
> LSHEEREREEN, 7EH

RAEEELSHE, HEARER

R FH A EETE, Flins

REZBESS5HRERZERNEKE, W EEPEHE
6s6p3P,—6sS HIERIE (£%£2)

> 6s6p3P X —RER A2 1.675 R = Fe-H 25 LR M B HIREF

[¥14.9e VB RS




3.8 XFLEMEFRIATERE .

3p1ﬂ‘% 52 ZDV‘JJL
[)%‘i%zﬁij 2p""hy Lm%w;z

P

}

N

\\
[2 p° Zpslj/

4d’

4d

5¢’

5s

3d’

3d

4s’

4s

3p

3s

2p

2s

Y :1s22s22p©3s23p°

lso
3p~1(?P3,5,°Py/5)NsP,
NREBURA:

2p1(2P3,,,%P,/2)ns'P,
2p 1 (?P3)5,%Pyp)Nd 1P,



XEFER TR -

> XSTER BEFmEESE, EE
A] DA EE B B Ba R

> XS ERATH, EHEST
AR EREE;

> XHTLR B S HEE, ik
REAE R Bt

3 (W. C. Réntgen,
1845-1923)




Xt F e e 1 SE B0

E Fehi T 19064F M L% FUESE
T XSGR BA R o
T 73
IWA Y1 A\ Z

Ewhi (C.G. Barkla,
1877-1944)

\V



% B i X-ray i 5T S2 56

19124F, )RR : XL
KRB RIS, B VR S X 2%

fEfa, HEBETNEETERT
X5 £ ) i A RT S SE 5

2dsin@d=nA

AT e it
I LN DAY
% }E (M. Von Laue, e -
1879-1960) T' o R
S




57 TEX X5 2T S S U O A e




X5t AT HH AT B AR AR 45 1)

o B [ AR R AL TR IR SEIL T
FIX G AT RN B AR 41

, e, its ]
!&d" el A

s e

v _‘-‘”‘. AR A e

Zﬁ?m%ﬁ? (W. H. Bragg, 1862-
1942HIW. L. Bragg, 1890-1971)







TREXTEHL K

L “FB2)” HITETREZEY R




B TURREH AT REE | RERENA
(e Yy F 1901 X&t R K BRI
50 Yy 1914 XGRS AR AT 5
AR AT Y 1915 F X5} 22 58 SRk 45 )
Y A LB 1917 RILTCER BIRFEX ST 28
ERER Yy 1924 Xt 2R 18 2 3 1 %7 R IR
R L 1927 TE X5 £ BT S 36 A I SE X 2% B L 7 1
=i 2 1936 F XS R AT 5 5 VR0 /8 - F R 454
MEXNEEE 2 1962 FA XS R AT L B A M B A&
g %ﬁ REBMBR | £HE | 1962 TEX G 2R AT B A 3% H DN AR XU e 45 74
E¥
E#HxE 12 1964 XSRS E T BERSEEEANYRNIEH
) 5 ol 2 1976 FA X5 2R A7 53 A 2 T e I 45 4
B 5 78 M1 Hr SE /R 48 %g—'ﬁ 1979 KRBT XEeRbER#
FERER G7pii 1981 73R ) X BT 2% B T RE X
SER SN R/RE 2 1985 KRBT XB &GS N2 EE T E
BAERR, AR | = 1988 FAXS T8 ME e EAP EARE &K =47

S

it




X5 5B IR

X-ray and Nobel Prizes

K

F 7~ Crick, 4. v. watson D. C. Hodgkin

U

Hi 2 8

K. M. G. Siegbahn C.T.R. Wilson, P. J.W. Debye H. J. Muller L.C. Pauling

W. C. Rontgen M. V. Laue S.W. H. Bragg, C.G. Barkla

1901-M#% 1914-912 W. L. Bragg, 1915-M1% 1917-92 1924-912 A. H. Compton, 1927-¥)2 1936-1LF 1946- iE?ﬂE? 1946-1L%F 1962-EBFREF 1964-f%
1 G =
% | ‘ . " ;
‘ ;
)
:‘ ‘ - 1
W. N. Lipscomb A. M. Cormack, G. N. K. M. Siegbahn A.Klug H. A. Hauptman,

E. O. Fischer, G. Wilkinson

M. F. Perutz D. H. R. Barton, ‘ . . 3

J. C. Kendrew, 1962-#£%# 0. Hassel, 1969-t% 1973- % 1976-L% Hounsfield 1979- £ B¥HEF 1981-#12 1982-4% J. Karle, 1985-¢%

) -
: %
v . [

i i . E. Yonath R. J. Lefkowitz E. Charpentier,
. E. Walker, P. Agre, R. MacKinnon R. D. Kornberg V. Ramakrishnan, A X g
o s i , 2003-£% 2006-46% T. A. Steitz, 2009-t % B. K. Kobilka, 2012-£% J. A. Doudna, 2020-#%

J. C. Skou, 1997-ft%

H. Michel, 1988-1£#



3.8.2 XG4T KR T HIRFIEXST 28
X o 28

€

X5+ £ % B IR B e B
SARISEIIE A




$oZXXER: BEXKEE




Burning tube, only heater




More modern rotating Anode X-Ray tubes.
A Siemens and a Nago mid 20th century.



Burn marks on the target.



25 FH X285 411




50 5

10 |- 60keV I AIE X 5 2%
Mo |
8 |
| XS LR AR S «
> I BUEE N AR
4 > RREX ST 2% .
2L

0.5 0.7 0.9
RNER

30keVAI60keV B, FIR B HW. MofICrt &
Bt X B 2R 1



RARERHIET

hc
min eV

Aenin AR ABULB A

HEFEFEFRRMEXS R AKER R LERR. ML
. NRRESE, HPK KRTEBRIIEN:

1
22

]

v, =R((Z —1)2[12 —

n=2. 3. 4..BIn=1KRTETHMEK, Kps K,...Z&o



Wave leneth x 10° cme

2 1.8
T I

1 29 08 oOF
I I I

0.5

PP R

BE.TL

Tl
e
Q
B

1a

Square roct of requency = 10°

] 14 15 1z

Wavelength X 10°%cm

DE Sl

24

Square root of frequency X 108



20

{0

/
74

Z
X% K RANEEXE

0 L '
O 10 20 50 40 50 60 70 80 90







BT KERZH, L RARKIGEMET PIRIEA:

1

32]

7 =R(Z —7.4)2[212 _

HFEX 5T 28 BT B -
> AN EHEFEREIINREST IR H B B RE S
> NN TR AN R & H F RS

MK, L ZRRNARFTHE (Z2-1)°H (2 -7.4)°HEF?
XERF % ik BT A A3 e U1

Al = +1
Aj =0,+1




1s'2s?2p°®3s°3p°®3d'°4s*4p°®4d*°5s*  ?S,,

1s*2s'2p°3s?3p°®3d*°4s*4p°®4d'°5s*  °S,,

1s%2s?2p°3s?3p°®3d*°4s?4p®4d°ss® 2P,

1s%2s?2p°3s?3p°®3d*°4s°4p®4d°5s® 2P,

1s?2s°2p°3s'3p°®3d'°4s*4p°®4d°5s*  °S,,

1s?2s%2p°3s?3p°3d*°4s*4p°®4d*°5s*  ?P,,

1s*2s°2p°3s°3p°3d*°4s*4p°4d'°5s* 2P,

1s?2s°2p°3s?3p°®3d°4s°4p°4d°5s®  *D.,

¥ 1s?2s°2p°3s?3p°®3d°4s°4p°4d'°5s® 2D,

Lk R

1s?2s°2p°3s?3p°®3d'°4s'4p®4d'°5s*  °S,,

1s?2s*2p°®3s*3p°®3d'°4s® 4p°4d'°5s® 2P1,2

15°2s%2p°3s3p®3d'°4s°4p°®4d'°5s?

3/2
1s%2s°2p°3s°3p°®3d'°4s°4p®4d°5s®  *D,,

1s*2s°2p°3s?3p°®3d'°4s*4p®4d°ss®  *D,,

1s*2s°2p°3s?3p°®3d'°4s*4p®4d°ss't  °S,,

Cd JR-T HIRFE XS LR Bty K i) RE AN BRTE



383 ETFHHNRERKS

12 e
3p~ Py, 63/’ G4d '
6s/4
op’
op
= 5s'/3d’
5s/3d

—O0 0000 0———

4
- (a) 3p5 2 P3/2

% T T T ]
=3 55" '3d
E 4s’
=L | | [ TT ]
Tl::—'%\ 45 5s 3d 3 5 ZP
%2 _ P Fap
A

1F

O j\J L . 1 o N W

11 12 13 14 15 16

BUK Re EleV

ArJRTHIRER B K otiE, XER3p
T BUR K BE Ot . 1sHETHT
REELRMBA EA .



N

(EFEEmEs)

ot (h)
. | ] E
4n 5p  6p 7p
150
100
50
0 N 1 N 1 N N N
25 26 27 28 29 30
2 N =N
UK g E= eV

ArJRFRIBEH B s, iXE R3S
BRI AGRE . 1slHTFHT
RE R R A EA .



12 e
2p" Py,
A‘
A‘
A
OO
O— 00— 0000

6s/4d
gg 5000 T T T T T T T
5s/3d 4000 |
4 E
4p &3000 .
4s' =
45 f%_‘;zooo .
3p
1000 }
3s
° 2:14 . 2:15 . 2:18 . 2éo T
PR REEleV

Ar R FRIRE B otwg, XEE2p
2D BTFEEREERAE. 1sETHT
RE R R A EA .



3p_1 ‘ Py, 3s” 281/2 (b) zp-l 2 P (c)

(a)
12 ' 12
3p~ Py, 6s’ /4d’ 2p~ 7Py
6s/4d Bs/4d ) 6s/4d
op’ 5p’
2 34 P >P
5s/3d 5s/3d 5s/3d

4p 4p’
4p 4 4p

4s’
4’
4 4 4

o—o-0-0-0-0———— I
3p — o o0pPpooo—3p 3p
oo

3 oo 3 oo 3

2p
2p 2p

Om, 2s

o0 e,

ArfRFRIBEHR B ROt 1seTHTRESRMEREA



(10~ Zev” 1)

df
dE

Optical oscillator strength

40

304

60 4

50

40 1

30

J (a) Experimental measurements
3!

o
o

/

Ar (a)

o]

o
~

O
w

20
(b} Compai 0.2 -
9
0 -
e 0.1

Optical oscillator strength df/dE(eV™)

24~ 1a 52
3s°3p S0 > 3s3p7( 81/2)np

+ 5 67

4

-
-

. 4 .3‘3.,‘3. -

U ST S |

l i A i i 1 PR - | A 1 A i i i

o 0.0 b
RIS 25.0

260 270 280 290 300 310
Energy loss(eV)

Energy  loss(eV)

L

eV FWHM)

[14] ;
5 [33) |

(a)

JJ -

0

Ar

17.0

420

L:.D. 14 AL 5 S Tigos0 '
S.L. Wu et al., Phys. Eev. AELZ:LE&S;M%

460

-
500

r2.5

2.0

Photoabsorption cross section (Mb)

Photoabsorption cross section (Mb)



(@)
3p52P3/2 wl ()
. a g | 4p 5p 60 7p
& . [ RN 53
= 4s 5s 3d 59 ~
EZ 3Py, /as
ﬁ %L 100 [*
T i
fir

1r 7 50 |

0 ﬂJ L 1 - | 025 2|6 2|7 2|s 2,9

1 12 13 14 15 16 e

Wk iRV Wk EleV

FEEF (a) 3p-

30

5000

4000 |

3000 b
Zan
fir 2000
A

1000 -

T T T .
© | T e,
2
P
4L 4p g 4(‘1 5‘d "
Ar
1 | | |
244 246 248 250 252
Wk ReV

(b) 3sH1 (¢) 2pBk BIYEMR I



oLV

o, Bk i
A&k @k Mk K TRE RN MK WBHA
.23 ' Microwave! Infrared isi Ultraviolet - | Gamma Ray
k¥ (k) 103 102 103 5x10% 108 1010 1012
xF B R A AR

a i

7 A K i kJ—# ﬁidm‘h a2 BT R 4%

ﬁ###

(i#ﬁ') 104 1012 1015 1016 1018 1020



GpZ 50

#2.1.2  =AQAD EHJ{J/WUFEEH fe 5 b B EEAR
AR o5 A 5 =1\
fifi A7 A 1A J5 50 Tﬁﬁﬁ %ﬁﬁ B30
T fie i <1~3GeV, i 1GeV ifi, r ’Jr RO KRELGeV Aida
e B g 1~3GeV , )7/ FRlXY 2 Fifigl ~3.5GelV
e 6 ~ 8GeV
JINR W aiidi JLTI 40 ~150 5~20
/ nmemrad
IF) A S e R 10" ~10" 10 ~10'° 107 ~10%
S WINE TG TSR REY O T, D RE ezt AL
(IS, {ﬁ—’{' )
JGHIAE G DE Pl s [l AH T
BT RAEAT 201206044 20 [ Z0TOAEAUK ZOI_é 904EACH]
% phes ™ esmrad " smm 7 «(0.1%BW)", BW 578



R. P. Madden and 'K."(fo'dlihg, PhysRev Lett. 10,“516(1963)

252 253p

254p

255

PLATE DENSITY

i ] i
210 200 120
WAVELENGTH (A)




Intensity

] 4 1 L hee M ]

244 246 248 250
Photon Energy (eV)




jaf|

169.86m~=153.92m




—. FAPEHNRREUESH

10

10

1. L5
2. EK (BRERE)

[N

o
—
~
I

F¥ (pb/s/mm?/mrad?/0.1%BW)
o,
1

o
=N
ou

=

o
-
o

N T BEE (KeV)
001 01 1 10 100
1,2,3. 6 AR [R] A0 4 0 25 B (25 Bk LR AR AN 5 2%)
4,54 5T R0 55 I 5% B (B B A SR
6. 5 V8T 7T R0 Ha a0 248 B (B5 K
7,8,9,10. 6 E R 15 1) L it [F) 2D 4 o 25 B (S ki S S 2k,
L% 28 132 3% 29)

1.1.15 FEFEPENICERGERE

)4




V%

DOUFCTOFETOIEINY 51

X
TR e ———

I{}I.ﬁI v ¥ ¥ FrriY - T Ty " -
T ELETTRA 2GeV 0.4 A
= L.=60mm, N=72, K=1.7
)
£ 10"
<
P!
=
T -
& 1 B

_'_._,_..,--"'

=P

10" " d RHA

| T T T T 17 Ll | T T rrrr+] v ) T r rrr

Iﬂ "}1 “}3 I'ﬂ"
K TREE/ eV

B AFELETTRAHK — /MK & o )Gt



3. JiR{ELF

1 mc?
O, =—=—

E

IE B4R 5 e IR 25k /4°40.511MeV/800MeV~0.6mrad

/A@ﬂ

A, TSEEREE (Jg

E{

B, 4% WAy D)
.,y
dQ
- S B W S\"N
i &*.yf,(‘ )
ate (T



4. RLWIEL

§1.1.17 BTERFAZ3IN BRERTE M




5. BB EEH

Pa:(if

ﬁ

-l

)o
—71¥F,

\

E/i

Al

~

R

1.1.18 [FIBES N EEH

H RS kP R Z160ps, )%Eﬁ%:lSns(—)ﬁﬁﬁﬁ45/\

BT, B R0.2us. Eilk, REOLH

AR AR EH AT, WETFSTFRREE
BT RMB I EadiES.




i

o®

Taipei 101 Mall People Football Virus Atom Nucleus

10¢ 10" 1 10" 10?% 10° 10% 10 107 10°¢ 10" 102 10
(1 km) (1m) (1cm) (1 mm) (1um) (1nm) (1A) (m)

i B e B wavelength
- Visible Light
o on Radio Waves Micro-waves Infrared Ultra-violet Soft X-rays Hard X-rays Gamma Rays
hro
szgfat"’n Photon energy
! e e e e et et e et et ot et e e e e et et e e
| — i ———— — — i —— | — — — —— — W— — — U B — — — —
10°¢ 107 10 10° 10° 10" 1 10 10° 10° 10% 107 (ev)
Source  (1nev) (1 pev) (1 mev) (1ev) (1 keV) (1 Mev)
Radio Microwave Light Bulbs Radioactive
Tube Elements

Synchrotron Light Source

lon and Neutral Atoms
SythTOtron Photoelectrons _=* peflected Photons
Radiation i Fluorescence

*
.
: Bulk Crystal

Inelastic
Scattering

Transmitted
Photons

Bragg Diffraction Laue Diffraction




BERELATBRER

= by _EE 4
i EpZ )

ESRF ,Europe Spring-8 ,Japan SSRF ,China



1RSSR R ERE

FHESEHEJCYRHALF

E—— |

FREAZENERERE

EHLIR




r rym
"'r"‘.' v

Fukuoka




L
Vs

M




ASBREL: L. wA%. TABR

=10%

=

M

2 :
&

£ 1091 =
= /
(qV]

FERMI @ Elettra

© _ .
5

) 1027 Lasers -
=S |

g Synchrotrons

L PETRA Il ) -
L SPring-8

(7))

@

£ 10%3 APS i
S

g = - SLS

m PETRA Il

X .

S BESSY® \ALS

D. 1019 | LHU | Illlllll | llllllll | IIIII | llllllll

10° 102 104 10°

Photon Energy (eV) & reports



HHLAT L@ I AR

Ultra-Small Ultra-Fast

Nature Technology Nature Technology

. .
p »

-

(&)
4

3

9
s
o
s
<)
s
=
2
m

ANOWORLD

GG O, =1.22







Ay @Kz R

YH

FT4 T, BRAWE. HIRYE...

)2
SFHEYE. EHEYE. GYRT

fl2x
REAL. WEALE . FHLALEEweee
TV
BT . B



0d® S kL

&, Bk o

A&GKk AR oK TAKE O ESK XHEL BELHAL
KR Radio Microwave! Infrared Visible Ultraviolet: X-ray { Gamma Ray
k¥ (k) 10° 102 103 5x%106 108 1010 1012

ﬂﬁ&M\/\NVWWW
‘tﬁm@‘@»a‘é %f*/ B

i R AR ¥ XEH RAFHH T R T 4%
e #:#
(ﬁﬁ) 104 108 1012 1015 1016 1018 1020
PR AL TR

R LT yal . 6868

o S NS N,S N_ S N —_—

Y e g | kDT PTPINT
TInnnnnns 33339339



bdeI®mEt RARE. Z4oR%. RYE

= 10%

//\F/;:MI @ Elettra

Peak Brightness (photons/s/mrad®/mm?/0.1%-BW

1027 ’ Lasers -
Synchrotrons
PETRA Il _ N
SPring-8
ESRF )
\‘ a
1023 APS
-~ SLS \
, PETRA I1 Y -
N\ ALS
1019 1 1 ‘M\ \\
109 102 10% 109

Photon Energy (eV) Lofdpeiis



BHrLOODE FHE

S GS(2016)2945%
E R WL HBERE Wk




Brr~—2isdbade IRt

S R

. A }7 \ X : ; : ' -i.‘}‘ ".éii io— ,.e'-‘\.\ <@
#FLCLS & LCLS-II fEFEFLASH(EKZ315 m) 2 M8 HASACLA(ZK4)750 m)
(21493 km) European XFEL(£:1£13.4 km)
i

-

ﬁkiﬁjERMI(.%téz’nso m) FEPAL XFEL(£KZ1.1 km) %it-SwissFEL(2KZ1715 m)



b6 de SRt
x

mn || ,
’ | ( mtm _‘lm Hw,ﬂ W\WIWJIN.‘(
I
\ \

“ L)
LLL ]

" S — K L LR R

5] W 2017812 M’z 1:1000

[ 4 Ll

3 ¥ "

201 12

1 &

-




XS ERE AN RESEIRERAR

Bt 104 I8k,
1. BT 78958k,
2. BT F IR,
3. BoF/RERAET YL,
4. YDJREEFLEFISCEGu,

g 1 e 5. BXSIEE o HIREGTEIeuS

e S o 6. tRimyCHIIRLEIL
7.
8.
9.
10

FEL H%i% AMOSEES sss

HFHAE
R o
AR wgm IR S H .“ : KBREH  sesrap fASFFEL
—lommjon. BN e KA T
: : g0

R TR SLI0uN

BEXGT B PRI SLIR UL

REXGY S o REGT LU,
0. BEEE® Fﬂ%IEﬁuE

FEL my‘cﬁfﬁ

IREIIV] I
- -
LR ETTT] == . .
p—

......

SHINE




RPEHEELNSE

Synchrotron Radiation Experimental Methods

XFER KSR
WETRIH
RFHSF4H

R RS

R [RF B BB

X532 IR Uy
XSHELIR B AR5 1D
XEFERR AR IS
XSFERLLIM IS

KEBF (BR)

G ERAnET)

HEFIEF

MEBBFE
HERESEH
FRE, L

XS (%

HEF A&
RA/EGIRE
=K

A e%1754

MR SRS S
E/mmETB'JH/%ﬁﬁ*ﬁ

/J\ﬁ/f‘%%&ﬁ]‘ MBRARE S
NGRS MR R EAK LSS



Bde SRtz A

> Yy
JERMEINR  -oeee
> Y
Bk R BaTFRE. HTBUE----




3.8.4 fREKLHE R R IAR T

2p » KL,L,
25 KL,L,,
/\f\ﬁ KLIILII
KL,,L,
> 152s2S
- 1s
X5 28 & 5t

() (b)
M — 0000 O————p
¢ 25 Ol 25

HREGI AR




%< g
35 i E"’ Em ;‘3 ~
A ) . ——
| EF 5% R FE AR
28 | S
1E 2 > KL,L,
- o’
4 » 152s2s
o s
- - > KL L,
i 2
4 > KL, L,
0.0 L 1 . 1 . 1 A .
200 202 204 206 208 210

KA T EE =V

ArJE T HILMMARER 7%



> REIGTERNXGF LR RNTEZ TGRBUK K

> “HEZAFERES

> BERTHRIARERZRE, FEBEEXITLRBEK

> BREFRIATEEZTINEN, REEERETFHZEIEEIHNR
B (BIIAr R FHERIESSTTE) , BEGBERFIRE
TE KT XE 48 & 3T IR .

K5e =R =8 . o = KXOt T4
“ HKEZRINE T

1-o R PR R BT R,
LAY\ W R o

0O 4 8 12 16 20 24 28 32 36
Z



HFKEERE, o lERARN:
o ~(1+b, Z4) 1

YV V YV V

A\

b, ~7.5X10°

Do ey o p oy TR by N
fEZ=33 (As) M, WMITERERBREMESE
M7 <33, MK ENYE, HUERETEHREBEFERES

P B B R BUE
ST TFKEERIE, TR

1 (2=19) PLETHIMREKF=HIK F90%.

STFLERE, TR

(Z=50) PAETHIMEREK=HK T 90%.

S RTFRFEEAET, AKLLREE T TFhsE

MNNZ .



LR Y=Y

—. JLERGE
H =0, % L H, =—0, % L, =—-m,Q, 14
g, =1 m =0,£1,£2,.-. 4
e 4 1
Hy =——=0.5788x10"eV T
2m,
—. HJerLE "0 s
Ay ==0.57S
Hs, = _msgsuuB

g, =2



. EFRLF

EFRF: REXFE—RANT, BENPANERE (F
wmELRE. BHE. iR BESEAZIFREREM
KiEiE) sEeeME

e

EFAERE:. TRERRNEFRNFASEZRIERE)
YIERZS

R : RPN EENT, HRERBEARN R

X, BARZRRIIRE, XHMEEFATFRIZZHR
XFFRIE




KT BIRASNEN 1/ 2 AT
B BRI B AT B S TR

BIRRISE T

t R BRIk

P (0, 0,) =—w(q,,0,)

UAZRZ A7

BT HRASNENI BEARNT
B BB R AT BN R HY)

0, (0,,0,) =+w(0,,0,)

BIRRISETH LA

R E-F

SEUE:EE2na

HEHN K THRRE SR F2FKTF:D. *He. HDE
HEHENHARKTHRRMIESNTREEF H. Hyy ‘HesE
R A TFHRREABRRE SR 236 T

RN : HTFAS

BT RRE SR BE R K RERZRAL



—

BB HTARHIIRIEG RS RPRERN

ws(Lh)x
( S ( 1A i) 00 E. >E.,
_ WA(rvrz)Zn
y(G)=1] "
WA (r1’ rz)llo
\ f//A(—li r2)7(1—1
. TTRABE
S EMX R ER AN BT H
| d f S MW,
n 8 li 2 3 Bt g%
K 2 2 —
L 2 6 8 -
M| 2 | 6 8 | =
N 2 6 10 18 rg
O 2 6 10 18 4
P 2 6 10 14 32 7N
Q | 2 6 | 10 | 14 | 32 | &




Ir (Z=77) : 15%25%2p%3523p®3d104s24pb 4d10 4f145525p05d 7652

f. Ble-gEmElEM
BT ESASNERETILH, RETE N :

_ p 7d 7f
7= j(i+oe’ g
J, =mh

j=l+s, I+s-1, ... |I-5

mj:j,j_ly ..._j+1,_j

EFAHS GBSO . B9, o g
(Al =+1 "\
e SE .

e
I
()
|
—




#13.4.3 EH3.4.2 R 245 H W E B ILIRLR K0 IEMN, HE
1% 1 B - JR 52 3] R R P SRR o

. EEHERARREAR:

U= _ﬁs ) Blij = msgszuBBpg
BT m, =x1/2, AIRIGES 7 RUEN:

1 1
AE = [E - (_E)]gs:uB B,, = 21,B,

Bw _ AE
214y
WERIEFRIEBTFRZIN NS
JR Li Na K Rb Cs
e 0.34 17.2 57.7 237.6 554.1

(cm1)
By (T) 0.364 18.4 61.8 254 594




N BERIETRRRESH

E_=5.12¢V

2
NP1y 2 N°Dypsp  NPFsp 9

R TR R 2% B J BRIE




G SRTHRESW: FBAESH. WAL, BREESH

4

X

E

3285’2 D32%S,,,»2%Py,
3/2

@32D,,—>22P,),
(@3°D5);—>2%Py,
@3%P,—>2°S,,
©®32S,,,>27Py,
®32P,,—>22S,,
(D32D4,—>2%Py,

( )

Za’ 3 n

=E — E .| Z—

nj n nz n 4 1

1
\ . 2 )

H AT S 1£:0.328cm L




®3251/2—>22P3/2
@32D5,—>22P,,

®32D5/2—>22P3/2

* 0.033cm’? @32P,,,—>22S,,
” @3281/2—>ZZP1/2
3 @y @
| | ” L — @32P3/2_)2281/2
L@ ®® Y
D32D,,—>2%P ),

THA =15/

v e ISR T 1 BE % B R BRIE




Ep ey AR

128,

AR THESHERHSE M



J\. LSS v

S, =M.7 M, =S,5-1,---,-S
J=L+S
J?=J(J+1)n° J=L+S,L+S-1---|L-S]

J,=M,h M, =J,d-1-,—J



FEFRBET FEFRET) -
2p3d. 2p3p. 1s2s3p
ARET (EET) -
152, 2p3. 3d%

HHAHSRE
2S5+1 LJ
252):
1 Pl ﬂ > I:)2,1,0
P B

L+S = 1%L



(NS n)\HBEaHERETFSR—FR.
FlEInp*Anp2, nd3fnd’, nfSFInfo &

np: S, °P,,, D,



(1) BAAEIE] R e M

=i

—%

54 (L. SH

FE A -

EJ+1 o EJ

) KIAFIREHRES, MHBHIPIELHRES

=§§(L,S)[(J +1)(J +2)-J3(J +1)]

=h?&(L,S)J +1)



A Ee R 2 B REE R S XN BE B AZIEE T
JERBIFRA B IE B

) 9/2
S=3/2,L=3 .’ '98/2
¢-- 7/2
\:\\ '78/2
'y 5/2
Y I 5¢/2
3/2

J



(2)~ BtREEN
(1) X—ARHETHS, BRERRKRNEFSLERS
YR B R BT SR & KSE
(2) SAEMHFRREF, LESZANEFSHEERK,
(3) Xt FFEE-F(nl)

v<=21+1 JEH/DHIBEHIK
v >21+1 JERARRERE > BRRF




() BTES
Tt R TR A 2 JE
SR TR i R B AR

1s°2s°2p° 'D, 'S, °P,,,
%@: 3P2



|

#13.6.7 IRHiEFe (Z=26) BFESHEFSHS.

fB: BTAR 1s°2s°2p°3s°3p°3d°4s’
MAFEN(1): SHEKHI
S=M =2 (++++)

S max

PAIREN(2): LBKHK

5
Mo =2 L =2 > Dig,pp 64 6f
oS 5pi5d\5f
PR (3): MW, IR N £
; 5,3D 3d
D4 2S5 ~2p






T EEEEN

BREFEEN: MRS TR

A L) =41 AL SR HE & HRE

LSHE4E .
”A(Zli) =+1
AS =0

AL=0,+1 (004N
Al =0,£1 (00BN

N\

jifAAE
"A(Zli) =+1

Aj=0,%1 (BLIEHT)
Al =0,#1 (0-0%4N

.

AM, =0,+1 (ZEAJ=O0R},0 <>0%40) |AM, =0,+1 (FEAJ=0M,0 <> 04N

N

AR RLYSEST B2 &

M BRI A %5 S



3
2p3s (1) Pz,l,o
2
3
2p? cl) I:)2,1,0




T XNEFRTFHIRRS MG

1281/2 1S0 1|:’1 1|:)2 1F3 3S’l 3I:)2,1,0 3D3,2,1 3F4,3,2

1s4p  1sad
1s4s

1s4f 1sdp—%: 1s4d— ¥ 1s4f ¥
1s4s——

153s ——

1s2s —

>WRSRER—NMHETFHBEERZE A —
MNEFIAET 1s RS

> BT HAR LS e, BRSEHHMER
i&iéﬂﬁi, —BREES, MA—ER=

>HBERSN =88 EPERERT, WA
JR RIS H S AHE

Ll

5

i

H

&

4

1s2




+—. X&&k

BANRERDET:
ﬂ‘min — E
eV
Amin R ABLE A
Kaé%%:
_ 1l 1
Vk = R(Z _1) [12 22]

n=2. 3. 4...BIn=1MEEHHMHK, . Ko K. 2.



L 2R

1

~ 1
v, =R(Z —7.4)2[22 — 3

]

X565 % 58 BTG PR e 8 e

Al = +1
Aj =0,+1



B=F Jﬁ?ﬁﬁﬁﬁé& Syl

3.1 HFE
BZ@ﬂTﬁﬁﬁﬁ

3.3 BT HRESHMITER AR

3.4
3.5 H

1 ie-3E A 5 AE R
BT R F B R &t MG i

3.6 LSHESHjjf#E

2.7 XM

17 R T HIRE R G AL TE

2.8 XSG EM R T HIN 52 Z AeS



