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•PHYSICS OF Na-like IONS AT HIGH STAGES OF 
IONIZATION

•EBIT SPECTROSCOPY WITH A 
MICROCALORIMETER DETECTOR

•MAGNETIC-DIPOLE TRANSITIONS IN HIGHLY 
IONIZED TUNGSTEN



DIAGNOSTICS OF MAGNETIC FUSION 
PLASMAS [TUNGSTEN IN ITER; VERY HIGH 
MELTING (3422°C) AND BOILING (5555°C) 
POINTS; LOW SPUTTERING]

LIGHT ATOMS FULLY STRIPPED IN CENTRAL 
CORE - NOT USEFUL FOR SPECTROSCOPY

PECTRA OF HIGHLY IONIZED W PROVIDE 
INFORMATION ABOUT TEMPERATURE AND 
ELECTRON DENSITY IN CENTRAL CORE AND 
RADIATIVE POWER LOSES

MANY GROUPS AROUND THE WORLD 
WORKING ON TUNGSTEN SPECTRA (IAEA 
WORKSHOP ON TUNGSTEN)



ITER – being built in Cadarache, France  
$20 billion



•ITER - proposed to President Reagan by Premier Gorbachov at 1985 summit 
meeting in Geneva

•Demonstrate scientific and technological feasibility of fusion energy for peaceful 
purposes

•International Project - U.S; Russia; European Union; Japan; China; India; Korea

•Originally “International Thermonuclear Experimental Reactor”; now just ITER 
(journey or path in Latin)

•Cost ~15 billion Eu = $20 billion ( 10 years to construct; 20 years of operation)

•500,000,000 watts (500 MW) of fusion power for 1000 sec (16 min); JET: 16 MW for 
<1 s

•D/T mixture; about 1/2 gram; heat  - but no electricity

•D+T→He(3.5 MeV)+n(14.1 MeV)

•Require:  10-15 m; ~100,000,000 K to get fusion; ohmic heating; neutral beam 
injection; RF heating

•Confined by magnetic fields: superconducting Nb:Sn; 13.5 tesla

•Construction - Cadarache, France; to start in 2008; tokamak in 2018 

• In parallel:  International Fusion Materials Irradiation Facility (IFMIF) - D+Li→n

•After ITER:  DEMO - electricity for commercial use

•After DEMO:  Power plant - about 2050
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PHYSICS OF Na-like IONS 
AT HIGH STAGES OF 
IONIZATION



Fraunhofer Solar AbsorptionLines
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Scaled wavelengths of Na-like D-lines
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NIST EBIT:
Maximum beam 
energy: 33 keV 

Resolution: 0.05 eV 

Maximum 
current:150 mA 

Beam radius: 30 µm

Electron density: 
~1013/cm3



•NIST ELECTRON BEAM ION TRAP - Hf, Ta, W, Au

•FLAT FIELD GRAZING INCIDENCE SPECTROMETER: 1 nm - 9 nm;               
NO WINDOW; Grating radius of curvature 5.65 m; 1200 lines/mm (VARIABLE 
LINE SPACING)

•POOR GRATING RESPONSE FOR LOW WAVELENGTHS

•METAL VAPOR VACUUM ARC (MEVVA) INJECTION; SIMULTANEOUS 
SPECTRA FOR LOW AND HIGH WAVELENGTHS

•APPLIED POTENTIAL: 12 keV (Hf, Ta, W); 24 keV(Au)

•CALIBRATION Li-LIKE, Be-LIKE Ne; Ne-LIKE Ar; H-LIKE and He-LIKE C, N, O

•ACCURACY ~0.002 nm

•COLLISIONAL RADIATIVE MODELING: NOMAD [RALCHENKO AND MARON] 
AND FAC [GU] CODES - GOOD AGREEMENT WITH MODELED SPECTRA



EUV SPECTROMETER AT NIST EBIT

BLAGOJEVIC, LE BIGOT, ET AL. (2005)



Collisional-Radiative Modeling

Atomic Data
• Flexible Atomic Code 

(FAC)
• Relativistic model 

potential (highly-charged 
ions!), configuration 
interaction, QED effects

• Fast, calculates all CR 
parameters (transition 
probabilities, electron-
impact cross sections)

• Developed by M.F.Gu

CR model
• NOMAD: universal CR time-

dependent code for non-
Maxwellian plasmas

• Yu. Ralchenko and I. Maron, 
JQSRT 71, 696 (2001)

• ~103 levels/ion; typically 6-8 
ions; few millions of 
collisional/radiative 
transitions; runtime: minutes

• Only one free parameter: 
charge exchange between 
ions and neutrals in the trap

Avaliable: http://kipac‐tree.stanford.edu/fac/
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EXP.(THIS 
WORK)

MCDF(KIM ET
AL.1991)

 FAC CODE 
(GU)

Hf61+ 8.1082(12) 8.1073 8.0944

Ta62+ 7.9378(12) 7.9348 7.9332

W63+ 7.7700(12) 7.7681 7.7587

Au68+ 6.9991(12) 6.9974 7.0025

WAVELENGTHS (nm) FOR D2 LINE:  3s1/2-3p1/2



Kim, Baik, Indelicato, 
Desclaux; MCDF(1991)

Sparks and LPP’s



Blundell; RMBT (1993)





- Au at 24 keV



EXP.(THIS 
WORK)

MCDF(KIM ET
AL.1991)

 FAC CODE 
(GU)

Hf61+ 2.5769(17) 2.5771 2.5747

Ta62+ 2.4496(18) 2.4479 2.4457

W63+ 2.3243(17)
2.3253(5)*

2.3255 2.3235

Au68+ 1.8066(22) 1.8040 1.8030

WAVELENGTHS (nm) FOR D2 LINE:  3s1/2-3p3/2

* Clementson and Beiersdorfer; 2010



Kim, Baik, Indelicato, 
Desclaux, MCDF(1991)

Pt (LLNL)

Sparks and LPP’s



Blundell; RMBPT 
(1993)



Pb - LLNL
U - LLNL

Pt - LLNL

Beiersdorfer et al. (2003)
Beiersdorfer et al. (1994)



Beiersdorfer et al. (2003)
Beiersdorfer et al. (1994)



FINE STRUCTURE SPLITTING OF Na-like IONS
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EXP.(THIS WORK) MCDF (HUANG 
1986)

FAC CODE 
(GU)

Hf58+ 2.2184(17) 2.2606 2.2157

Ta59+ 2.1192(23) 2.1594 2.1175

W60+ 2.0257(18)
2.0270(5)*

2.0626 2.0236

WAVELENGTHS (nm) for Si-like: 3p2(1/2,1/2)0-3p3d(1/2,3/2)1

* Clementson and Beiersdorfer; 2010



EXP.(THIS WORK)
MCDF 

(HUANG 
1986)

FAC CODE 
(GU)

Hf59+ 2.2759(17) 2.2741 2.2743

Ta60+ 2.1741(33) 2.1716 2.1716

W61+ 2.0723(17)
2.0756(4)*

2.0737 2.0736

WAVELENGTHS (nm) for Al-like: 3p1/2-3d3/2

* Clementson and Beiersdorfer; 2010



EXP. (THIS WORK) FAC CODE (GU)

Hf59+ 2.5128(17) 2.5096

Ta60+ 2.3907(21) 2.3868

W61+ 2.2728(19)
2.2735(4)*

2.2702

Au68+ 1.7751(22) 1.7709

WAVELENGTHS (nm) for Mg-like: 3s2(1/2,1/2)0-3s3p(1/2,3/2)1

* Clementson and Beiersdorfer; 2010



SPECTROSCOPY WITH A 
MICROCALORIMETER DETECTOR



MICROCALORIMETER DETECTOR

TEMPERATURE: 0.060 K

λ= c/ν; ν = ΔE/h

ENERGY RESOLUTION: 5 eV = 0.04 Å at 10 Å 
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X-RAY SPECTRUM OF W WITH MICROCALORIMETER ON NIST EBIT

3d10-3d9nl

RALCHENKO ET AL. (2006) 



E2 LINES OF W IN NIST EBIT - RALCHENKO ET AL. (2006)
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X-RAY SPECTRUM OF W WITH MICROCALORIMETER ON NIST EBIT

3d10-3d9nl

RALCHENKO ET AL. (2006) 



E2  AND M3 LINES OF W IN NIST EBIT

RALCHENKO ET AL. (2006)
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X-RAY SPECTRUM OF W ON NIST EBIT

RALCHENKO ET AL. (2006)
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Clementson and Beiersdorfer; (2010)

0.0094 Å



CALCULATED E2:M3 RATIOS

RALCHENKO (2007)



FORBIDDEN LINES
(MAGNETIC DIPOLE LINES)

IN
HIGHLY IONIZED TUNGSTEN



TYPES OF SPECTRAL LINES

“ALLOWED LINES”  - parity change

electric dipole : E1 ΔJ±0,1

transition probability  - Aki~1010/sec

“FORBIDDEN LINES” – no parity change

electric quadrupole: E2 ΔJ±0,1,2

magnetic dipole: M1 ΔJ±0,1

magnetic octupole: M3 ΔJ±0,1,2, 3

transition probability  - Aki~104-6/sec

density sensitive – EXCELLENT FOR 
PLASMA DIAGNOSTICS
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Observed Wavelengths for Co-like Ions (Å) - Ekberg et al. (1987)

Ryabtsev and 
Reader (1982)



Prediction of M1 transition in Co-like W

Ratio of spin-orbit splitting for 3d9 to HF in Co-like Ions
Reader (1983)



Predicted Wavelengths of M1 for Co-like W47+

Wavelength 
nm

Reader (1983) Extrapolation Froese 
HF

18.51±0.07

Ekberg et al. 
(1987)

Extrapolation Grant 
HFR

18.541±0.032



NEW EBIT SPECTRA OF TUNGSTEN AT 

“INTERMEDIATE ENERGIES”

•BEAM ENERGIES: 4.5-7.0 keV

• 2.0-4.3 keV (2007)

• 8.8-25 keV (2008)
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Predicted 3p-3d Transitions in Co-like W



SPECTRUM OF W IN NIST EBIT AT 2800 eV - RALCHENKO ET AL. (2007)

Cu

Zn

Zn

Cu

Zn 
M1

Ga 
M1

Cu
Zn

Cu

O VI
O V, VI CuZn

Ga
GeGa

Zn

Beam energy (eV)

C
O

U
N

TS



Fe(W48+) 3d8 

Co(W47+) 3d9

Ni(W46+) 3d94s
Cu(W45+) 3s-3p

Cu(E1)

Co

Fe

Ni
Fe

Ni(E1) *

* *
*

* impurity

18.567

5/2

3d9

3/2



Cr

Cr

Cr
Cr

Cr
Mn

Cr

Cr

V

* impurity

*

Sc

Mn
Fe

V

Cr
Mn

Sc(W53+) 3d3

V(W51+) 3d5

Cr(W50+) 3d6

Mn(W49+) 3d7

*

5/2

1/2

3d5

5/2

11/2

9/2
3/2

17.657

14.530

7/2

5/2

72

*



Sc(W53+) 3d3

Ti(W52+) 3d4
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WAVELENGTHS FOR 3d4 5D2 – 5D3 TRANSITIONS 
IN Ti-LIKE IONS

Z=51 Sb 4702.4 Å Japan
53 I 4303.8 Japan
54 Xe 4138.8 NIST, LLNL, Japan
55 Cs 4021.4 Japan
56 Ba 3930.8 NIST, LLNL, UK
60 Nd 3753 NIST
62 Sm 3725.2 Japan
63 Eu 3717.5 Japan
64 Gd 3713 NIST
70 Yb 3676.4 NIST
72 Hf 3655.4 Japan
73 Ta 3641.8 Japan
74 W 3626.7 NIST, LLNL
75 Re 3610.6 Japan
78 Pt 3554.4 Japan
79 Au 3532 LLNL
83 Bi 3442.9 NIST
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Ti
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Sequence Zsp λexp(nm) Lower level Upper level A(s-1) Type
Ni 47 19.142 3d94s #3 j=2 3d94s #4 j=1 2.40(6) M1

Co 48 18.567 3d9 #1 (3d+)5/2 3d9 #2 (3d-)3/2 2.47(6) M1

Fe 49 15.511 3d8 #1 (3d+
4)4 3d8 #6 ((3d-

3)3/2,(3d+
5)5/2)4 1.01(6) M1

49 18.988 3d8 #1 (3d+
4)4 3d8 #4 ((3d-

3)3/2,(3d+
5)5/2)3 3.22(6) M1

Mn 50 14.167 3d7 #1 (3d+
3)9/2 3d7 #10 ((3d-

3)3/2,(3d+
4)2)7/2 1.76(5) M1

50 17.106 3d7 #1  (3d+
3)9/2 3d7 #5 ((3d-

3)3/2,(3d+
4)2)9/2 2.23(6) M1

50 18.276 3d7 #3 (3d+
3)5/2 3d7 #10 ((3d-

3)3/2,(3d+
4)2)7/2 2.72(5) M1

50 18.670 3d7 #2 (3d+
3)3/2 3d7 #8 ((3d-

3)3/2,(3d+
4)2)1/2 2.56(6) M1

50 19.047 3d7 #2 (3d+
3)3/2 3d7 #7 ((3d-

3)3/2,(3d+
4)4)5/2 1.03(6) M1

Cr 51 12.997 3d6 #1 (3d+
2)4 3d6 #15 ((3d-

3)3/2,(3d+
3)5/2)3 4.05(5) M1

51 13.137 3d6 #1 (3d+
2)4 3d6 #12 ((3d-

3)3/2,(3d+
3)5/2)4 3.68(4) M1

51 13.886 3d6 #2 (3d+
2)2 3d6 #15 ((3d-

3)3/2,(3d+
3)5/2)3 4.92(5) M1

51 14.192 3d6 #2 (3d+
2)2 3d6 #13 ((3d-

3)3/2,(3d+
3)5/2)2 3.20(5) M1

51 17.133 3d6 #1 (3d+
2)4 3d6 #8 ((3d-

3)3/2,(3d+
3)9/2)5 6.57(5) M1

51 19.238 3d6 #1 (3d+
2)4 3d6 #5 ((3d-

3)3/2,(3d+
3)9/2)4 3.02(6) M1

51 19.685 3d6 #1 (3d+
2)4 3d6 #4 ((3d-

3)3/2,(3d+
3)9/2)3 2.56(6) M1

V 52 14.531 3d5 #1 (3d+)5/2 3d5 #9 ((3d-
3)3/2, (3d+

2)2)7/2 1.21(5) M1

52 17.657 3d5 #1 (3d+)5/2 3d5 #3 ((3d-
3)3/2,(3d+

2)4)7/2 1.59(6) M1

52 18.996 3d5 #4 ((3d-
3)3/2,(3d+

2)4)11/2 3d5 #13 ((3d-
2)2,(3d+

3)9/2)11/2 2.31(6) M1

52 21.202 3d5 #1 (3d+)5/2 3d5 #2 ((3d-
3)3/2,(3d+

2)4)5/2 3.40(6) M1

Wavelengths for M1 lines of W46+ - W57+



Ti 53 13.543 3d4 #5 ((3d-
3)3/2,3d+)3 3d4 #17 ((3d-

2)0,(3d+
2)4)4 1.09(6) M1

53 16.890 3d4 #2 ((3d-
3)3/2,3d+)1 3d4 #7 ((3d-

2)2,(3d+
2)4)2 4.70(6) M1

53 19.319 3d4 #1 (3d-
4)0 3d4 #2 ((3d-

3)3/2,3d+)1 3.31(6) M1

53 19.444 3d4 #3 ((3d-
3)3/2,3d+)4 3d4 #8 ((3d-

2)2,(3d+
2)4)4 3.02(6) M1

Sc 54 12.312 3d3 #1 (3d-
3)3/2 3d3 #7 ((3d-

2)0,3d+)5/2 2.75(5) M1

54 15.785 3d3 #4 ((3d-
2)2,3d+)9/2 3d3 #12 (3d-,(3d+

2)4)11/2 1.42(6) M1

54 16.027 3d3 #1 (3d-
3)3/2 3d3 #6 ((3d-

2)2,3d+)1/2 1.02(6) M1
54 17.216 3d3 #1 (3d-

3)3/2 3d3 #3 ((3d-
2)2,3d+)3/2 2.74(6) M1

54 18.866 3d3 #1 (3d-
3)3/2 3d3 #2 ((3d-

2)2,3d+)5/2 3.41(6) M1

Ca 55 14.959 3d2 #1 (3d-
2)2 3d2 #4 (3d-,3d+)2 1.81(6) M1

55 17.080 3d2 #1 (3d-
2)2 3d2 #3 (3d-,3d+)3 3.68(6) M1

55 19.177 3d2 #2 (3d-
2)0 3d2 #6 (3d-,3d+)1 1.72(6) M1

K 56 15.962 3d #1 (3d-)3/2 3d #2 (3d+)5/2 2.59(6) M1

Ar 57 14.779 3p53d #5 ((3p+
3)3/2, 3d-)2 3p53d #8 ((3p+

3)3/2, 3d+)3 2.52(6) M1

Cl 58 16.618 3p43d #3 ((3p+
2)2, 3d-)5/2 3p43d #7 (3p+

2)2, 3d+)7/2 1.84(6) M1

58 16.912 3p43d #5 ((3p+
2)2, 3d-)7/2 3p43d #8 (3p+

2)2, 3d+)9/2 2.30(6) M1

37 lines measured



Predicted and Measured Wavelengths of M1 
for Co-like W47+

Wavelength 
nm

Reader (1983) Extrapolation Froese 
HF

18.51±0.07

Ekberg et al. 
(1987)

Extrapolation Grant 
HFR

18.541±0.032

Present Work Experiment 18.567±0.002



NIST EBIT TEAM

•SAMUEL BREWER-GRAD STUDENT(U.of MARYLAND) 
•ILIJA DRAGANIC–POST DOC-now at OAK RIDGE NL
•DMITRY OSIN – POST DOC
•JOHN GILLASPY
•JOSHUA POMEROY
•YURI RALCHENKO
•JOSEPH READER
•JOSEPH TAN
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