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Spectrum of Th-Ar Hollow Cathode Lamps

NIST is re-evaluating its databases and would welcome input. Would you like to 
see this database kept? Expanded? Improved? How useful are atlases? Would 
you like to see more of them?



NIST work on wavelength calibration 
standards for ground-based telescopes

• Hollow cathode lamps (Pt/Ne, Pt/Cr/Ne (HST); Th/Ar; U/Ne
• Gas cells (CO, HCN, C2H2, I2)
• Fiber Fabry-Perot
• Frequency combs

Keck HIRES I2 cell being measured
on the NIST 2-m FTS Calibration sources for H-band using

the NIST 2-m FTS



Normal Incidence Spectrograph

Normal incidence vacuum spectrograph. 

Wavelength range: 300 Å - 5000 Å. 

Resolving power:  ≈150000 (1st order) 
with photographic plates. Less with 
phosphor image plates.

Projects:
Pt/Ne hollow cathode lamps on GHRS/COS
Pt/Cr/Ne hcls on STIS 
(Pt atlas on NIST website)

Currently used for spectra of neutral through
singly-ionized elements Sc-Cu



Fourier transform spectrometers

Vacuum ultraviolet FTS. 

Wavelength range 140 nm133 nm – 900 nm. 

Resolution 0.025 cm-1 

(2 million at 200 nm).

2-m FTS. Wavelength range 300 nm –

5.5 µm. 

Resolution 0.0025 cm-1

(4 million at 1 µm).



Advantages of FTS for wavelength calibration:

• Linear wavenumber scale –
absolute wavenumber calibration to 1:108 with only one standard

• Very high resolution – can resolve Doppler width of most laboratory sources

• large spectral range observed simultaneously 
( e.g. 300 nm – 1200 nm; 600 nm – 5500 nm)

Disadvantages of FTS:

• Requires stable sources (CW)

• Low sensitivity compared to Echelle instrument with array detector.



Th/Ar linelists and atlases

• B. A. Palmer, R. Engleman, “Atlas of the Thorium Spectrum”: Los Alamos report LA-9615 (1983)  (75 mA).

– FTS wavenumbers for about 12800 lines to ± 0.002 cm-1. 

– Covers 7400 – 36000 cm-1 (1350 - 277 nm). 

– Atlas used to derive 624 Th I levels, 464 Th II levels. 

• C. Lovis & F. Pepe, “A new list of thorium and argon spectral lines in the visible,” Astron. Astrophys. 48, 1115 (2007).

– HARPS measurement of Th/Ar hollow cathode lamp at 9 mA.

– Claim improved precision over Los Alamos atlas,  but absolute accuracy no better than atlas (worse?).

– Claim global calibration which is precise at the 20 cm s−1 level (6.7 parts in 1010)

• F. Kerber, G. Nave, and C. J. Sansonetti, “The Spectrum of Th-Ar Hollow Cathode Lamps in the 691-5804 nm Region: 
Establishing Wavelength Standards Calibration of Infrared Spectrographs,”  Astrophys. J., Suppl. Ser. 178, 374 (2008).

– FTS wavenumbers for about 2400 lines in infrared.  Th/Ar lamp at 25 mA. Uncertainties of 2:108 to 6:107.

• R. Engleman, K. H. Hinkle, L. Wallace, “The near-infrared spectrum of a Th/Ar hollow cathode lamp,” J. Quant. 
Spectr. Radiat. Transfer 78, 1-30 (2003)

– FTS wavenumbers for about 5988 lines in IR from hollow cathode lamp run at 320 mA.

– Ar lines as wavenumber standards

• S. Redman, G. Nave, C. J. Sansonetti,  “The spectrum of thorium from 250 nm to 5500 nm Ritz wavelengths and 
optimized energy levels,” ApJSS 211:4 (2014)

– 20 0000 Ritz wavelengths based on 787 energy levels of Th I, 516 levels of Th II, and 65 levels of Th III.



Roughly 2000 Th lines available for calibration of CRIRES.

Th lines agree well with 320 mA lamp of Engleman et al., but Ar lines do not.

Comparison of NIST wavenumbers with 
Engleman, Hinkle & Wallace, 2003





Comparisons with Ritz wavenumbers

Infrared measurements from Kerber et al. 
ApJ, Suppl. Ser. 178, 374 (2008).

Visible-region measurements using HARPS
C. Lovis & F. Pepe, A&A 48, 1115 (2007).

Primary reason: detector inhomogeneity folded into linelist

Other reasons? Can we expect the wavelengths to change over the life of the lamp?



New measurements of current dependence of 
lamps

Jian Ge, Univ. Florida purchased 3 lamps in Oct, 2015, but could not match spectra up 
to previous linelists. Asked NIST to measure them.
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Current dependence of Th and Ar lines in a 
hollow cathode lamp.

19924.5 19925.0 19925.5 19926.0 19926.5 19927.0

Wavenumber (cm
-1

)

0

0.5

1

1.5

2

2.5

3

R
el

at
iv

e 
in

te
n

si
ty

 

20 mA
12 mA
9 mA Ar

Th II

Th I



20720 20722 20724 20726 20728

Wavenumber (cm
-1

)

0

10

20

30

R
el

at
iv

e 
in

te
ns

ity

75 mA
20 mA
9 mA

I

I
II

I

I

II

II

I

II

I

II

I

Black: Palmer & Engleman
Blue/Red: NIST

Fig. 6 from Redman Nave 
& Sansonetti (2014)

Lower resolution is HARPS data
Higher resolution is Palmer & 
Engleman (75 mA lamp)



EHW03: Engleman Hinkle & Wallace, 2003: Th/Ar hcl, 2.2 Torr, 320 mA
KNS08: Kerber, Nave & Sansonetti, 2008: Th/Ar hcl, 5 Torr, 25 mA



Ritz wavelengths: example of Si II
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Ritz wavelengths in thorium

GBCZ74: Giacchetti, A., Blaise, J., Corliss, C., & Zalubas, R. 1974, JRNBS, 78A, 247
ZC74: Zalubas, R., & Corliss, C. 1974, JRNBS, 78A, 163
Z76: Zalubas, R. 1976, JRNBS, 80A, 221
PE83: Palmer,B.A.,& Engleman,R. 1983, Atlas of the Thorium Spectrum (LLNL)
EHW03: Engleman, R., Jr., Hinkle, K. H., & Wallace, L. 2003, JQSRT, 78, 1
LP07: Lovis, C., & Pepe, F. 2007, A&A, 468, 1115
KNS08: Kerber, F., Nave, G., & Sansonetti, C. J. 2008, ApJS, 178, 374
RNS13: Redman, S., Nave, G., & Sansonetti, C.J., 2014, ApJS,211:4

19874 Spectral lines in thorium.
Ritz wavelengths based on 

787 energy levels of Th I, 
516 levels of Th II,
65 levels of Th III.

Lines only contribute to linelist if they appear
in one of the 8 studies, some of which are lower
resolution grating measurements.

However, accuracy of Ritz wavelengths is
determined by high-accuracy FTS measurements.

Hence the Ritz wavelengths for weak lines can
be determined as well as those for strong lines.



Comparison of hollow cathode sources in near-IR (1 – 1.6μm )
25 s exposures of 14 mA lamp using Pathfinder spectrograph
(Redman et al. ApJSS 195, 2011).



Atlases for CRIRES

Comparison between three different calibration sources over a region of the H-band. 

Top: Th/Ar spectrum Middle: U/Ne spectrum Bottom: Gas cell spectrum



Example dispersion solution around 1050 nm using U lamp on CRIRES.



Example dispersion solution around 2150 nm using U lamp on CRIRES



Example dispersion solution around 3975 nm using U lamp on CRIRES.
No U lines seen about 2600 nm.



CRIRES atlas

In some regions, U/Ne lamps much better for calibration.



Summary

NIST Atomic spectroscopy group’s activities on wavelength standards include:

• Th/Ar hollow cathode lamps 
• U/Ne hollow cathode lamps
• Iodine cells
• Gas cells
• Fiber Fabry-Perot
• Laser frequency combs

High-resolution Fourier transform spectroscopy underpins all these activities


