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Abstract  We report the experimental work for the determination of wavelength standard to validate the measurements of 
Fourier transform spectrometer. A dc run hollow-cathode discharge with two anodes on either sides of a cathode is designed 
for the p recise measurements of He II lines at 4686 Å. The Doppler width and ion-drift shift  were measured by using each 
anode alternatively which changes the direction of electric  field from 0o to 180o. The stability of He II line has been 
investigated and comparable precision with respect to previous work has been obtained. Excellent wavelength accuracy with 
relative uncertainty in line position of the order of 108 is within reach of single point calibration factor. 
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1. Introduction 
We report the experimental work for the determination of 

a wavelength standard to validate the measurements of 
Fourier transform spectrometer. The development of high 
resolution Fourier transform spectroscopy (FTS) with its 
wide spectral range, h igh wavelength accuracy has led to 
outstanding improvements in the laboratory data base in the 
infrared, visib le and ultravio let reg ions[1-4], however 
significant improvements can be achieved by using a single 
calibrat ion factor, which has been reported to reduce the 
uncertainties to a few parts in 108.  

The simplest method of wavelength calib rat ion in the 
visible and u ltrav iolet regions is the one using a primary 
wavelength standard together with a number of secondary 
standards d istributed throughout the spect rum. The FT 
spectrometry requires fewer standards than prism and grating 
instruments. The orange line of krypton has been considered 
as primary standard for many years along with the secondary 
standards, mostly the lines of iron, thorium and inert gases. 
The accuracy degenerates as one goes into the infrared or 
ultravio let; because of the difficult ies associated with the 
large number  o f in ter med iate s teps  and  the actual 
measurements. Overlapping orders in grat ing spectra have 
been used to extend visible standards to the ultraviolet, but 
this led to large systematic errors, since spectra of different  
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orders are sometimes focused in different planes, which are 
slightly displaced relative to each other. Moreover 
asymmetry of the instrumental line contour may lead to an 
apparent shift of spectral lines in spectra of different order. 
Therefore, it is essential to find some independent method 
for the determination of wavelength standards in the VUV.  

Suitable standards are provided by lines whosewavelengt
h can be calculated by Ritz's combination principle o r from 
Dirac-Sommerfeld theory of one electron spectra, with the 
Lamb shift correction. Fundamental principles for selection 
of wavelength standard in VUV are described in 
references[5-6].  

2. FTS and Wavelength Standards 
Learner et al [7] and Salit et al [8,9] have briefly discussed 

the problems concerning the calibration of a spectrometers. 
They stressed on the need of a single mult iplicative 
correction factor for the absolute calibration of a spectrum. 
For a FTS, the sampling laser leads directly  to a wavenumber 
scale which is linear to within the stability of laser i.e. 1:108. 
The need for correction of the wavelength scale arises from 
the use of a fin ite entrance aperture and imperfect optical 
alignments within the interferometer. A lthough an analytical 
correction can be made for the finite  aperture effect; 
calibrat ion with a trusted wavelength standard is typically 
used to accomplish both corrections. Excellent relative 
accuracy is available with relat ive ease in FT spectroscopy, 
however the determination of the absolute wavelength is 
entirely d ifferent from the spectra observed from the grating 
instruments, and therefore accurate wavenumber or wavelen
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gth calibration requires major differences in experimental 
strategies.  

If wavelength accuracy is limited by noise, the uncertainty 
in the line position is roughly the linewidth divided by the 
product of signal to noise ratio and the square root of the 
number of the samples in the linewidth. If both the resolution 
and S/N are h igh enough, the position uncertainty due to 
photon noise can be made very small. While record ing an 
interferogram, all lines are observed at all steps of scan, 
therefore, the determination of the wavenumber-axis in the 
spectrum depends on the correct and accurately equal 
scanning steps. The phase corrected and un-calibrated output 
is already on a self-consistent linear wavenumber scale 
determined by this step. Therefore for FTS, only one 
standard is needed to give a complete calib ration of a 
wavenumber scale. 

A test for internal consistency[7] is described by the 
criterion that the plot of ‘ σσδ ’ against ‘σ ’ should be a 

horizontal line. The true wavenumber ‘ 0σ ’ can be 

expressed in terms of observed wavenumber ‘ obsσ ’  

( )ασσ += 10 obs             (1) 

Where σδσα = , and obsref σσδσ −= . The 

wavenumber scale of an FTS is determined by the cosine of 
angle between optical axis and the light being measured. ‘α ’ 
is of the order of ‘ R1  and therefore, is independent of ‘σ ’ 
and can be found from a single reference standard. 
Theoretically, only one calibration line is needed but the 
common practice is to calculate ‘ α ’ for every line of 
sufficient strength for which  a trusted wavelength is 
available. Th is aggregate would typically  be used to 
calculate a single ‘α ’ as a mean and reduce the uncertainty 
in the calibration. 

The calibration lines employed should ideally possess 
wavenumber measurements, at least an order of magnitude 
greater in accuracy than the lines in the spectrum to be 
calibrated, however this may not always be possible. On 
plotting ‘ σσδ ’ against ‘σ ’, a  horizontal line should be 
obtained where the value of offset from zero is the 
calibrat ion constant needed to put the line number on an 
absolute scale. Obtaining the sloping line implies the 
pressure of illumination shifts. The linearity of the 
wavenumber scale means that the wavenumber calibration 
can be transferred from one spectrum to another if the spectra 
are overlapping. 

The requirement of an absolute calib ration limits us to 
calibrate with the lines generated within the same lamp[7]. 
Argon is one of the most useful sources of standard 
wavelengths, carefully  determined Norlen[10]. He excited 
the Ar II spectrum in water cooled  hallow cathode at a 
pressure of 0.2 torr and measured the vacuum wavelength 
with a Fabry-Perot interferometer. We have compared the 
observations from our double-anode hollow cathode with the 
Norlen’s standards. The plot of ‘ σσδ ’ against ‘σ ’ 
clearly deviates from the horizontal line, similar to the 

pattern observed by the IC group and at Kitt-Peak. In this 
plot the scatter is a little bigger as compared with the work of 
Pickering[11] and Learner[7] at IC, they described this shift 
due to the difference of pressure and running conditions of 
the lamp. Salit et  al[8] believed that the apparent slope 
between their FTS measurements and the Fabry-Perot 
measurements of Kaufman[12] is not due to the operating 
conditions of lamp. Regardless of the linewidth or source an 
asymmetry was found in  the FTS instrumental line shape in 
the spectra and no significant change in slope is found when 
line shape asymmetry was reversed. An extensive 'Th' atlas 
was prepared with FTS at Kitt Peak[13] showing a 
systematic bias between FTS and Fabry-Perot measurements 
as a function of wavenumbers. Both Fabry-Perot and FTS 
possess very high levels of internal consistency, and it was 
not clear whether the observed disagreements were due to 
FTS, or due to Fabry-Perot, measurements; which  deepens 
our concern that these wavelength standards are a primary 
source of the observed bias and are not quite adequate 
standards. 

2.1. He II 4686Å as Standard 
The spectrum of singly ionized helium has been as 

important in  the history of spectroscopy or as that of the 
hydrogen itself[14]. The 4686 Å line of He+ corresponds to 
the 34 =→= nn  lines of hydrogen but with a factor of 
Z2 (=4) in energy. The fine structure of the ionized helium He 
II ,3s, p, d  −4s, p, d, f line complex )21335( K=σ  is 
sixteen times wider and Doppler widths fifty percent smaller 
than corresponding structure in hydrogen, and therefore 
λ4860 Å offers a better opportunity than ‘ αH ’ for the 
resolution of its components. The relat ive separations of 
these components provide a fundamental test for the 
predictions of quantum electrodynamics[15][16-17]. The 
excitation[20] requires a relat ively v iolent gas discharge, 
which favors neither a small Doppler width nor freedom 
from the influence of electric fields. Its attraction as a test of 
radiation theory lies particu larly in the possibility of 
checking the predicted dependence of term shift on ‘n’ and 
on ‘Z’.  

Larson et al[21] have used gaseous atomic beam light 
source with pressure scanned Fabry-Perot spectrometer. The 
measured widths were about 0.085 cm-1 comparab le to those 
of hallow cathodes, but much wider than the observed 
natural width. Berry & Roesler[17] have described these 
widths arises in the excitation process, as the atomic beam 
density is low enough to rule out any collision during decay 

3. Experimental 
3.1. UV-Fourier Transform S pectrometer 

The present work was carried out by using a commercial 
FT500 FTS built by Chelsea instruments based upon the 
prototype developed at IC, London. It is a compact 
instrument of size 1.5 m x 0.25 m x 0.25 m. The 
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experimental interferograms and spectra were taken  / 
processed using the software “GREMLIN” developed by J. 
W. Brault[24]. The running conditions for the lamp were 
optimized using a 1 meter 'Monospek' grating 
monochromator containing a 102 mm wide grat ing ruled at 
1200 lines per mm giving a resolution of 24 mÅ at a 
wavelength of 3000 Å. The lines particu larly chosen for the 
observation were He I 4713 Å and He II 4686 Å. We have 
tried to run the lamp at the lowest possible pressure just 
above 0.1 mb and current of 8 mA. The lamp is run either in 
pure helium or with a mixture of 1 to 5 percent of argon in 
helium. Entrance and exit  aperture were set to 100 μm, 
limit ing the resolution to 0.8 Å, but allows good light 
throughput.  

3.2. Designing of Light Source 

In hollow-cathode light source[25-26], the atoms are 
moving at high speeds and are subjected to the perturbing 
influences of electric fields, magnetic fields and collisions 
with other atoms and ions. The broadening effects are 
associated with inter atomic collisions, and therefore 
operating the discharge tube at low pressure can reduce 
inter-atomic Stark effect, then the principal contributor to the 
observed linewidth is that due to Doppler effect. However, if 
the source is placed in a low temperature bath, and operated 
at a low current density, Doppler temperature b roadening 
can also be reduced. 

For this study, a dc run hollow cathode discharge was 
designed with two anodes on either sides of the cathode. The 
measurements were made using each anode alternately, 
which changes the direction of electric  field from 0o to 180o. 
The cathode and the anode were open ended cylinders, 
mach ined from 99.99% pure copper and joined to Pyrex tube 

and designed to be cooled below to -50℃. The lamp run at a 
very low currents of 15 mA at 300 to 350 V, which was in 
order to reduce the Doppler width. The cathode was 12 mm 
in bore and 25 mm in length with a wall thickness of 20 mm. 
The inner walls of cathode were given 2% taper towards one 
end for easy cleaning whereas six notches of size 2 × 1 × 2 
mm were machined on the outer wall. The idea behind these 
notches was to promote rapid cooling of the cathode. The 
inner diameter of the anodes was 16 mm and the lengths 
were the similar to that of cathode. The thickness of the outer 
walls was 16 mm and since the cooling of the anode was not 
required, the outer walls were left p lain. The ends of copper 
pieces were machined with a ledge on a thin lip of 5 mm so 
that the Pyrex spacers could be slip fitted inside the lip and 
butted against the edge. These lips were made with great care, 
and were as thin as possible (about 100 µm). A gap of 25 µm 
between these lips and Pyrex was made in the order to 
accommodate the difference between the thermal expansion 
of the copper and Pyrex. Helium at a pressure of usually 0.1 
to 0.4 mb continually circulated in the lamp. The pressure 
was monitored with a Pirani gauge, fixed very close to the 
lamp. The d iagram of the lamp is given in the Fig. 1. 

3.3. Optimizing the Running Condition of Lamp 

To get the best possible optical alignment of the source 
with the FTS is very crucial. A little off axial displacement 
produces non-uniform radiance on the aperture of the FTS 
and causes illumination shift[7]. Since it was not possible to 
put an external laser beam through the lamp and FTS, the 
adjustment was done by illuminating the aperture of the FTS 
with minor adjustments of the source and focused by a lens 
and then the signal at the detector was maximized.  

 
Figure 1.  Double anode lamp used in this study 
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The lamp was init ially  designed to work at Liquid  nitrogen 
temperature. Unfortunately the glass to metal seal could not 
sustain at this temperature. Therefore, with the help of an 
external fan, and by putting liquid n itrogen in  the bottom of 
the bucket, avoiding liquid nit rogen to be in  direct contact 
with the glass to metal joints, we managed to get temperature 
much below -50℃. All the interferograms recorded during 
this experiment were at this temperature. 
3.4. Data Acquisition 

Prior to all observations the FTS was evacuated to about 
10-4 mbar, which was necessary to avoid making a correction 
for the refractive index of the air and it also reduces acoustic 
noise. The modulation is maximized using a solar blind 
photomult iplier to detect a mercury spectrum dominated by 
the line at Hg (253.7 nm). The detector was a 
photomult iplier '1P28'. The signal to noise ratio in the FTS 
spectra was extremely weak for the desired line which was 
improved to 74 by 1000 coaddings. Twenty batches of 50 
co-added scans were recorded and then the spectra were 
added. Sufficiently  pure helium gas for filling the d ischarge 
tube was obtained.  

4. Results and Discussion 
4.1. Calibration for Aperture Offset 

A crude shift of 50 mK was applied as the init ial 
calibrat ion constant to compensate for the aperture offset. 
The whole pattern was shifted in steps of 0.5 mK to obtain 
the smallest residual between  the observed and simulated 
pattern. Fig. 2. is plot of the offset of the whole complex 
versus the residual left after overlapping with the 
experimental p rofile; the uncertainty in wavenumber is about 
± 1.5 mK.  

The energy level diagram, Fig. 2 shows all thirteen 
transitions between (n = 4) to (n = 3) level of ionized helium. 
A comparison of the observed line position, best-fit of all 
components with theoretical positions of each component is 

given in Table 1. The ext remely small discrepancies as given 
in column 6 imply an excellent close match. The errors on 
line positions are much smaller than the fitting lines 
individually. A fundamental test for the predictions of 
quantum electrodynamics is the calculat ion of the relative 
separations of these components. Theoretical positions 
calculated from the energy-level tables for one electron 
spectra[18] and the lsq fitted positions of line components 
relative to the component 5, 

2
7

2
5

22 FD −  of the complex are 

given in  the table. An offset of 51 mK has been applied 
before making th is comparison. The best position 
measurements of the past studies[17].recorded on 
Fabry-Perot instrument are also included in Table 1. In our 
studies the recorded linewidth of the components are about 
235 mK for the strong isolated components i.e. 5 and 8+9 
with an uncertainty of ±1.6 and ±1.3mK respectively, which 
is 8/1000 and 6/1000 of the line widths respectively. This 
indicates the high precision attained in this experiment.  

Fig. 3. shows the recording of He II, 3s, p, d −4s, p, d, f 
line complex from the double anode hallow cathode together 
with the fitted profile of line. The superior resolution and 
precise calibration allow good measurements to be made on 
all well resolved lines. After getting a satisfactory fit the 
centre of each line was measured with respect to the 
reference component 5. A lthough the low signal to noise 
ratio makes it difficult to determine the width and profile 
more accurate, the resolution was sufficient to obtain 
measurements of the more widely spaced components 10 and 
11 to the accuracy comparable with the reference[17]. For 
the component 5, ( σδσα = ) was calculated to calibrate 
the wavenumber in the spectrum, where 

observedlTheoretica σσδσ −=  . A  plots of σδσ  versus 
σ showing the effects of wavenumber correction is given in 
Fig. 4. It is interesting to note that the value of α  is almost 
the same (4 × 10-8) for the argon standards for the 
wavenumber 21300 K, and He II line (21335 K). 

 
Figure 2.  Plot of wavenumber offset versus residual left  on overlapping the experimental profile with the theoretical one 
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Figure 3.  Spectra of He II 3s,p,d-4s,p,d,f complex, observed from double anode hollow-cathode together with the fitted profile 

 
wavenumber (cm-1) 

Figure 4.  σδσ versus σ , solid line represents before applying the correction and dotted line represents after correction, taking component 5 as 
reference 

4.2. Relative Line Intensities and Positions  

The low pressure glow discharges are not a local 
thermodynamic equilibrium (LTE). The observed intensity 
of a line depends upon the population among the various 
excited states as well as the intrinsic transition probabilities 
and is affected by absorption and reemission by neighboring 
atoms. The measurements of the emission intensities yield 
the product of population density and oscillator strength, and 
if the latter is known the former can be deduced. Most past 
studies of 4686 Å have produced intensity anomalies. The 
analysis of the Roesler and Meck[16] showed a greater deal 
of sensitivity of the upper levels, especially 4s and 4p levels 
to the pressure, current and geometry of the hallow cathode. 
Bethe and Salpeter[27] have theoretically calculated the line 
intensities of one electron  spectra. However in the absence of 
LTE the population of each level depends on the balance 
between excitation and de-excitation rates and does not 
necessarily follow the statistical distributions. With different 

excitation conditions a different set of intensities may be 
observed. That was the main reason that we really aimed to 
resolve all the components of the line properly. 

The calculated statistical intensities, of all lines allowed in  
3s, p, d → 4s, p, d, f complex relative to that of, 

2
7

2
5

22 43 FfDd −  as 100 are presented in Table 2. 

Concerning the blends between components, assuming that 
all the lines would have the same recorded profile if they 
were unblended, a standard profile  of the blend (8+9) was 
determined by neglecting the small separation between 8 and 
9. Relative to the strongest component, the intensities and 
widths of the other components were allowed to vary to 
obtain best match to observed pattern, except where two 
components have the same upper level their relative 
intensities were clamped at theoretical ratios. The fitted 
FWHM of eight components, including the component 5, 
which is well resolved and with a good signal to noise ratio, 
is of the order of 235±3.2 mK, and that the width is assumed 
to be the FWHM of all thirteen components of the complex. 
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Table 1.  A comparison of the observed line position of all 13 components with theoretical positions of each components. A correction of +51 mK is applied 
to theo-exp values. (2) the errors in col.4 are calculated from the observed signals to noise ratio 

S. 
NO. 

Designations of 
components 

Theoretical Positions 
(cm-1) 

Line Position 
Observed (cm-1) 

Theo- Exp 

(mK) 
Line Position Ref[18] 

(cm-1) 
1. 2D3/2 – 2P1/2 21334.5641 21334.5131(4.8) 0.0 21334.5782(0) 
2. 2P3/2 – 2S1/2 21334.6203 21334.5693(4.6) 0.0 21334.6202(3) 
3. 2D5/2 – 2P3/2 21334.7178 21334.6668(6.6) 0.1 21334.7282(0) 
4. 2D5/2 – 2F5/2 21334.9602 21334.9192(3.2) -10.0 21334.9612(4) 
5. 2D5/2 – 2F7/2 21335.0822 21335.0312(1.6) 0.0 21335.0822(3) 

6. 
7. 

2P3/2 – 2D3/2 
2D3/2 – 2P3/2 

21335.2921 
 

21335.2963 

 
21335.2405(6.1) 

0.6 
4.8 

 
21335.2992(5) 

 

8. 
9. 

2P3/2 – 2D3/2 
2D3/2 – 2F5/2 

21335.5361 
 

21335.5361 

21335.4866(1.3) 
 

21335.4866(1.3) 

 
-1.5 

 

 
21335.5358(1) 

10. 2S1/2 - 2P1/2 21336.1572 21336.1061(8.9) 0.1 21336.1635(3) 
11. 2P1/2 – 2S1/2 21336.3557 21336.3047(8.7) 0.0 21336.3574(4) 
12. 2S1/2 – 2P3/2 21336.8893 21336.8383(4.4) 0.0 21336.8954(3) 
13. 2P1/2 – 2

D3/2 21337.0275 21336.9765(3.9) 0.0 21337.0304(3) 

Table 2.  Statistical intensities of all lines allowed in 3s,p,d-4s,p,d,f complex relative to that of 3d2 D5/2 – 4f2 F7/2 to as 100. The FWHM of all components is 
assumed to be 235 mK  

S. No. Wavenumber 
(cm-1) Statistical Observed 

1. 21334.5131 1.13 2.92 
2. 21334.5695 2.22 28.12 
3. 21334.6668 0.63 2.05 
4. 21334.9192 5.00 4.03 
5. 21335.0312 100 82.23 
6. 21335.2405 4.25 6.12 
7. 21335.2405 0.13 4.16 
8. 21335.4866 38.28 51.52 
9. 21335.4866 70.00 57.33 
10. 21336.1061 5.56 10.54 
11. 21336.3047 1.11 14.12 
12. 21336.8383 11.12 21.01 
13. 21336.9765 21.27 21.73 

 

4.3. Linewidth and Shifts 

In a real light source, the effects from inter-atomic 
collisions and Stark effects can be reduced by operating the 
discharge tube at low pressure and current. The remaining 
contributor to the broadening that is left is called the Doppler 
effect, where the Doppler FWHM is 

M
Tv

M
RT

c
v

vD 0
70 1016.72ln22

×==δ     (9) 
Since the width of the line is directly proportional to the 

square of temperature, p lacing the light source in a low 
temperature bath, and operating it at very low current the 
Doppler width may be reduced. In the case of helium ions, 
earlier attempts to reduce the Doppler width have been 
unsuccessful[16]. Roesler and De Noyer[28] have postulated 
a small residual electric  field within the hallow cathode 
discharge. This field accelerates the ions away from the 
anode during their decay. Our light source is designed with 
two identical cylinders and either cy linder could be made as 
anode, which changes the direction of electric field from 0o 
to 180o to anode-cathode-axis. Several spectra have been 

taken and a shift has been observed for the strongest 
component 5(

2
7

2
5

22 FD − ) of He II 4686 Å and He I line 

4713 Å ( )1
3

0
2 42 SsPp − . We define the shift to be positive 

when the shift implies a motion o f the ion towards the 
spectrometer. A very s mall shift in the neutral helium lines 
shows consistency with the explanation that the Doppler 
shift of neutral atomic line is caused by momentum transfer 
from electrons, which drift opposite the field direction. The 
importance of the drift shift is its effect on the determination 
of the correct wavenumber, and obviously measurements 
taken with the field direction alternatively towards and away 
from the spectrometer must be averaged. The summarized 
results for the components having reasonable signals to noise 
ratio of He II 4686 Å, He I 4713 Å and Norlen's Ar II 
standards observed during this experiment are p resented in 
Table 3. The plots represent calibrat ion lines with respect to 
selected lines of Norlen's Ar II standards and spectrum on 
observing the He-Ar lamp in two d irect ions i.e. 0o to 180o to 
the anode cathode axis are g iven in Fig. 5. The positive shift 
implies a motion of ions away from the anode, which can be 
considered as significant shift.
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Table 3.  Drift  Shift observed in the components of He II complex, He I line and Norlen’s argon II standards 

Sr. No Wavenumber 
(Cm-1) (average) 

Line 
identification S/N FWHM 

(mK) 

Shift in line position by 
swapping anodes 

(mK) 

Errors in line position
( )NSFWHM 2  

1 21335.0312 He II 82 235 19.5 ±1.4 
2 21335.4866 He II 51 235 130 ±2.2 
3 21335.4866 He II 57 236 12 ±2.0 
4 21211.2767 He I 132 231 2.6 ±0.9 
5 20486.6411 Ar II 207 119 1.4 ±0.3 
6 20801.4119 Ar II 103 107 1.9 ±0.5 
7 20981.0749 Ar II 286 121 3.5 ±0.2 
8 21149.7271 Ar II 141 120 0.2 ±0.4 
9 21462.8755 Ar II 181 123 0.9 ±0.3 

10 21831.0314 Ar II 105 123 0.4 ±0.5 
11 21995.7707 Ar II 285 121 1.0 ±0.2 
12 22587.407 Ar II 150 115 1.3 ±0.4 
13 22992.2707 Ar II 177 115 1.6 ±0.3 

 
Wavenumber (cm-1) 

Figure 5.  Plot showing σδσ versus σ , here ( )ObservedNorlen σσδσ −= . Plot represents the selected Norlen’s standards and on observing 
He-Ar lamp in two directions i.e. 0° and 180° 

4. Conclusions 
Excellent relat ive wavelength accuracy is available with 

relative ease in FT-spectroscopy, however accurate 
wavenumber calibration requires major d ifferences in 
experimental strategies. The stability of He II 4686Å lines 
has been investigated concerning the limiting uncertainty 
involved in calibrat ing FTS spectra by using a single 
calibrat ing factor to the entire optical frequency range. The 
whole complex or some of its components could provide 
excellent line calibrat ion factor for FTS spectra. A 
comparable precision with respect to previous work has been 
obtained. Despite the rather larger Doppler widths, the 
calibrat ion accuracy using this line is about 1 mK. 
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