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ABSTRACT  
 
An infrared tunable diode laser absorption spectrometer measuring trace moisture in air has been compared 
against the Low Frost-point Generator (LFG) of the UK National Physical Laboratory (NPL).  The comparison 
between the two instruments followed on from earlier work described elsewhere at this conference, and took 
place during the course of the validation of the LFG in a trial phase of its operation down to frost points as low 
as -100 °C (volume fraction of about 15 parts per billion (ppb)). In the form tested, the spectrometer performed 
with a resolution of better than 2 ppb, and demonstrated high linearity relative to the LFG, making it a highly 
useful tool for validating the performance of the generator. Conversely, the LFG measurements gave valuable 
information on the accuracy and repeatability of the spectrometer. The spectrometer and the LFG showed 
combined reproducibility of better than 12 ppb over a time period of three months. The measurements also 
demonstrated that the spectrometer had a significant offset of 215 ppb. A possible cause is thought to be captive 
water vapour within the photodetector of the spectrometer. 
 
 
1. INTRODUCTION 
 
Ever lower trace levels of moisture are demanded by electronics manufacture [1], and by the 
supporting pure gas supply industries, and for monitoring of atmospheric chemistry [2,3]. 
Measurements at concentrations of a few parts per billion (and below) are needed, as are calibrations 
to ensure their accuracy. This drives the development of robust and fast-responding trace moisture 
instruments, and of calibration facilities addressing as much of the trace moisture range as possible. 
 
The requirement for measurement traceability for the trace moisture range in the UK has in part been 
addressed by the development of a Low Frost-point Generator [4] at the UK National Physical 
Laboratory. The techniques employed in extending the generators range down below 1 part per million 
(ppm) have been based on knowledge and experience in the existing range down to 1 ppm. However, 
to confirm the expected performance it is valuable to have a fast-responding hygrometer to 
characterise and monitor the standard, and to enable comparisons between the LFG and other 
standards. 
 
An infrared tunable diode laser absorption spectrometer measuring trace moisture in air was developed 
under a collaborative EC-funded project (ASTHMEG – Absorption Spectrometer for Trace Humidity 
Measurement in Gases), as a laboratory instrument for measuring trace moisture content from 
concentrations of a few ppb up to tens of ppm. Project partners in five European countries made 
measurements charting the stages of incremental development of the spectrometer. At the completion 
of this project, further developments were carried out by NPL. The subsequent testing of this 
instrument also presented an opportunity to confirm aspects of the performance of the LFG. 
 
 



2. DESCRIPTION OF THE ABSORPTION SPECTROMETER 
 
In absorption spectroscopy, the laser intensity I transmitted through a sample of gas of path length L is 
given by I0exp(-αL), where I0 is the incident intensity and the absorbance is αL. This equation can be 
linearized for αL « 1. The absorption coefficient α is given by the product of the water vapour 
molecular number density N and the absorption cross section σ: 
The ASTHMEG spectrometer is a free-space optical system, using a distributed-feedback (DFB) diode 
laser at 1393 nm [6], and two-tone frequency modulation spectroscopy (TTFMS) [7]. Its operation is 
described in detail in [8,9]. This wavelength was chosen because it is both strong and well isolated, 
with low cross-sensitivity to other gas species, and also because of laser diode availability.  
 
A schematic diagram of the spectrometer system is shown in Figure 1. The diode laser and free-space 
beam-steering optics are mounted in a sealed pre-chamber which is purged with dry gas to reduce the 
effect of desorption from the optical components and therefore reduce any effect on the signal arising 
from water vapour outside the measurement cell. Light from the DFB diode laser enters a multi-pass 
White cell [10], with an optical path length of 10 m, and a volume of 0.75 l. The light exiting the cell 
is re-focused onto the detector and the output from this detector is then de-modulated to give the 
TTFMS signal.  
 
The laser diode is controlled remotely using a computer, which is also used for data collection and 
signal processing. The diode laser is repeatedly current-scanned and the TTFMS detector output is 
divided by the transmitted power to give a spectral profile. A number of these profiles (typically 90) 
are then averaged to give improved signal-to-noise ratio. The averaged profile is fitted to a stored 
reference spectrum and the number density of water vapour (and hence the volume fraction) is inferred 
from the signal size using a calibration curve determined by comparison with the LFG.  
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Figure 1: Schematic diagram of the ASTHMEG Spectrometer 



The gas connections to the cell are CAJON VCR type fittings with internally electro-polished stainless 
steel tubing to reduce the effects of desorption, leaks and trapped moisture. In all other areas 
hygroscopic materials have been avoided wherever possible. 
 
Since at controlled pressure the gas is free to expand under heating, the number density falls with 
increasing temperature. Thus it is important to temperature-stabilize the White cell walls in order to 
achieve good reproducibility. Temperature also affects the optical components. In order to characterise 
the signal size dependency on temperature effects, the original free-space spectrometer was modified 
by the addition of heaters and thermistors to the external surfaces of the sample cell walls, and also to 
the electro-optic modulator, and detector module. This enabled the three components to be 
independently temperature-controlled. In addition, the original 1 watt RF amplifier was replaced with 
a 3 watt amplifier, increasing the sensitivity of the spectrometer. The results reported here were 
obtained after the change in amplifier, and during the implementation of temperature control. 
 
 
3. DESCRIPTION OF THE NPL LOW FROST-POINT GENERATOR 
 
The humidity standard facility at NPL is based on humidity generators which saturate gas with water 
vapour at controlled temperature and fixed pressure. The dew-point and frost-point capability has been 
validated in the range from –75 °C to + 82 °C and has been in experimental use down to –100 °C. The 
humidity generators are supported by a Primary Gravimetric Hygrometer [11], which measures the 
mixing ratio of a sample of gas by separating and weighing the moisture and the carrier gas. 
 
A schematic diagram of the NPL Low Frost-point Generator is shown in Figure 2. The LFG consists of 
a conditioning coil and a saturator coil immersed in a bath of fluid whose temperature is carefully 
controlled. Gas (usually air, but other gases can be used) is introduced into the conditioning coil where 
its temperature is reduced to that of the frost-point temperature to be generated. The gas then enters the 
saturator coil where it passes over surfaces of ice and becomes saturated with water vapour at the 
temperature of the gas/ice interface. The temperature of the gas is measured at saturation, and this 
defines the “frost-point temperature”. The gas is then supplied to hygrometers being calibrated or used 
for monitoring, and is exhausted to atmosphere.  
 
To minimise the load on the saturator and to reduce dependence on its efficiency, the inlet gas is pre-
saturated to approximately the required moisture content, using a flow-mixing pre-saturator. This pre-
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Figure 2: Schematic diagram of the NPL Low Frost-point Generator 



saturator mixes dry gas with wet gas in a double dilution system using an optical dew-point 
hygrometer to measure the output.  
 
Access ports around the saturator allow for purging of critical areas. These are also used for priming 
of the saturator using a moist air stream to carry water vapour which is then deposited as ice within 
the saturator.  
 
In validating the LFG, a high degree of confidence has been gained from the overlap in the range with 
the existing Standard Humidity Generator (SHG), and from the history of intercomparisons between 
the various NPL standard generators. A comparison between the LFG and the SHG using two optical 
dew point hygrometers has shown good agreement to better than 0.05 °C. 
 
 
4.  MEASUREMENTS  
 
A frost-point generator and a spectrometer measuring moisture concentration have complementary 
properties. The NPL Low Frost-point Generator is a well-characterised national primary standard. 
Small observable changes in generated frost-point correspond to very fine discrimination in terms of 
parts per billion. At –100 °C (15 ppb) an easily resolved step change in frost-point temperature of 
0.1 °C corresponds to as little as 0.3 ppb. On the other hand, the spectrometer has a fast response time 
even at low trace moisture levels (unlike condensation or electrical hygrometers), and its principle of 
operation can be expected to give a highly linear characteristic. Therefore each has some advantages 
that can be used in characterising the other. 
 
The output signal from the spectrometer was compared against the generated condition from the LFG 
over a range of concentration values from a volume fraction of about 15 ppb (–100 °C ) to 1 ppm 
(-75 °C) a number of times during a three month period in order to assess reproducibility and other 
characteristics of the combined systems. The gas flow rate was at least 0.5 l min-1. The sample gas 
pressure was 105 ±0.1 kPa. 
 
 
5. RESULTS 
 
Figure 3 shows a graph of the intercomparison results over three months at frost points between -75 °C 
and -100 °C (about 1 ppm to 15 ppb). Conversion of the generated frost point to volume fraction 
(water vapour concentration, ppm) was made using formulae by Sonntag [13]. The uncertainty in 
generated volume fraction (at k = 2) ranged from about 2 % of value (about 20 ppb), near 1 ppm, to 
about 20 % of value (3 ppb) near 15 ppb. 
 
For a 50 s averaging time, the system displayed a sensitivity of 1.6 ppb, with a reproducibility of 5 ppb 
over a period of one month (defined as the estimated standard deviation of the residuals from a straight 
line fit to the data). The signal-to-noise ratio was dominated by the photon noise of the laser source, 
and this displayed a white noise characteristic.  
  
Over a period of three months a set of comparison measurements were made, during which the 
spectrometer was removed from the LFG laboratory and later re-introduced. The data shown on the 
graph were over the full three-month period, not in any systematic sequence of frost points, and 
therefore the scatter of the graph represents the combined reproducibility between the two systems. 
This reproducibility was found to be 12 ppb. The spectrometer showed a linearity of response better 
than 1% for these measurements. 
 
A systematic offset corresponding to 215 ppb was observed which remained constant with temperature 
over the period of the tests. 



 
 
6. DISCUSSION 
 
The intercept of the fitted straight line with the y-axis, shows a background signal associated with the 
spectrometer. The systematic offset corresponding to 215 ppb remained constant with temperature 
over the period of the tests. Previous measurements [5] at the outlet of the spectrometer demonstrated 
that the cause was not stray moisture released into the sample gas stream by the instrument. The offset 
is believed to result from residual water vapour trapped in the can of the photodiode during its 
manufacture. In future work, it would be desirable to understand and eliminate this systematic offset. 
 
The good linear agreement between these two instruments operating on completely different principles 
gives a degree of confidence in both. These results are particularly encouraging at the low extreme of 
the measured range. At this level, desorption and leaks become the dominant contributions to the 
uncertainty of most measurements, and become increasingly difficult to quantify experimentally.  Any 
systematic error directly related to frost-point temperature would show as a deviation from linearity in 
the graph of these results. The highly linear relationship suggests there is not a large dew-point-related 
error, and that any error due to desorption is either small or similar in magnitude for both the LFG and 
the spectrometer. 
 
 
7. CONCLUSION 
 
A trace moisture spectrometer has been evaluated by comparison with the NPL Low Frost-point 
Generator. In tests over the moisture range 15 ppb to 1 ppm, the spectrometer displayed a short-term 
sensitivity of 1.6 ppb (1.6 parts in 109) for an averaging time of 50 s, and a combined reproducibility 
against the frost point generator of 12 ppb over a period of three months. 
 

Figure 3: Graph of results of comparison of the ASTHMEG spectrometer against the NPL Low 
Frost-point Generator 
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The spectrometer has proven a valuable tool for exploring the performance of the LFG in trial 
operation down as low as –100°C. There remains an unresolved question over the offset of 215 ppb. 
However, if long-term stability can be demonstrated the spectrometer would have potential in many 
trace moisture applications, including use as a transfer standard for humidity calibration laboratories.  
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