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HYDROGEN GAS STANDARDS USING LASER RAMAN SPECTROSCOPY

[INTRODUCT LON

Gas standards may be prepared gravimetrically or by pressure-volume-
temperature (PVT) wmethods. Instruments designed for the detection and
quantitation of these gases must be tested for instrument reliability and
eventually for calibration. As a check on both PVT techniques and instru-
ment reliability, a third approach is desirable.

For the detection of diatomic molecules, such as hydrogen (H,), Raman
spectroscopy offers several distinct advantages over other instrufental
techniques. Sample preparation is quite simple. A given quantity of gas
can be made up (100%) to a certain pressure, and the spectrum measured.
Dilutions of this sample and subsequent spectra allow for correlation of
concentration with Raman intensity. The fact that concentration and
Raman intensity are directly proportional greatly aids in this correlation.

The Raman spectrum of Ho is composed of two regions: a pure rotational
region between 0-600 cm-1, and a vibrational-rotational region in the
4000-4200 cm-1 region. For intensity measurements the Q-branch at 4155 cm-]
is used, this being the strongest band in the spectrum. Thus, the purpose
of this report is to describe a simple technique for calibrating different
concentrations of Hp gas for instrument reliability tests. The results will
serve as another check on calibration values or as an alternative to other
calibration methods. This will aid in areas in which Air Force operations
require determined levels of gases, in particular hydrogen, to be monitorved.

EXPERIMENTAL PROCEDURE

Research grade hydrogen (Ho) was used in the preparation of the gas mix-
tures. Three mixtures were used: 100%, 1= (in N2), and 0.1% (in N2). Hy-
drogen mixtures were prepared by standard PVT techniques; sampling tanks
were filled to approximately four atmospheres. These tanks were connected
to a high-vacuum glass line. The vacuum Tine contained a Wallace/Tierner
pressure gauge and the multipass Raman gas ceil. The entire system was
evacuated under a hard vacuum (>10-4 mm Hg). Approximately 0.66 atmos-
pheres of Hp were deposited in the gas cell. The cell was removed and
placed in th sample compartment in the spectrometer.

A Cary Model 82 Raman spectrophotometric system was used for measuring
the spectra. For an excitation souyce a Spectra Physics Model 170-03
argon-ion laser was used; the 5145 A line was used. Laser power output was
monitored with a Cary laser power meter measured at the sample.
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In Figure 1 is shown
urements. The laser beam is deflected 90° by a right-angle prism and
tirectod vertically upwards through a 209-mm focal-length lens. The beam

pe wultipass apparatus used for these meas-

o its first traversal barely clips the bottom mirror and hits the top

mirror close to the center the beam 1s made to reflect many times from

each mirror (mu'tipassing) by a procedure involving the adjustment of the
ace between the two mireor mnd by properily tilting the mirrors. This

procedure 15 repeated with the yas cell in place for proper multipassing
adjustment. This 15 necessary since the separationof the mirrors is a
function of the index of refraction of the sampie. The multipassing
technique is designed to increase the signal input to the spectrometer.
The usual gain achieved for a typical gas i1s between a 10-14 factor im-
provement. The sampling state consists of four micro-positioned trans-
lation platforms; the bottom two adjust the multipass apparatus while the
top two adjust the cell position. Light scattered at 90° is collected by
1 fast fens and transferred to the spectrometer. In Figure 2 is shown
the gas cell mounted 1n 1ts holder. The optical flats are set at the
Brewster angle. The beam traverses the long axis of the cell while the
scattered radiation is collected out the side of the cell. The backing
mirror provides only very little improvement in signal response for gases.

RESULTS AND DISCUSSION

[n Figure 3 is shown the complete Raman spectrum for H2 for the spec-
tral region, 0-4400 cm-!. The spectral assignment for the various bands
has been well documented and discussed (1). The four low frequency bands
appearing at 355, 586, 816, and 1035 cm~! are pure rotational bands corres-
ponding to changes in the rotational energyv levels in the H2 molecule.

The selection rules for pure rotational enecrgy level changes in the Raman
effect are AJ=0, + 2. The observed bands can be assigned as follows:
355(J,0-2); 586(J,1-3): 8l6(J,2-4); 1035(J,3-5). All of these transitions
correspond to v=0 (the lowest or ground vibrational energy level). The
strongest rotational line is the 586(J,1-3) cn=1 band. The higher fre-
quency bands, occurring at 412¢, 4143, 4155, and 4161 cn=1, are vibration-
rotation bands. These correspond to rotational energy level changes be-
tween the vibrational energy states, v=0 and v=1. These bands can be
assigned as follows: 4161(J,0-0): 4155(J,1-1); 4143(J,2-2); 4126(J,3-3).
A1l of these transitions correspond to v=0 > v=1l; also, these are labelled
as Q transitions since they 1nvolve AV=1 and AJ=0. The strongest band
here is 4155(J,1-1) em=1. These bands can be seen more easily in Figure

4 where the frequency scale has been increased to allow more separation
between the observed bands. For the 4155 cm=! band the full bandwidth at
half-max (FBWHM) is approximately 1 cm=1. Compared to other gases hydro-
gen exhibits an extremely narrow band spectrum; this is due mainly to its
Tight molecular weiaht and simple qumetrv (homonuclear diatomic, point
group symmetry = D). The 4155 cm=! band being the strongest in the
entire spectrum was chocon os the calibration line for hydrogen. No other
gas exhibits a gas phase frequency close to this band; thus, its position
is ideal for mixtures inveolving a multitude of gases.

1. Teal, G. K., and 6. Y. MacWood. The Raman spectra of the isotopic
molecules H->, HD, and D», Chem Phys 3:760 (1935).




In Figures 5-11 are shown the results for the concentration meas-
urements for 1005, 1%, and 0.1% Ho. In a series of concentration
measurements all instrumental parameters must be maintained constant for
each recording to obtain accurate and reproducible results. For the dura-
tion of an experiment the laser power level at the sample was monitored
and found to remain constant to within + 5 mW. This small variation has
a negligible effect on intensity changes actually observed. Gas-fiil
procedures did not introduce any appreciable error since the pressure
readings were very reproducible. The multipass gas cell was held in
position by a cell holder. Actually small changes in the cell's position
had very lTittle effect on the intensities. In a series of experiments
for one concentration the spectral bandwidth, period, scan speed, and
laser power were constant; spectral bandwidth was increased for the 1%
md 0.1 hydrogen mixtures.

Figure 5 shows the results obtained for the 100% H2 sample for vari-
ous spectral bandwidths (SBW) at constant gain and iaser power. The
bandwidths were increased from 1 em=1 to 10 em~ 1. These values are
actually related to resolution of component bands. To a first approxi-
mation a 1 cm-! bandwidth would allow resolution of two bands 1 cm-1 or
more apart. The effect of bandwidth on the structure of the H2 vibration-
rotation modes is easily and dramatically displayed in this figure. At
1 cm=1 SBW all four bands are easily identified; however, as the SBW
values are increased the 4161 cn-! band slowly disappears as does the
143 em-! band, For the 4155 cn-1 band the FBWHM increases from 2 cm-!
at SBW = 1 em-! to 13 cm‘f at SBW = 10 cm“i The relationship between
spectral bandwidth and Raman intensity is shown in Figure 6. This is a
plot of Raman intensity for the 4155 cm-! band vs, spectral bandwidth.

As can be seen, this is a linear relationship for the spectral bandwidth
between 1 and 10 cm-1. The standard relation between spectral band-
width and intensity is that by doubling the bandwidth, the intensity in-
creases by a factor of four. From the graph here for H2, this is clearly
not the case; the intensity for Ho increases at a much slower rate.

Figure 7 shows the recordings for 1000 Ho at a SBW = 1 em-1 and a
gain of 200,000, 20,000, and 2,000 counts/sec. The peak height intensity
for the 4155 cm=1 band is shown. The gain factor and Raman intensity
show the predicted trend: a tenfold increase in gain results in a tenfold
increase in Raman intensity. The gain setting at 200,000 counts/sec pro-
duced an intensity of 6.0 while the gain setting at 20,000 counts/sec
gave an intensity of 60.7. For the gain setting of 2,000 counts/sec the
Raman intensity for this band was off-scale. However, for the 4126 cm-
band, intensities were measured for each of the three gain settings. For
the settings of 200,000, 20,000, and 2,000 counts/sec, intensities meas-
ured were 0.9, 9.0, and 89.0, respectively. Again, there is good agree-
ment, even for the lowest and highest gain settings (this being a factor
of 100). These three gain settings were recorded in order to verify the
standard rule regulating gain and intensity so that different concentra-
tions could be recorded under similar gain settings and the intensity
would relate directly to concentration. For example, if a 17 H2 mixture
were recorded under the same gain settings, then the results for the




4125 cm- 1 band should be as follows: for gain settings of 200,000,
20,000, and 2,000 counts/sec, intensities are 0.009, 0.09, and 0.9,
respectively. Clearly only the high gain setting would give a measur-
able intensity. This low intensity would indicate the need to increase
the spectral bandwidth as indicated in Figure 6 and also the need to
monitor the more intense 4155 cn-1 band. Th$ 1 H2 mixture is shown in

Figure 8 for the spectral bandwidth of 1 em~! and gain settings of
200,000, 20,000, and 2,000 counts/sec. The only really measurable Raman
intensity comes from the 2,000 counts/sec measurement. Here we observe
an intensity of 6.0. In Figure 7 we observed an intensity of 60.7 for
the 100 Hp at a gain setting of 20,000 counts/sec. The corresponding
2,000 counts/sec intensity reading would have been approximately 607.
Clearly a 1. H2 mixture would then give a reading of 6.07. This is very
close to that actually observed. Thus, assuming the 100% H2 concentra-
tion to be accurate the 1. Ho concentration tested was shown to be accu-
rate also. this being based on the observed intensities. As an addi-
tional check on the 1. Ho sample, this sample was recorded at a

spectral bandwidth of 8 cn-1 (Fig. 9). For gain settings of 20,000

and 2,000 counts/sec, measurable intensities were obtained: at 20,000
counts/sec, I=8.5 and at 2,000 counts/sec, 1=82.0. There is good agree-
ment between the two gain settings and the intensities. Also, there is
excellent agreement in_intensity increase for the spectral bandwidth in-
crease from 1 to 8 cn=1. This can be seen by comparing the appropriate
bandwidths in Figure o.

The Tast H2 sample recorded was the 0.1% mixture. The results are
shown_in Figures 10 and 11. 1In Figure 10 the spectral bandwidth was
1 e~ and the gain settings as usual. No measurable intensities were
obtained with these settings: therefore, the bandwidth was increased to
8 em=1 (Fig. 11). Intensities are observed for gains of 20,000 and
2,000 counts/sec. These were 1.2 and 12.4, respectively. Between the
two gain settings there is good agreement. However, by a comparison be-
tween the 1. intensity values and these intensity values there appears
to be some discrepancy. The 1. H2 values were checked against the 100%
H2 values and found to be quite accurate; it is thus assumed that the 1%
H2 values are also accurate. With this assumption, the 0.1% Hp values
appear to be high, indicating a concentration greater than 0.1%.. If the
0.1% Hz concentration were accurate then the Raman intensity for the gain
of 2,000 counts/sec should have been approximately 8.2: this is compared
to that actually observed, 12. C(learly Raman has detected an error in
a standard which would have been used to calibrate a Hp detection instru-
ment. The approximate concentration to which this corresponds is 0.15%.
The error, based on the reproducibility of the recordings and the gain
vs, intensity relationships, is + 0.05%.

[t has been shown by measuring the Raman spectra of three concen-
trations of hydrogen that accurate estimates of these concentrations can
be obtained quickly, easily, and without recourse to highly sophisticated
instrumental techniques. Raman offers the advantages of no spectral
interference for H2 and ease of gas sample preparation. For sample
concentrations of 0.1 or higher, Raman offers a routine recording capa-
bility. Below this concentration, higher laser powers, larger spectral




bandwidths, and higher gains would have tQ be employed. Theoretically,
by using a gain of 200 counts/sec, 20 cn~! SBW, and laser power of 4
watts at the sample, the lower detection limit would be 0.001%; this
would give an intensity of at least 12.
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