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Abstract

Of the techniques described and investigated, coherent anti-Stokes

Raman scattering (CARS)

and laser Raman scattering (LRS)

spectros-

copies, the latter method proved to be more amenable to routine

measurement of hydrogen isotopic species.

It is shown that an

available LRS instrument, with some improvements, could attain

estimated relative standard deviation reproducibilities of 0.1 -

0.3% for major hydrogen components, an order of magnitude improve-

ment over previously reported laser Raman analytical observations.

Gases present at less than 0.1% of a sample could be observable

with relative precisions as small as 2.4%.

A system designed to

obtain these results is proposed and discussed in detail.

Introduction

The goal of this work is to improve upon
the accuracy of routine analytical tech-
nology [1l] for analysis of hydrogen iso-
topic speciz2s. A precise and sensitive
method is desirable. Several techniques
have been considered. Recent emphasis
has been placed on spectroscopic methods
that will complement current mass spec-
troscopic capabilities. The hydrogen
"isotopic species produce infrared spectra
only at pressures [2] too high for routine
analytical work; it was thus desirable to
consider optical techniques for which the
selection rules predict activity for the
hydrogen-hydrogen stretching mode. Two
likely techniques are coherent anti-Stokes
Raman spectroscopy (CARS) and laser Raman
scattering spectroscopy (LRS). Results
of experiments using these techniques

are presented with appropriate background
information. A proposal for the use of

a laser Raman system for routine analysis
of hydrogen isotopic species is also dis-

cussed.

Laser Raman Scattering
Spectroscopy (LRS)

History

The Raman effect was discovered in 1928 by
C. V. Raman in India [3] and Landsberg and
This old tech-

nique has been used almost exclusively for

Mandelstan [4] in Russia.

determination of molecular spectroscopic
parameters and molecular structure. Its
use for the routine quantitative analysis
of hydrogen isotopic species with re-
sults comparable to those of mass spec-
troscopy has been proposed [5] but not
previously demonstrated. Some of the de-
velopments that have made quantitative
analysis of gases possible are discussed

here.

The earliest Raman work concerned liquids
and solids; but, in 1929, Rasetti [6] re-
ported the rotational Raman spectra of

simple gases: Ny, Oy and H,. After the



early interest, little was published in
the field of Raman spectroscopy of gases
during the years 1935 through 1951. This
lack of activity resulted from one ex-
perimental problem: Raman scattering
from gases is a weak effect. A resur-
gence of interest resulted in the early
1950's with the development of the high
intensity mercury lamp called the "Toron-
to Lamp"[7]. Using the 4358R line from
this lamp, rotational Raman spectra of
gases at moderate pressures could be
photographed with spectrographs and ex-
posure times of several hours. The vi-
bration-rotation spectra required both
higher pressures and longer exposure
times. Most of the work during this
period concerned the accurate measurement
of vibrational frequencies for a number
of molecules. Another innovation of

this period was the use of reasonable

quality photomultipliers.

The development that revolutionized the
entire field of Raman spectroscopy was
‘"the use of the laser as a Raman excita-
tion source [8]. The narrow line widths
of lasers are particularly helpful in

the study of gases, since the transitions
under study are sharp. Furthermore, the
high directional power available with
laser sources permits the possibility of

measurements using small gas volumes.

Two other developments have aided quanti-
tative determinations by laser Raman
scattering spectroscopy (LRS). To in-
crease intensity-to-noise ratios of in-
herently weak signals, the use of photon
counting detection was introduced in the
late 1960's. In addition, in the mid-
1970's, lasers were produced with elec -
tronic feedback mechanisms that permitted

the laser power to be controlled to 0.5%.

In 1974, Setchell and Ottesen [5] first de-
tailed the use of LRS for the quantitative
analysis of hydrogen isotopes. Their
experimental system made use of a very
large light trapping cell designed by

Hill and Hartley [9]. This multipass

cell made the detection of small partial
pressures possible. However the cell

was of such a large volume, 24 liters,
that it could not be used when only a
limited amount of gas was available. The
solution to this problem was suggested by
Setchell and Ottesen and had been reported
in 1972 by Kiefer et al. [10], who de-
veloped the external multipass illumina-
tor shown in Figure 1. The sample cell
has a volume of 3 cc. A gain factor of
about 20 can be obtained with the multi-

pass arrangement over a single-focused

M2
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—
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-~ —
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Lo &
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Laser beam

FIGURE 1 - Schematic of Raman multipass
system. Spherical mirrors M;, M, with
radii of 4 cm and diameters of 2.5 cm, M;
with a radius of 4 cm and a diameter of

5 cm. Lenses L;, L, with a focal length
of 5 cm. GC - gas cell.



laser beam. The limit of detection and
signal reproducibility indicated by
Setchell and Ottesen for their systems
can now be extended to samples of

limited size. Harney et al [1ll] have
made use of similar instrumentation for
the analysis of trace isotopic species

in nitrogen and oxygen. The relative
reproducibility of data obtained was 2-3%
for species present at 0.4 to 0.8% of

sample.

Raman intensities

The radiant intensity (power per unit
solid angle) of the scattered Raman
light for a particular transition is,
by definition,
" do

ITraman = VWV 3o ILASER, (1)
where N is the number of molecules per
cm3, do/d is the differential Raman
is the laser beam

LASER
irradiance (power/unit area), and V is

cross section, I

“the volume from which the scattered
photons are observed. The Raman inten-
sity for a particular transition is thus
directly proportional to both laser
power and concentration. Previous work
[5] with hydrogen isotopes involved about
1 W of argon ion laser power at 4880R.
Today, 6 W of power are readily available

(and even 15 W at considerable cost).

An important relationship exists between
the differential Raman cross section and
the frequency of the incident light,
specifically:

do

aﬁc’c \)10. (2)
This means that incident radiation in the
visible spectrum will give stronger Raman

signals per incident photon than near

infrared radiation and that ultraviolet
radiation will give stronger signals than
visible radiation. Thus, the detection
limit for hydrogen isotopes could be ex-
tended by using a laser with output in the
ultraviolet. Unfortunately, stable ultra-
violet lasers are readily available with
only about 1 W at 3638R%. Undoubtedly,
higher-power ultraviolet lasers will be

developed in the future.

Equation 1 predicts a linear relationship
between Raman intensity and concentration.
Quantitative measurements [12, 13, 14, 15]
are made by measuring the Raman line in-
tensities of the specie of interest at
several known concentrations, thus de-
scribing a calibration plot. The Raman
signal for an unknown amount of specie
can then be measured, and observed
precisions have been reported as low

as 3% [14, 15].

Spectra of H2 isotopic species

Two types of spectra can be observed by
Raman spectroscopy for hydrogen (HZ)’
namely, the pure rotational spectrum and
the vibration-rotation spectrum [16].

The pure rotational spectrum was observed
in 1929, but no attempt to use this spec-
trum for quantitative analysis has been
reported. The rotational spectrum is
stronger than the vibration-rotation
spectrum and may be useful for quantita-
tive analysis of hydrogen isotopes under

conditions of high resolution.

For this report, we are primarily inter-
ested in the vibration-rotation spectrum
because of the wide separation between
bands. Figure 2 is a composite of pre-
dicted Q-branch bands of the hydrogen iso-
topic species [5], assuming the wavelength
of the incident laser light is 4880R& and
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FIGURE 2 - Raman Q-branch bands of isotopic hydrogen molecules. D-deuterium, H-hydro-
gen, and T-tritium.

the spectral resolution is 5;. S- and LRS for quantitative analysis of hydrogen
~O-branch lines also exist, but these are isotopic species. They predicted that
weak compared to the Q-branch and are not the relative 30 statistical error in
shown in this figure. The minimum separa- measuring H, at a partial pressure of
tion of “70R (194 cm~1l) occurs between HT 38 torr corresponds to 0.285%. However,
and HD. Such a separation is easily re- they did not extend their studies to mix-
solved with available spectrometers. The tures containing all isotopic components;
ease of spectral resolution of the Q- nor was their analysis based on a consid-
branch spectra of hydrogen species makes eration of all system errors such as laser
LRS very attractive for isotopic analysis. stability. But a similar proposal [11],
Although interference could arise from based on somewhat more sophisticated in-
the bands of other molecules overlapping strumentation predicted an accuracy of
those of hydrogen in the mixture of in- 0.1% in the determination of hydrogen/
terest, the percentage of impurity gases deuterium isotopic ratios.

is often sufficiently small (<1%) that

interference is not a problem. Coherent Anﬁ'StOkeS Raman
Quantitative measuremen

i : i ts for Spectroscopy (CARS)
hydrogen ISOtOpIC species
As mentioned previously, Setchell and Coherent anti-Stokes Raman spectroscopy
Ottesen [5] first proposed the use of (CARS), one of a number of nonlinear



Raman processes that have developed in
recent years with the availability of
lasers, has been used by Regnier and
Taran [17] to measure H, concentrations
in N, from 10 to 10° ppm. Based on
these and similar results [18, 19] the
decision was made to investigate CARS as
a technique for measuring hydrogen iso-

tope concentrations.

Recently, an excellent review of CARS has
appeared [20]. Using this technique,

two relatively high-powered (typically
pulsed) laser beams, at angular frequen-
cies Wy and wg, are focused together in

a sample. As a result of mixing the two
lasers, a coherent Raman beam, which re-
sembles a low-intensity laser beam at
frequency W 2 2w1—ms, is generated in
the medium. The efficiency of the con-
version to frequency Yoo is critically
dependent on: the presence of molecular
resonances at a frequency Wy—Wg the
laser intensities, the resonance line
width, and the concentration. Since
'lasers can be spectrally narrowed to
rather small widths with only small
sacrifices in laser output, high resolu-

tion spectra are readily attainable.

The fundamental equation for CARS is:
5 b 167 As'\2[yai (ag) |2 Bio (3)
as |hexgi g T dq L5s

where Pais is the anti-Stokes power, N is
the concentration of interacting mole-
cules, T is the full width at half maxi-
mum of the Raman peak, Aj is the differ-
ence in population of the upper and lower
states of the molecule, do/dQ is the
Raman differential cross section, Pj is
the power of the pump beam, Pg is the
power of the Stokes beam, and A is the

wavelength.

Significantly, P is proportional to the

square of the pu;; power times the Stokes
power. Variations in pump and Stokes
power will severely affect the anti-Stokes
power. Since fairly large peak-to-peak
fluctuations (v5%) exist in pulsed lasers
today, CARS will have somewhat less pre-
cision than the theoretically simpler
Raman scattering technique. 1In fact,
Taran [18] has alluded to the difficulties
with the reproducibility of CARS data.
Average fluctuations in excess of 30% were
observed--even in data corrected for laser
power fluctuations by use of a reference.
With improved mechanical stability, the
fluctuation was reduced to 10%. Taran
[18] notes that this figure is close to
the error in reading output oscilloscope
traces and corresponds to a 5% uncertain-

ty in concentration.

Experimental
CARS

The CARS system used (Figure 3) was that

of Prof. R. L. Byer of Stanford University.
The pump beam was generated by a pulsed

(10 pulses/sec) Nd:YAG laser with 5%
peak-to-peak power stability. A coherent
Stokes beam was obtained by passing a
portion of the pump beam through a l-meter
long cell filled with 20 atm of H,. Stokes
and pump beams were focused inside a cell
containing 0.1 to 10 atm H,. The anti-
Stokes output beam was filtered from
Stokes and pump and monitored by a 1P28
photomultiplier tube with analog output

to an oscilloscope.

LRS

The laser Raman system used was that of
Spex Industries, Metuchen, New Jersey,
where the results were obtained. Raman

spectra were recorded from 4400 to 10 cm~ 1
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FIGURE 3 - Schematic of Stanford CARS system.
TS2 beam reducing telescopes, F1-F4 filters,

with a Spex Ramalog instrument equipped
‘with an argon-ion laser. The Ramalog is

a double-monochromator instrument equipped
with holographic gratings, and photon
counting detection that used a cooled
multi-alkali photomultiplier tube. Slit
widths were 2.0 or 3.0 mm, producing
smooth, unresolved observed band shapes
from the hydrogen Q-branch rotational
structures. The external resonating cav-
ity and 3 cc volume gas cell permitted
multipassing the 1.0 W 5145 laser beam
through the sample. " Signal averaging was
accomplished through the use of an Inter-
data computer interfaced to the Ramalog
system; up to 20 peak scans were averaged.
Integrated intensities were also obtained
The time

required for one peak scan was 2-3 min

with the Interdata computer.

and 20X signal averaging required about

60 min.

Results
CARS

The CARS results (Table 1)
those of Taran [18] and show that the CARS

agree well with

signal increases as the square of the con-
centration as predicted by theory (Eg. 3).
The slope of a log signal versus log pres-
sure plot is about 2. Exact agreement is
not obtained because of pressure broaden-
ing effects and the large errors in esti-
mating the signal voltage. Signal varia-
tions of 30% or more were measured using
the oscilloscope. Noise in a boxcar av-
eraged signal from 10 atm of Hp (time con-
stant=1 sec) amounted to 15-20% of signal.
As previously indicated, these errors were
almost certainly caused by the peak-to-
peak power fluctuations (v5%) of the
Nd:YAG laser. Such fluctuations make

the use of a sophisticated reference



Table 1 - CARS RESPONSE SIGNAL

VERSUS HYDROGEN GAS PRESSURE
Pressure Signal
(torr) (mVv)

23 + 2 3.0 + 1.0
50 + 2 10.0 + 5
151 + 2 70 + 30
383 + 2 350 + 150
790 *:2 1300 + 500
7600 + 2000 10000 + 2000

system (double-beam instrument with
standard gas) imperative for quantita-

tive analysis.

The amount of signal available from H,

at 0.1 atm was only barely detectable.
Although this situation could be improved
by more careful design, a reference sys-
tem would surely decrease sensitivity.
Another source of uncertainty in the

CARS measurements is the drift in the
CARS signal from the instability of the
optical components. A decrease in the
CARS signal of 25% was measured in less
‘than 45 min. Detuning of the two KD*P(II)
doubling crystals, the Nd:YAG laser, and
a beam crossing prism were found to cause
this error (probably as a result of room
temperature instability). During opera-
tion, the laser power supply emanated
sufficient heat to increase the room tem-
perature 15-20°F. Frequent optimization
of the prism, doublers, and laser were

necessary.

In a routine production system, this type
of behavior would be intolerable. A
referencing system would further compli-

cate instrumental ruggedness.

Because of the poor stability of the CARS
system and the unliklihood of assembling
a referenced system with even 1% repro-—

ducibility in signal, it was decided that

an investigation of the LRS technique,
which is theoretically and experimentally
more straightforward, would be of value.
Unfortunately, use of CARS for analytical
work must await the arrival of stable
pulsed lasers with smaller (<1%) peak-to-

peak power fluctuations.

LRS

Data obtained using the LRS technique were
more encouraging than CARS results for
routine analytical purposes. Observations
of within-half-day and between-day repro-
ducibilities of individual hydrogen specie
peaks, as well as some within-half-day
precisions of signal averaged data, are
given in Table 2. In general, these pre-
cisions approach the desired level of V1%
relative standard deviation and apply to
gases of partial pressures as low as 6
torr. Total instrumental response to H,,
HD, and D) from two different sample mix-

tures are included.

Depending on the particular sample and

run, it can be seen that reproducibilities,
listed as relative standard deviations,
vary considerably. The magnitude of a
peak in terms of total counts appears to
affect reproducibility, in accord with
implications of photon counting and

Thus, the effect

of opening the width of the four monochro-

Poisson statistics [21].

mator slits from 2 to 3 mm, decreasing
resolution but increasing the total
throughput of photons, is to increase
relative precision about 10-fold for the
smallest sample. This effect is not that
obvious for larger samples, where pre-
cision is determined more by overall in-
strumental stability than by uncertainties
that arise from photon counting statistics.
It would appear that system instability

for the periods over which data were ob-

tained was on the order of 1.5%
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Table 2 - OBSERVED REPRODUCIBILITY OF HYDROGEN PEAK INTENSITIES BY LRS

oo(I,w)P oo(1,B)C

Partial Monochromator Av Total No. of No. of
Pressure Slit width Counts Independent Scans L I
Sample (torr) (mm) Time/Date Per Scan Runs Per Run@ (%) (%)
B 6.21 2 P.M. 9/1/77 19,751 4 1 21.0
B 6.21 3 P.M. 9/8/77 113,740 3 1,4,20 1.14
A.M. 9/9/77 114,077 2 20 0.28 il
A 28.13 3 P.M. 9/9/77 407,622 1 20
B 65.18 2 P.M. 9/1/77 207,222 5 1 1.06
B 65.18 3 P.M. 9/8/77 1,149,426 2 1 1.63
A.M. 9/9/77 1,098,258 2 1 0.23 e
A 46.08 3 P.M. 9/9/77 659,878 1 20
B 314.09 3 P.M. 9/R/77 6,613,090 3 1 0.57
A.M. 9/9/77 6,326,798 2 1 0.37 s
A 25.09 3 P.M. 9/9/77 470,576 2 20 0.02

@Numbers greater than 1 denote signal

b

Observed relative lo reproducibility

Cobserved relative lo reproducibility

averaging.

within one-half day.

between days.




within-half-day and 3% between-day, with
considerable scatter. Signal averaging
compensated for much of the system's in-
stability, since reproducibilities of
multiscan data within-half-day were 0.02
and 0.28% for samples of 25 and 6 torr,

respectively.

of the

counts

Figure 4 displays the response
LRS instrument, in millions of

per peak, as a function of gas concen-

tration. Two between-day data points per
plot allow for rather poor definition of
TE

for each plot a straight line is drawn

the predicted linear relationship.

constrained to pass through the origin,
all lines will pass within 30 uncertainty
limits of LRS data (assuming an 5% be-
tween-day stability for the instrument
is assigned). LRS data from sample A are
consistently low, a probable result of

either low machine response for that day

or some leakage of sample A from its cell
during the two week period between filling
and LRS measurement. Data shown in Figure
4 begin to comprise calibration plots for
the analytical use of the instrument.
Calibrations must be made more certain,
however, before LRS can truly perform the

task of accurate hydrogen isotope analysis.
L3 L3
Discussion

Based upon the previously discussed re-
sults, more intensive study was devoted
to the LRS technique. the

greater instrumental flexibility of LRS

At present,

coupled with its theoretical simplicity
make it a clear choice over CARS for hy-
drogen analyses. But even an LRS as

sophisticated as the one previously de-
scribed (See page 7) requires improve-

ments. Consequently, the purpose of this

section will be to demonstrate the

Partial pressure, torr
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FIGURE 4 - Observed laser Raman signal versus partial pressure of three isotopic

species of hydrogen.
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theoretical precision limits of which the
LRS is capable for hydrogen isotopic
analyses using Spex instrumentation as

a baseline (with successive improvements).
A comparison to the hydrogen analyses of
mass spectroscopy (Mound) will be made.
Finally, the proposed in-house imple-
mentation of a high precision LRS sys-

tem will be discussed.

Improvements and predictions

Much of the data obtained for this eval-
uation were limited in their precision
by the stability of the system used,
which was essentially determined by the
laser itself. For the weakest peaks,
however, reproducibilities were greatly
affected by counting statistics because
of small spectrometer light-throughput.
Possible improvements in this system
appear straightforward: increase through-
put with a more powerful laser (thus
bettering sensitivity) and increase the
overall stability of the system, either
with a steadier laser source or internal

‘referencing.

The method of determining how these im-
provements should affect observed repro-
ducibilities is based upon Poisson statis-
tics [21].
obtained on modern Raman spectrometers by

(See page 9). Gas data are

individual photon counting. Since the
absolute intensity of a Raman band is
small, photon counting allows for the best
attainable signal-to-noise ratios. Peaks
such as those shown in Figure 2 may be
readily integrated in a step-scan fashion:
the spectrometer, under computer control,
moves to a wave number setting on the base-
line near a peak, the detection circuitry
counts photons for a fixed time (for ex-
ample, 1 sec), the total count is de-

posited in a computer register, and the

12

spectrometer then moves on through the
peak. An increment of one wave number is
typical, with a total scan width of 180
wave numbers. Thus, the step-scan
approaches a continuous integration of the
peak shape, which is unsymmetrical because
of the varying intensity of unresolved,
rotational levels within the band. 1In-
tegration of the full peak, as opposed

to determination of peak amplitude, ob-
viates considerations of temperature
effects on rotational level populations,
which could give rise to a slightly al-

tered band shape.

Total gross peak intensity, Ig, is ob-
tained by summing the stored counts for
all intervals of the peak. Net inten-
sity is determined by subtracting back-

ground from Ig,

Background itself is assumed to contribute
to Ig in a linearly varying fashion across
the width of the peak.
background may be calculated from the

This "trapezoidal"

counts observed at the first and last in-
tervals of the scan, Cg} and Cp2, cor-
rected for the total times spent measur-
ing the gross peak and the two background
levels, tg, tpl, and tgp2, respectively;

Ig = (Cgy + Cp2) * [tg/(tp1 + tg2)l. (5)

The standard deviation of a photon-count
intensity is known to vary as the square
root of the total counts [21]. It can be
readily shown [22] that the relative cal-
culated uncertainty of a net peak inten-
sity, based solely on counting statistics
and assuming an infinitely stable instru-

ment, may be expressed as:



Since no instrument is infinitely

stable, however, another term must be
added within the brackets of Eq. 6. Let

¢ represent the one sigma between-scan
fractional stability of the instrument and
n the number of scans involved in signal
averaging. Then Eq. 6, with substitution

from Eq. 5, becomes:

€
o (I)/I = |1 —_—
c [ G <tBl

2 p s
(eI)

n

(7)

This type of expression has been used pre-
viously to assign uncertainties to dif-

fractometer photon-count x-ray data [23].

In terms of reproducibilities of intensity
data, Eg. 7 predicts the results of modi-
fying the instrument used in this study.
‘Table 3 enumerates both observed (from
Table 2)

the system, as well as predicted repro-

and calculated precisions for

ducibilities for an instrument with vari-
ous successive improvements. Values have
been tabulated for samples actually
studied, which represent a wide range in
component concentrations. Calculated
relative reproducibilities for the system
used have incorporated the assumption
that within-half-day stability of the in-
strument was 1.5%. Comparison of the first
and second precision columns of Table 3
indicate that this is a reasonable esti-
mate, though the spread in observed pre-
cision is rather broad. It may be noted
that calculated precision for major com-
is indeed limited

ponents (above 30 torr)

only by instrumental stability. Counting

statistics affect more significantly the

predicted reproducibilities of minor com-
ponents. Perhaps the easiest way to sur-
pass both statistical and stability limi-
tations would be to incorporate a more
powerful and stable laser, readily avail-
able with six times the power (at 51453)
of the laser used, and with +0.5% stabil-
ity over an 8-hr period. Precisions
attainable with such a system are pre-
dicted to improve two-to—threefqld but
ST W),

Signal averaging would be

are limited to 0.5% [column O
Table 3].
one method of minimizing uncertainty
caused by random laser power fluctuations.
An g@ditional effect of 20X averaging
[o,""(I,w)/I, Table 3], would be to im-
prove predicted reproducibility (between
sets of scans) by a factor of about /20.
For the smallest of peaks, uncertainty

in net peak intensity from a noisy
background is substantial; but the uncer-
tainty may be decreased by allotting more
time to background determination.

Bl and CB2
five counting intervals should increase

Meas-
uring C each as an average of
background precision by a factor of V5 ,
compared to a two-interval determination.
This further decreases overall uncertainty
of peaks, particularly for small components
[oiii(I,w)/I, Table 3].

improve precisions would involve the addi-

A fourth way to

tional installation of a laser power refer-
encing system that would effectively hold
laser power to +0.1%. The results of such
an improvement should follow those given
in column oiV(I,w)/I of Table 3.

cisions to 0.02% would be attainable for

Pre-
major components. Even without signal
averaging, the remaining improvements
yield relative reproducibilities of 0.]
to 0.2% for large peaks [GV(I,W)/I, Table
3].
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Table 3 - PREDICTED REPRODUCIBILITY OF DATA FOR GASES SHOWN IN TABLE 22

Monochro-

Partial mator Slit Oo(I’w)b :}C(I’w)C jé(I’w)d Oii(l’w)e Oéii(I’W)f Uiv(I'w)g GV(I’w)h
Pressure Width I I I I I I I
Sample (torr) (mm) (%) (%) (%) (%) (%) (%) (%)
B 6.21 2 21.0 10.7 4.3 0.97 0.47 0.45 2.02
B 6.21 3 1.14 4.8 1.9 0.43 0.22 0.19 0.87
A 28.13 3 - 2.1 0.80 0.18 0.13 0.07 0.31
B 65.18 2 1.06 L..9 0.72 0.16 0.12 0.06 0.27
B 65.18 3 1:63 1.6 0.54 0.12 0311 0.03 0.14
A 46.08 3 - 1:7 0.63 0.14 0.12 0.05 0.20
B 314.09 3 0.57 1.5 0.50 0.11 0.11 0.02 0.10
A 25.09 3 - 159 0.67 0.15 012 0.05 0.24

3Based on the Spex Industries' laser cpectroscopy system (Sept. 1977) with successive improvements.

bObserved relative lo reproducibility of signal within half-day; maximum value entered when
applicable (from Table 2).

cCalculated relative 1o reproducibility of signal within half-day, assuming a Spex Industries system:
laser power = 1.000 + 0.015 W, no signal averaging, two-point background calculation, no laser power
referencing system.

As in c, but laser power = 6.00 + 0.03 W.

€As in d, but 20X signal averaging performed

As in e, but 10-point background calculation performed.

9as in f, but referencing system implemented, effectively holding laser power to +0.1% (indefinitely).

hAs in g, but no signal averaging performed.




Data presented in Table 3 may be logi-
cally extended to gases at quite low
concentrations. For H2 at 0.5 torr,
which would constitute 0.1% of a pros-
pective sample, the predicted relative
precision of the 20X signal-averaged
peak on a fully improved system should
be 2.4%. The potential sensitivity of
the LRS technique is thus quite good

for hydrogen analyses.

A comparison of the predictions of Table
3 to precisions obtainable through mass
spectroscopy at Mound (MSM) is desirable.
It must be noted that MSM tabulates ac-
curacies for their data, which have been
about twice the reproducibilities be-
cause of some peak overlaps and uncer-
tain equilibrium calculations [25].
Since no overlap problems appear to ex-
ist in LRS, accuracies determined by
this method should be nearly equal to
reproducibilities. Also, accuracy esti-
mates for hydrogen isotope mixtures have
been reported by MSM for total isotope
abundances [H], [D], and [T] [25].
Therefore, total isotope relative repro-
ducibilities predicted for LRS and all
its various improvements are calculated
from Table 3; these relative reproduc-
ibilities are compared to relative MSM
accuracies in Table 4. For a minor com-
ponent, that is, 10% H, LRS results im-
mediately approach those of MSM. How-
ever, for LRS to produce major component
data of the quality obtainable through
MSM, improvements to the Raman system
are necessary. A good laser alone is
not sufficient; either signal averaging
or referencing are also needed, with the
most versatile and time-efficient in-

strument incorporating both.

True accuracies in total isotope data

from LRS will be somewhat in excess of

reproducibility values given , by a con-
tribution from the uncertainty in the
components of calibrating mixtures (see
page 20). Since the relative accuracies
cf major mixture components should be
<0.1%, this factor will not greatly affect
the comparisons of Table 4. In addition,
the "dead time" of the individual photon
counter [26] will cause major data peaks
to be underestimated by a factor that is

a function of counting rate. Although
this factor will be used to correct such
data, it will add an additional uncertainty
(probably <0.1%) to major peak LRS re-

sults.

From the foregoing discussion, LRS holds
great promise, both in precision and sen-
sitivity, for the analyses of hydrogen
isotope mixtures. Importantly, all of
the suggested improvements to LRS instru-
mentation are feasible. The remainder of
this report will thus deal with the prop-
erties and physical implementation of an
LRS system, including improvements, at
Mound. The preliminary design of such a
system has been developed around that in-
strumentation used in the feasibility

study.

Implementation of LRS at Mound

A proposed basic floor plan for a full

LRS system is shown in Figure 5. The

LRS spectrometer/computer instrument, the
laser, gas delivery rack, and secondary
containmentAplan are included in the full
LRS system. All apparatuses should fit
within a 10 by 15 ft area. The system as
such would be dedicated to the analyses

of hydrogen isotopic species. However
other types of samples; gaseous, liquid,
or solid, could be introduced for analyses
following modifications of the sample com-

partment, gas rack, or glovebox.

15
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Table 4 - COMPARISON OF REPRODUCIBILITIES OF LASER RAMAN DATA WITH ACCURACIES

OF MOUND FACILITY MASS SPECTROSCOPY FOR SAMPLES OF DIFFERENT TOTAL ISOTOPE ABUNDANCES

Mass s
Laser Ranan Spectroscopy
Spectroscopy T — —
o(a)@ oQ(A,w)b oc(a,w)C olt@awd o tt@a,we o rawf Va,wd V@a,wh
Abundance A A A A A A A A
Isotope Sample (mole %) (%) (%) (%) (%) (%) (%) (%) (%)
H A 51.53 >0.4 - 1..39 0.52 0.12 0.09 0.04 0.19
H B 10.06 1.60 1.38 1.55 055 0.12 0.10 0.04 0.18
D A 48.47 0.28 = 1.28 0.46 0.10 0.08 0.04 0.16
D B 89.94 0.19 0.54 1.:37 0.46 0.10 0.10 0.02 0.09

@Relative lo accuracy of isotope abundance as determined by mass spectroscopy.

bObserved relative lo reproducibility (maximum) of isotope abundance within-half-day by laser Raman.

Ccalculated relative lo reproducibility of isotope abundance within-half-day for laser Raman assuming unmodified
Spex Industries system detailed in Table 3, footnote c.

dAs

€as
£

9as

hAs

in
in
in
in

in

c,
d,
e,
£,
g,

but
but
but
but
but

see Table
see Table
see Table
see Table

see Table

3,
3,
3,
3,
3,

footnote
footnote
footnote
footnote
footnote

d.
e.
£,
g.
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In the proposed system, a 15-W multiline,
argon-icn laser is used as the source.

The 6-W line at 4880& may be chosen over
that at 51453 , giving the user an "20%
advantage in scattered Raman intensity

and thereby increasing sensitivity some-
what beyond that which was previously dis-
cussed. About 4% of the laser beam is
sampled by a glass slide, attenuated by
neutral density filters, and measured
by a reference photomultiplier tube in
the photon counting mode. Counts from
this reference train are accumulated in
a digital photometer register. The main
laser beam is directed through a quartz
window in the glovebox and into the
sample compartment by one or two mirrors.
The beam enters a multipass cavity (Fig-
ure 1), at the center of which is located
the sample cell. Scattered light from
the sample gas is focused by lenses onto
the entrance slit of the monochromator.
Entrance, exit, and intermediate slits
are opened full width (3 mm) for great-
est light throughput attainable, at a
spectral resolution of 35 cm-l (or ~9A
for a 51458 source) which is adequate for
hydrogen samples. Adjustment of the
monochromator to a desired wave number

is accomplished manually or by computer.
Step scans may be performed with a mini-
mum drive step increment of 0.02 em™ L.
Resolved light exits the monochromator
and impinges upon a cryogenically cooled
gallium-arsenide photomultiplier tube,

in photon counting mode with a dark back-
ground of <30 pps. Counts from this de-
tector are accumulated in a second channel
of the digital photometer. Sample data
are transferred to the computer at the
completion of each counting interval,
determined by the accumulation of x
(for example, 500,000)

The computer is used to

counts in the ref-
erence channel.

collect and integrate data peaks

18

automatically and signal average if
necessary. If desired, the computer may
be further programmed to control an en-
tire data collection scheme whereby:

peaks are scanned, standard deviations

are assigned, decisions are made regard-
ing signal averaging vis-a-vis time con-
straints, raw data are transformed to
partial-pressure and mole-percent results
based upon calibration curves stored with-
in, and results are formatted for output

to teletype or magnetic tape.

Secondary containment is critical to the
application at hand. The glovebox shown
in Figure 5 encloses a volume of approxi-
mately 100 ft3.

gas handling rack and the sample illumi-

The glovebox contains
nating compartment; the metal wall nor-
mally separating the latter from the
spectrometer lens area forms a containment
However, between that
flex-

A passbox and

barrier in itself.
wall and the adjustable lens holder,
ible bellows are needed.
gloveports are also shown in Figure 5.

A metal table supports the main gas rack,
below are: vacuum pumps, oil and gas

storage volumes, and plumbing.

Figure 6 shows the proposed gas handling
rack in detail. This rack is in closest
possible proximity with the sample cell
so as to minimize the amounts of gas re-
quired for sampling and calibration. A
length of metal flex-tubing connects the
sample cell to the rack, which affords
some flexibility in orienting the cell
properly. A slot is cut into the sliding
sample compartment cover to eliminate in-
terference from the flexible tubing. Out-
side the compartment, both temperature and
pressure sensors monitor the sample gas.

A constant temperature (Hzo) line coils
about the rack in those areas critical to

accurate measurement of gases. Unknown
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sample gases may enter the rack through
the 0.125 in. line above the system;
these unknown gases may then be com-
pressed into the sampling volume by the
condenser. The condenser is mercury-
filled and operated by pressurized argon
and vacuum lines connected to the lower
condenser chamber. Given approximate
volumes within the gas rack and computed
flow rates [27], a one-liter external
sample at atmospheric pressure will de-
liver enough gas through 100 ft of
0.125 in. line within 5-10 sec to fill
the LRS cell to 500 torr pressure (fol-
lowing compression). Standard mixture
gases may also be compressed into the
LRS cell if necessary; in fact, much of
a standard gas may be pumped back into
its container were this deemed satis-
factory. The "close-packing" arrange-
ment of standard containers about the
condenser minimizes waste of calibrating
mixtures. Loss of standard should be
between 2 and 5% with each use, depend-
ing on whether some of it is reclaimed.
Vacuum and pressurized argon lines lead
below the gas rack table. Both high and
low vacuum are available to the gas rack.
A volume is attached at the pump exhaust
ports for the storage of recoverable
gases. For containment of tritiated
pump oils (for safe disposal) and rapid
0il change, a pump o0il storage volume is
also located below. A separate low-
vacuum pump is dedicated to the conden-
ser. Gas rack valving may be either hand
operated, remote air operated, or com-
puter-controlled remote air operated.
Initial testing of the rack would be
easiest through manual operation. Later
developments of the sampling method could

include computer control of valving.

A discussion of LRS implementation at

Mound is not complete without addressing
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the calibration requirements of such a
system. Perhaps the simplest method is
through determination of relative instru-
mental response to the six hydrogen dia-
tomics (dependent on their different Raman
cross sections). This allows for analysis
of isotopic abundances within the hydrogen
fraction of an unknown gas. However, the
size of the hydrogen fraction compared to
other gases present (for example, helium)
could not be determined. An absolute
calibration method, however, would yield
results as actual partial pressures of
hydrogen gases present. Knowledge of
total sample pressure would thus allow
computation of residual gases by subtrac-
tion. The absolute method is likely to

be preferred and is discussed further.

Since only four standard mixture ports
have been included in the gas rack design
(Figures 5 and 6), and since these mix-
tures are quite expensive, one would like
to use a limited number of standard gases
for initial calibration. To produce an
adequate amount of calibration data, the
gas rack and condenser pump will be used
to inlet aliquots of standard gases and
adjust their pressures. Factors such as
narrowing or broadening of line widths,
and line frequency shifts as a function
of pressure, are not expected to affect
LRS results [28].

gases analyzed will be maintained below

Total pressures of

one atmosphere for safety reasons. The
following approximate standard gases,
premixed and stored at about 500 torr
pressure, should suffice for calibration:
(1) 25% H,, 50% HD, 25% D,; (2) 80% total
D, 20% total T; (3) 20% total H, 80% total
T; and (4) 99.99% D2. The total pressure
of gases aliquotted into the sample cell
will be accurately measured, while con-
stant temperature of the sample is main-

tained. For example, 100 torr of gas



(1) may be inlet to the evacuated
sample cell.
to £0.02%

temperature to

This pressure will be read
(lo) relative accuracy and the
0 1°C.

ponents known to {0.05%, the sample com-

With gas (1) com-

ponent partial pressures” should be
known to 50.10% relative. The standard
gas may be brought to a somewhat differ-
ent total pressure by adjusting the con-
denser carefully. Raw count data ob-
tained in LRS for various pressures of
gas (1) will allow for calibration lines
of instrumental response in total peak
counts versus partial pressure for: the
species (and approximate pressure ranges)
H, (0 - 150 torr), HD (0 - 300 torr),

and D, (0 - 150 torr).
(4) will produce a calibration for D, to

w600 torr.

Data from gas

The diatomic compositions of gases (2)
and (3), because of somewhat uncertain
equilibrium constants, are unfortunately
not known to 0.1% [29]. However, the
total isotopic abundances in gases (2)
and (3) should be accurate to <0.10%
relative. Since instrumental response
for Dy will already be known from gas (1)
and (4) data, (2) will be
experimentally obtainable. Because
total [D] and [T] of gas (2) will be

known, so then will be [DT] and [TZ] in

[Dy] in gas

the mixture.

From these results, calibrations for DT
(0 - 200 torr) and T, (0 - 25 torr) will
be obtained. Similar use of gas (3) will
yield calibrations for HT (0 - 200 torr)
(25 - 600 torr).

propagation errors, relative uncertainty

and T)p Because of the

in calibrations of low pressure components
may reach several percent. To decrease
this value, use of additional standard

mixtures may be necessary. Alternative

calibrations for HT and DT might be de-
rivable from a theoretical determination
of relative Raman cross sections of hydro-
This would,

however, be a laborious task, the results

gen isotope diatomics [30].

of which might still have to be corrobor-

ated experimentally.

Following the task of initial calibration
of the LRS instrument, periodic checks of
system response will be necessary. These
recalibrations, which will be required
daily or perhaps weekly, will monitor
changes in the alignment of the optics
and in spectrometer throughput for the
The method

analyze peak intensi-

various hydrogen species.
should be simple:
ties day-to-day from the standard gas (1)
(sample cell of course always filled to
the same pressure). From variations in
peak intensities one will calculate
normalization factors, NF, to be applied
to the data of that day n. If NF  (Hp),
NF, (HD), and NF, (D,) are non-unity, yet
are nearly identical (within confidence
limits), sample illumination alone will
have changed somewhat; and the effect on
all data will be equal. Thus the average
NFnh will be applied to all day n-data,
which includes that of HT, DT, and T,.
Were the three observed factors signifi-
cantly different, however, the sensitivity
of the spectrometer to each molecule will
have changed independently, (altered op-
tical alignment or dust collected on the
gratings might conceivably cause this).
Each NF, will have to be applied to its
particular specie, and additional factors
for HT, DT, and Ty will be necessary. A
second standard gas will have to be
analyzed. Individual changes in instru-
ment sensitivity are, however, less likely
than a single overall change. Daily re-

calibration (or weekly, if the instrument
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proves more durable) should not, there-

fore, be inordinately time consuming.
Conclusi
onciusion

Observed results and extensive calcula-
tions indicate that laser Raman scatter-
ing spectroscopy (LRS) is a technique
that will be complementary to mass
spectroscopy in the analysis of hydrogen
isotopes. LRS will provide data on the
absolute partial pressures of hydrogen
diatomics in an unknown, with precisions
to an estimated relative standard devia-
tion of 0.1 - 0.2%.

order of magnitude improvement over pre-

This will be an

viously reported laser Raman analytical
observations. Also measurement of other
molecular gases such as N, is entirely
possible. The amount of monatomic inert
gases present in a sample, though these
are invisible to LRS per se, may be de-
termined by subtraction of known compo-
nent partial pressures from the total

Sample pressure.

It has been shown that an LRS system

could be implemented at Mound with rela-
tive ease. The design, calibration, and
handling of such an instrument have been
projected in some detail, and a more de-
tailed design and cost accounting of the

overall system is in preparation.

LRS is a very versatile technique since
readily modified forms of the LRS system
(primarily in sample compartment) could
probe liquids, solids, and surfaces, as
well as gases, with considerable accur-
acy. The compositions of solid hydrides,
interactions of pollutant molecules with
catalytic surfaces, adsorption of hydro-
gen on metals, organic components of oil-

bearing shales in situ, and analysis of

22

polyatomic anions [12,13] and organics
[14] in aqueous solutions might all con-
ceivably be investigated. Processes as
difficult to monitor as the combustion of

fuel gases in an engine have already been
studied with further modified LRS sampling -
and detection systems [31,32]. Further-
more, the addition of an optical multi-
channel analyzer could allow the investi-
gation of time-resolved explosion chemis-

tries and temperatures.
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