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RAMAN SPECTROSCOPIC AND MASS SPECTROMETRIC INVESTIGATIONS OF THE 
HYDROGEN ISOTOPES AND ISOTOPICALLY LABELED METHANE 

Abstract 

Suitable analytical methods must be tested and developed for monitoring the individual 
process steps within the &el cycle of a fusion reactor and for tritium accountability. The 
utility of laser-Raman spectroscopy accompanied by mass spectrometry with an Omegatron 
was investigated using the analysis of all hydrogen isotopes and isotopically labeled methanes 
as an example. 

The Omegatron is useM for analyzing all hydrogen isotopes mixed with the stable helium 
isotopes. The limits of application of this mass spectrometer were demonstrated by analyzing 
mixtures of deuterated methanes. In addition, it was employed to study the radiochemical 
W ~ a c h  exchange reaction between tritium and methanes. 

A laser-Raman spectrometer was designed for analysis of tritium-containing gases and was 
built from individual components. A tritium-compatible, metal-sealed Raman cuvette having 
windows with good optical properties and additional meatls for minimizing the stray light was 
fist used successllly in this work. The Raman spectra of the hydrogen isotopes were 
acquired in the pure rotation mode and in the rotation-vibration mode and were used for 
calibraton. The deuterated methanes (CYP,,, were measured by Raman spectroscopy, the 
wavenumbers determined were assigned to the corresponding vibrations, and the wavenum- 
bers for the rotational tinestructure were summarized in tables. The fundamental vibrations 
ofthe tritiated methanes (CY;r,, CDxT4d produced via Wilzbach reactions were detected 
and assigned. The h d a m e m l  vibrations of the CD,T,, molecules were obtained with 
Raman spectroscopy for the fist time in this work. 

The laser-Raman spectrometer assembled is well suited for the analysis of tritium-containing 
gases and is practical, in combmtion with mass spectrometry using an Omegatron, for 
studying gases used in ksion. 
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I .  I N ~ O D U ~ O N  AND PROBLEM STAEMEM. 

about 1950, &d has raised the CO, content of the atmosphere by about a f%h 
fossil fuels [I] .  Most climatologists believe a doubling of the CO, content of 
sphere could lead to a warming of the earth's surface of more than one degree 

and thus to serious climatological disturbances. Therefore, there must be a declared 
goal to reduce the C02 emission by decreasing the use of fossil fkels while satisfying the 
world's primary energy consumption. World-wide primary energy consumption was about 
10 b&on tons S w a g  in 1980, [and]' about 12 billion tons S W a  in 1990 f2J In 1980, this 
was allocated to the various primary energy sources [as follows]: 26.5% coal, 38.5% oil, 
18.3% natural gas, 2.2% nuclear energy, 5.7% water power, 8.8% non-commercial energy 
sources (wood, manure, plant waste, etc.) [3]. Because of the limited resources and the 
ecological compatibility of these energy sources, alternative possibilities for energy 
production are sought. A technique o r i d  toward the fkture is nuclear hion,  the practical 
realization of which is now being studied around the world. In 1987, the planning of an 
e x p k m t a l  fusion reactor ITER ( bternational l3ermonuclear Experimental &actor) was 
agreed upon as a joint project of the states of the EU, Japan, the present-day GUS [?I, and 
the USA [4]. 

In November 1991, the fitst two charges in the JET (Joint European Torus) research reactor 
at Word, England, were canied out with a deuterium-tritium mixture. An average fksion 
power of about a megawatt was achieved over a period of 2 seconds in this [test]. Together 
with the result of similar experiments at other research reactors, this can be regarded as a 
signScant demonstration approximating a practical fusion reactor [5]. 

During nuclear fusion, light elements are &sed to [form] heavier [ones] with the liberation of 
energy. Ofthe various fusion reactions, because of the Lawson criterion [5], the reaction of 
deuterium and tritium according to Eq. (1) is the most easily achieved in practice f6'. 

%I + 3H - 4He + 'n + 17.8 MeV (1) 

Both starting materials are readily available: Deuterium can be obtained in sufficient 
quantities f?om seawater as a ~ t ~ r a l l y  occurring isotope of hydrogen. Tritium is produced 
f 71 via the nuclear reactions 

'Li + 'n -.+ 'H + 4He 
7Li + 'n -+ 3H + 4He + 'n 

'1 million tons SKE (hard coal units) corresponds to 29.310 PJ [petajoules, PJ = 10'' Jl 

'Square brackets [] are used throughout this document to denote translator's remarh. 
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from the widespread ~ t ~ r a l l y  occurring light metal lithium and the fusion neutrons of 
Equation (1). 

T-is apure f3 emitter with amaximum p energy of 18.6 keV [8]. It decays with a half- 
life of 12.3 years [9] to helium-3, an electron, and an anti-neutrino according to 

The handling of tritium presents no radiation shielding problems, since the maximum m g e  
of f3 radiation in air is only about 6 mm [IO]. To minimize tritium releases, tritium-bearing 
equipment must have small leak rates. Since p radiation attacks organic materials, metal seals 
are used. For safety, the prhnary tritium system is provided with an outer shell, e.g., a 
glovebox. 

During the research on fusion, the entire fuel cycle technology [ I ] ]  must be developed with 
a high-purity, equimolar deuterium-tritium @-T) mixture as the fuel gas [12]. On the one 
hand, the tritium must be swept out of the lithium-containing breeding blanket of the fusion 
reactor and worked up with a suitable canier gas. On the other hand, the off-gas of the 
reactor must be processed. Along with about 9?/0 unracted fuel gas, [the off-gas] contains 
helium and impurities such as carbon dioxide and water (131 mainly eom plasmdwall 
interactiOn. In the Institute for Radiochemistry of the Karlsruhe Nuclear Research Center, 
a plasma off-gas purification process has been developed [N], which processes the gases 
from all operational phases of the reactor and recovers both the chemically bound and the 
molecular hydrogen isotopes in highly pure form. 

For [process] control and tritium Bccountabijity in the processing steps of the various 
subsystems in the fuel cycle, e.g., the plasma off-gas purification, the isotope separation, or 
the tritium extradon *om the blanket, the analytical methods are to be tested or developed. 
Among other things, these methods rn extend to the hydrogen isotopes and the compounds 
[must be] labeled isotopically with deuterium and tritium. Gas chromatography [15], mass 
spectrometry [I14 171, as well as opt id  spectroscopy, especially Fourier-transform hfkared 
spectroscopy [18], and laser-Raman spectroscopy [19], have been discussed as analytical 
methods for these tasks and have been used already, to some extent. Gas Chromatography 
is suitable for quantitative analysis of hydrogen isotopes and the noble gases (helium). The 
time requirement for isotopically labeled compounds is not acceptable for routine analysis 
because of the long retention times. S i a r l y ,  hydrogen isotopes and noble gases may be 
analyzed quantitatively with mass spectrometry. Also, in principle, isotopically labeled 
compounds may be analyzed with mass spectrometry; however, the dillicdty in interpreting 
and evaluating the spectra is considerable. Infrared and Raman spectroscopies are rapid 
vibrational spectroscopic methods and may be employed to good advantage for analyzing 
isotopically labeled compounds. Of course, in contrast to Raman spectroscopy, &ed 
spectroscopy does not extend to homonuclear diatomic molecules because of the selection 
rule. Noble gases may not be analyzed with either vibrational spectroscopic method. 
Because of their complementary properties, a combination of mass spectrometry and laser- 
Raman spectroscopy is recommended for investigation of gas mixtures used for fusion. 

2 
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One goal of this work was the.design and construction of a laser-Raman spectrometer for 
studying tritium-containing gases. Such measuring systems are not commercially available 
and must be assembled fiom appropriate individual components. A key part of the apparatus 
to be built in this work was a Raman cuvette that satisfies the criterion of compatibility with 
tritium mentioned above and simultaneously having windows of high optical quality. To 
permit the handling of tritium in the necessary amounts, a complete tritium supply and 
disposal must be constructed, and all tritium-containing components must be integrated into 
a glovebox. 

M e r  successfuuy building the apparatus and optimizing the system parameters, the 
spectrometer should be calibrated. Quantitative analysis of all hydrogen isotopes should be 
demonstrated with the selected arrangement. In addition, the Raman spectra of the methanes 
labeled with hydrogen isotopes should be measured. 

Although Raman spectra of methanes labeled with hydrogen and deuterium (CI-I$.+J have 
been published, the interpretation of these spectra is still controversial in several details: there 
is disagreement, for example, about the unequivocal assignment of the absolute line positions 
of the fundamental vibrations. The rotational fine-structures of these compounds are not 
completely b o w q  even analytical aspects associated with unequivocal identification of 
corresponding fundamental viions and dealing with possible signal coincidence with other 
significant species. With this background, the line positions of unknown fine-structures 
should be measured. 

Information about the line positions of Raman-active fundamental vibrations of tritiated 
methanes (C€&T+& CDxT+J is far and away harder to find in the literature than [that] about 
d e u t d  methane (Cm,-J. Ramaa spectroscopic measurements of the line positions of 
methanes labeled with hydrogen and tritium were W published in March 1992 [2OJ Raman 
spectra of methanes labeled with deuterium and tritium are not bown in the literature, as 
determined by an extensive literature search. The fundamental vibrations of CD,T,, have 
been detected only with in&ared spectroscopy, whereas non-in&ared-active vibrations have 
been only themetidy calculated. The first acquisition of Raman spectra of these deuterium- 
and tritium-labeled methanes and assignment of their fimdamental vibrations was a further 
goal of this work. 

The tritiated methanes are not commercially available and are not radiochemically stable 
anyway [2fJ in this synthesis, Wkbach labeling [22/ had advantages over isotopic 
exchange reactions induced by tritium 0 radiation. In the reaction of methane and completely 
deuterated methane with tritium, variously substituted methanes C€&T, and CD,T,, as well 
as higher hydrocarbons and hydrogen isotopes, are expected as reaction products. 

A special mass spectrometer of the Omegatron type [23], which was already in use for 
quantitative analysis of all hydrogen isotopes mixed with stable helium isotopes in the 
preceding diploma work [24], should be used in preliminary experiments on the methane- 
tritium exchange reaction in parallel with the Raman study, in order to determine the main 
reaction conditions and reaction products in the synthesis of tritiated methanes. At the same 

3 
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time, the possibilities and limits of this Omegatron for analyzing such gases should have been 
determined. Furthermore, the fiaction of helium-3 in the tritium should be obtained by mass 
spectrometry, and the Raman spectroscopy for analysis of fusion-related gas mixtures should 
be supplemented this way. 

The suitability and applicability of the mmbmtion of these analytical methods for the 
development of tritium technology for future fusion reactors should be presented by way of 
the aforementioned examples. 

4 
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2. THEOREZCAL BASIS. 

n line with the problem statement of this work, the theoretical bases for the analytical 
methods employed, such as mass spectrometry, laser-Raman spectroscopy, and 

ecially the Omegatron, are described in the following. The exchange reaction’ 
methanes and tritium used to produce the tritiated methanes is briefly explained. 

2.1. Mass Spectrometry. 

Mass spectrometry permits determination of the masses of ions and their relative abundances 
[25’ and is therefore also useful for measuring partial pressures. The ions formed in an ion 
source are separated in a separation system by suitable magnetic and/or electric fields, and are 
detected with a detector. The mass spectrometer used in this work, an Omegatron, is a 
member of the group of energy balance mass spectrometers. 

The physical basis of the mass separation in the Omegatron is the ionic cyclotron resonance 
frequency [26]. The orbital fiequency o of an ion with mass m and elemenw charge 
e in a homogeneous magnetic field of strength B is independent of thermal motion and is 
given by: 

When a sinusoidal high-fiequency electric field synchronized with the magnetic field is applied 
and corresponds to the orbital fiequency of the ions, these so-called resonant ions can 
continually absorb energy fiom the electric field during their orbit. They therefore travel on 
a path with constantly increasing radius and finally strike a collector. 

For small masses (hydrogen isotopes) the Omegatron has a high resolution R = Am . It 
depends on the square of the magnetic field strength, the distance Ro between the ion source 
and the collector, and is inversely proportional to the amplitude E,, of the HF field and the 
mass 123’: 

‘In this work, “exchange reaction” means the exchange of isotopic hydrogen (of the 
methanes). 

5 
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Ina preceding thesis it could beshown that an existing available Omegatron was capable of 
quantitative analysis of mixtures of all hydrogen isotopes with the stable helium isotopes. 

2.2. Laser-Raman Spectroscopy of Gases. 

In Raman spectroscopy [27,28,29] the interaction of photons with molecules of the sample 
is observed by measuring the scattered light. Scatiering without a change in the energy of the 
incident photon is called Rayleigh scattering; it is also refmed to as an elastic collision 
between the photon and the molecule. In Raman scattering, the energy of the incident photon 
is changed by interaction with molecular rotations and vibrations (ielastic collisional 
process). It may be generally formulated as: 

For M- < 0 , the scattered light has a lower eequency than the incident light; this region 
is called the Stokes region. A photon interacts with a molecule in the ground state and is 
elevated to a virtual intermediate excited state (see Figure 1). The energy loss of the photon 
corresponds to the energy difference between the initial state and the excited state. Ifa 
molecule interacts itom an excited state with an incident photon and thereby reaches a lower 
excited state, AEmM > 0 , [and] it is called the anti-Stokes region. 

Figure 1. Simplified ilhLstration of the energy levels and transitions to exylain Stokes and anti-Stokes 
Ramanscattering. I 

6 
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Because of the low density of gas samples, the intensity of the Raman-scattered radiation is 
much snaller than for solids or liquids. Thus, a gas analysis by means of Raman spectroscopy 
must depend on supplementary means for increasiig the intensity [30/. 

A vibration or rotation is Raman-active ifthe polarizability a during this motion changes 
dong the normal coordinates Q (Eq. 7). 

(a) + O  

The polarizability is the proportionality Constant between the induced dipole moment pa 
and the electric field (Eq. 8). 

The polarizability is described by the polarizabiity tensor (Eq. 9): 

The diagonal values of the matrix cl, , QW , and a, indicate the half-axes of the 
polarbbiity ellipsoid. For an isotropic molecule (e.g., methane) the polarizability ellipsoid 
is a sphere. 

The vibrations of a molecule may be described mathematically as an anharmonic oscillator; 
the transition of the molecule from energy state n to state m occurs only with a transition 
probability of a,, : 

laml = 14 a ‘p, dz (10) 

cp,, are the wave functions of the molecule integrated over the total volume z . 

The absolute intensity I of the Raman-scattered light can be described with the equations of 
Placz.ek’s Theoq [3ZJ The essential assumptions of this theory, easily achieved experimen- 
tally, are that the frequency v, of the excitation radiation is higher than the vibration v,, , 
but less than the frequency v, corresponding to an electronic transition of the molecule. The 
mathematical relations (Eq. I I, 12) for the intensity of the Stokes ( ) and anti-Stokes 
radiation ( ) are given for the vibration: 
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v are the wavenumbers in cm-'; g, represents the degeneracy of the vibration. Because it 
is possible to calculate the intensity of a Raman-active transition, Raman spectroscopy was 
used as an absolute method. 

Symmetrical molecules exhiiit a pure rotational Raman spectrum. The rotational energy 
levels Fa) ofthe rotational quantum number J for molecules are generally described by the 
power series PU+ 1)'' [32]. Normally this is truncated after the second member, as in the 
description of an anharmonic oscillator: 

fa, = BjU+ll - DJ2U+1)' 
B = h/8n2c8 

= 0,1,2, ... 1 

B is the rotational constant and 8 is the inertial moment. For a rigid rotator, the centrifugal 
stretching constant is D and the second member is omitted. 

For transitions between the individual rotational energy levels, the selection rules 4 = 0 and 
41 = 2 2  apply. The transitions with 4 = 2 2  are called the S branch. Neglecting the 
anharmonicity, the fkquencies v, of the lines in the S branch for fkquencies lower than the 
exciting radiation (Stokes region) are: 

vs = V, - B(41.6) 

Higher rotational levels exist even at room temperature because of the lower rotational 
energy. 

For molecules with central symmetry, e.g., homonuclear diatomic molecules, the nuclear spin 
has an iduence on the rotational Raman spectrum. For the gas-form hydrogen isotopes 
studied in this work, this effect should be discussed. For hydrogen atoms and tritium atoms 
with a nuclear spin of I = % , antiparallel and parallel spins occur for the molecule. Because 
of the Pauli principle, molecules with antiparallel spins can have only rotational levels with 
even rotational quantum numbers, molecules with parallel spins, only odd rotational levels. 
The species with antiparallel spin directions is called para-hydrogen (e.g., para-tritium), the 
one with parallel spins, ortho-hydrogen (e.g., ortho-tritium). Due to the spin multiplicity, 

z 
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only one antiparallel orientation applies, whereas three parallel orientations of the spin are 
possible. The room temperature equilibrium closely corresponds to the statistical high- 
temperature equilibrium, with a para-to-ortho ratio of 1 to 3. The intensities of the 
corresponding lines in the rotational spectrum reflect the actual contents of para- and ortho- 
hydrogen (triti.m). Deuterium atom have a nuclear spin of I = 1 ; analogous considerations 
yield a ratio of para-to-ortho-deuterium of 2 to 1 for the high temperature equilibrium. For 
the heteronuclea hydrogen isotopes, such as HD, HT, [and] DT, there are no para and ortho 
species. The possibity of Meredating between para and ortho species of the homonuclear 
hydrogen molecules is an advantage of Raman spectroscopy in reaction mechanism studies; 
e.g., the temperature at which the system has reached equilibrium may be determined. 

In conclusion, it may generally be said that the ratio of the statistical weights of the rotational 
levels with evdodd rotational quantum numbers is U+ IM or I/U+ 1) , depending on 
whether the particular nucleus is a boson or a fermion. Furthmore, the intensity of the 
Raman lines in the rotational spectrum depends on the actual population of the particular 
levels. 

22.2 Y i t ? E & n a l R a m a n S P ~  

Every vibrational energy term of a molecule may be described as: 

G(v) = ae(v+1/2) - aexe(v+1/2)2 + ... 

x, is the anharmomcity constant and 0, the fundamental vibration eequency. 

(15) 

The selection rules Av = O,-C 1 , etc. apply to the transitions. Generally, the probabiity for 
a transition with Av = 22, 2 3 ,  ... is very small. 

In discussing the Raman activity of a vibration, it is usefid to assign a molecule to its 
symmetry group. The isotopically substituted methanes, also treated later in Chapter 4, will 
be discussed here as an example. The isotopic substitution reduces the symmetry of the 
molecule. For the isotopically pure methanes C€&, CD,, and CT,', the fkquency ratios may 
be calculated through the reduced masses p [33,34]. 

'Since the formulae in this work are related to chemistry, and not nuclear physics, 
preference is given to the nomenclature D instead of % for deuterium and H instead of 'H for 
tritium. 

9 
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The isotopically pure methanes belong to the tetrahedral group Td with cubic symmetry. 
These molecules have four fundamental vibrations [35,36,37J: 

0 one totally symmetric vibration AI 
0 one two-fold degenerate vibration E 
0 two threefold degenerate vibrations F, 

AU four fundamental vibrations are Raman-active according to the selection rules. Isotopic 
substitution of CH., to CJ&T (and analogously substituted methanes) does away with part of 
the degeneracy [38]. The two thr-fold degenerate vibrations split into one non-degenerate 
and one two-fold degenerate vibration. Ultimately, due to the C,, symmetry, 6 fundamental 
vzbrations may be observed. For CHzTz (as well as CQTz and alt degeneracies cancel 
one another and, due to the G, symmetry, 9 different vibrations are Raman-active. 

Composite vibrations, such as sums or differences of fiequencies of fundamental viirations 
and overtones may occur and may be observed in the Raman spectrum. Moreover, ifthe 
fiequency of an overtone or a Composite vibration occurs near the fkequency of a fundamental 
v i i o q  and ifthe vibrations are of the same symmetry type, so-called Fermi resonance may 
occurpu. Therdore, two new Raman lines are produced at higher fiequency and at lower 
frequency than the primary tramition frequency. The Fermi resonance also has an influence 
on the intensities of the Raman lines: e.g., the intensity of the overtone (or composite 
vibration), which is normally small, cau grow at the expense of the fundamental vibration. 
These may lead to mistaken interpretations of the spectrum. 

In addition to the mirational spclra, the rotational tinestructure may be observed for seved 
molecules (e.g., the methanes). The equation for vibration-rotation energy level T reads: 

T = Fa) + G(v) = BJV+l) + ( ~ , C V + ; )  - C j e ~ e ( ~ + i ) a  2 (17) 

The siretching of the rotation was neglected here (truncated aRer the first term of 
Eq. (13)). Rotation-vibration transitions with AJ = -2,0, +2 are designated as 0, Q, and 
S branches. For highly symmetric molecules, such as the isotopically pure methanes, the R 
and P branches, corresponding to 4l= -1, + 1 also occur. 

2.3. Methane-Tritium Exchange Reactions. 

The production oftritiated hydrocarbons by means of exchange reactions of gaseous tritium 
with the corresponding organic components is known in the literature as Whbach labeling 
[22J. Tritium decays with the emission of a fl- particle having an average energy of 5.7 KeV 
P J :  

1; -+ 3HeT' + e- (18) 

* 

10 
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The 3HeT ion initializes the tritium-protium exchange in the hydrocarbon. In addition to the 
decay-induced labeling mechanism, the radiation-induced exchange [39], which proceeds via 
ions and radicals due to radiolysis, is [also] mentioned for clarity. 

The exchange reaction may lead eventually to completely substituted methane CT,. The 
following equation basically describes the possible chemical reactions of these complex 
systems: 

CH,, + (4-x)T --+ CqT4-x + (4-x)HT (19) 

The concentdon ratio of methane to tritium is critical to the spectrum of products [formed] 
[40]. Besides the formation of various tritiated methane molecules, ethane (isotopically 
labeled) and other co-products are observed [42J Also, formation of polymers and 
unsaturated hydrocarbons is possible. Evaluation of the kinetics and mechanism of these 
reactions is s y s t e m - e c  and may be generalized only with Wculty. The ratio of surface 
to volume of the reaction vessel also has an influence of the kinetics and spectrum of products 
[formed] through the fraction of the tritium p energy absorbed in the gas [42]. For small 
vessels, wall reactions may dominate, depending on the total pressure [43]. To minimize the 
influence of the walls, w e  should be taken to use a small ratio of surface to volume of the 
reaction vessel. A good reaction container therefore has a spherical geometry. 

11 
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o analyze gas mixtures used for fusion, laser-Raman spectroscopy and mass 
spectrometry was chosen because of their complementary properties. The mass 
spectrometry was performed with a commercial apparatus of the Omegatron type. 
igations with the Omegatron [I 71 have shown that this mass spectrometer is suitable 

for quantitative analysis of all six hydrogen isotopes mixed with the stable helium isotopes. 
With a resolution of 2500/m (m = mass in amu), it is predestined for d y s e s  in the s d  
mass range. In the mnge of the masses of tritiated compounds, e.g., methane, however, this 
resolution is not sufficient for separate detection of the various molecular ions. 

The laser-- measurement was conducted on a system we built ffom individual 
components. Rarnan spectroscopy may be employed for analysis of all gases whose 
polarizability changes during a rotational or vibrational excitation. It can be operated as an 
absolute method ifthe Raman effective cross-sections of the individual transitions are known 
or they can be determined by ab initio calculations. In addition, the method is interference- 
ffee, the measurement time is comparatively short, and it can be set up in-line or on-line. In 
this chapter, the construction of the Omegatron [and] the laser-Raman spectrometer are 
described, as well as the infrastructure necessary for [conducting] experiments on these 
methods with tritium. 

3.1. Ornegatron. 

The Omegatron was discussed in detail in a previous thesis [24/ and will be described here 
only briefly. The instrument (Gentsch, Essen) is attached to a DN35 Conflat (CF) ultra-high 
vacuum flange (L.eybold, Koh) fitted with matching electrical feed-throughs. The resonator 
cavity and the electrodes are made of gold-plated tungsten and may be heated to 600 "C to 
minimize memory effects. 

The receiving vessel of the Omegatron is a quadratically widened copper tube with an edge 
length of 39 mm and a length of 300 mm. Figure 2 (see p. 13) shows the schematic 
arrangement of the experimental setup. The Omegatron is situated between the poles of an 
electromagnet (Type B-E l%, Bruker, Karlsruhe), its collector is connected through the 
middle contact of the CF flange to an electrometer (Type 642, KeitNey, U.S.A.) and this in 
turn to a flatbed recorder (SE 130, BBC, Sweden). The HF field applied at right angles to 
the magnetic field is supplied by an appropriate synthesizer (PM 5193, Philips, Hamburg) in 
the ffequency range 0. I mHZ to 50 MHZ. The pressure within the system is measured with 
a modified Bayard-Alpat ionimtion vacuum meter called Exkoll[44] (Gentsch, Essen). An 
ion-spray pump (IS 80, Leybold, Koln) with a capacity of about 1 L/s, throttled during the 
measurement with an angle valve, served to continuously evacuate the gases. The inlet 
system, in which larger amounts of gas must be pumped, was evacuated with a turbopump 
assembly (TCP 300 Balzers, Liechtenstein). A UHV gas metering valve (UDV 135, Bakers, 
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Liechtenstein) was used for the.gas inlet in the receiving vessel. For tritium measurements, 
a glass ampule (Amersham, U.K) containing 370 GBq was c o n n d  through a glass-metal 
transition lpiecel and a bellows valve. For disposal of tritium-containing hydrogen mixtures, 
ZrCo was used as the getter material. The glovebox is  described more llly in Sa. 3.3.1. 

2. 

I 
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3.2. Construction of the Laser-Raman Spectrometer. 

A laser-Raman spectrometer suitable for analysis of tritium-containing gases is not available 
commercially and had to be built by ourselves from appropriate individual components. 

The light source used for the excitation radiation is a continuous-wave argon-ion laser 
(INNOVA200, Coherent, Darmstadt). This laser emits 8 lines (528.7, 514.5,501.7,496.5, 
488.0,476.5,472.7,465.8 nm) in the range of 488.0 nm < 3, < 528.7 nm [sic]; the spec& 
total power is 15 watts. In this work, the line at 488 nm, with a maximum power of 7.7 W 
was used for Raman spectroscopy. The highest output power with the smallest divergence 
of the emerging beam is obtained in the TEh& mode (TEM = transverse electromagnetic 
mode), which vibrates at right angles to its direction of diffusion. A modeselection shutter 
serves to shut out the other modes. 

The actual laser power was measured each time with a reproducibly positioned power 
measuring instrument (“Fieldmaster,” Coherent, Dannstadt). For this, the measurement 
probe was placed on a holder fastened with screws to the optical table. 

The maximum electrical power of 55 KW consumed by the laser was dissipated by means of 
a water circulator with a cooling apparatus (PC 08 F‘K, Riedel, Niirnberg). The spectrometer 
employed consisted of a Simple monochromator with a photodiode array as the detector. 
Measurement control, as well as data acquisition and evaluation, was performed with a 
computer system (386/20e, Compaq). 

The Sigle-grating monochromator (HR 320, Instruments SA., Miinchen) with a C m y -  
Turner configuration had a focal length of 0.32 m. A total of three gratings, one 600 P/mm 
line grating and 2 holographic gratings with 1800 P/mm and 2400 Umm were available. The 
2400 Umm grating was mainly used because of the high dispersion. The monochromator is 
mounted at 90” to its normal operating position, so that the usually perpendicular entrance 
slit was horizontal and parallel to the laser beam; this increased the intensity of the detected 
Raman-scattered light. As to be expected, the mirror dimensions in the monochromator 
changed problematically. Scattered light could best be suppressed by placing a blackened 
mask in fiont of the entrance mirror. 

To minimize detection of reflections of higher order, the edges of the mirror(s) were masked 
off with black paper. The entrance slit height can be varied between 2 and 10 mm; the 
minimum slit width was 10 pm. The entrance slit closure was controlled by software fiom 
the computer. 

The detector is an intensified photodiode array (IRY 990, Instruments S A ,  Miinchen) with 
1024 channels and a focal length of 25 mm. The diode array is purged with dry nitrogen and 
cooled with a Peltier element. The intensity characteristic of the photodiode array was 
determined by taking the spectrum of a white light source; [it was] then worked into the 
software as a correction. 
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The whole optical arrangement, Le., the laser and the optical bank with mirrors, lenses, gas 
cuvette, and spectrometer, is screwed onto an optical table (Newport, Darmstadt) to 
mechanically fix the components and also to minimize the influence of vibrations. It is a 
stainless steel, honeycomb-structure table with internal vibration damping and M6 holes on 
a 25-rnm grid. Figure 3 (see p. 16) shows the arrangement of the components of the laser- 
Raman spectrometer. The laser beam was folded with two dielectric multiiayered mirrors 
(488 nm), adjustable with mimmeter screws to position the direction and height of the beam 
to enter the gas cuvette. It was taken into account that the quality of the laser beam, e.g., 
with respect to its divergence, is generally better two Cavity-lengths after the exit fkom the 
resonator. An actra parasitic laser beam is removed by several diaphragms. The laser beam 
is enclosed with tubmg for industrial safety reasons. The absolute height adjustment of the 
laser beam over the optical table is done with the aid of custom-made dark anodized 
aluminum caliiration hole standards. Lens L1 (focai length f = 300 mm, diameter d = 30 mm) 
focuses the beam at the focal pint of the entrance slit of the monochromator. The laser beam 
enters fkom the back side through the hole in the middle of the concave mirror M1 (f = 
150 mm, d = 50 mm) into the cuvette and then is reflected back from another concave mirror 
M Z  (f = 150 mm, d = 50 mm) to mirror M1. All mirrors are fitted with micrometer screws 
for adjustment. 

The d t i p l e  reflection between the two concave mirrors (mdti pass arrangement) serves to 
increase the intensity of the excitation irradiation and is used to advantage for gas samples. 
Since the Raman light is essentially in a 4x geometry, the monochromator is placed at 90" 
to the laser beam and another concave mirror M3 (retro-Raman mirror, f = 150 mm, d = 
50 mm) [is placed] opposite the monochromator. [This mirror] reflects the Raman light 
scattered in this direction into the excitation cmter and %om there into the spectrometer. The 
scattered right is focused onto the slit of the monochromator through lens L2 (f = 50 mm, d = 
40 nun). 

Because of the high laser power density, dielectric multilayered mirrors are used for the 
488 nm (laser optics) and [for] mirrors MI and M2 of the multi pass arrangement. Mirror M3 
is broadband metallized. The quartz glass lens L1 is improved by multilayering to eliminate 
reflection ofthe 488 nm, the quartz gIass lens L2, for visible light. Figure 4 (see p. 17) shows 
a photograph of the multiple reflections between the multi pass mirrors M1 and MZ.  For 
accwate positioning of the gas cuvette, an aluminum block is mounted on the optical bench 
with guide pins. The gas cuvettes were locked onto [the guide pins]. 

Cornmerdy available gas cuvettes are not usefbl for the analysis of radioactive gases. The 
special requirements in this work with tritium are: 

Ultrahigh vacuum tightness 
e all-metal construction 
e small volume for minimization of the radioactive inventory. . 

P 
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Figure 3. Arrangement of the laser-Raman spectrometer. 

a 
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Also, laser spectroscopy requires awindow material with good surface qualities. The flatness 
ofoptical surfaces is generally stated in multiples ofwavelengths; the reference wavelength 
is frequently the 632.8 nm line of the HeNe laser. A surface quality of at least 1 A is sought; 
u d y ,  however, a value of 1/10 I. should be observed. Because of the high laser power of 
up to 7 watts, it is additionally recommended that reflections be eliminated from the windows 
with a high-power coating for the wavelength of the laser. 

Various cuvette co&dons were tested, to optimize the measurement efficiency under the 
particular experimental conditions. To obtain the Raman spectra of the non-tritium- 
containing hydrogen isotopes and the deuterated methanes, a gas cuvette was constructed 
without the metal seal. The body of this cuvette consists of a stainless steel cube with 
dimensions of 70 x 70 x 70 mm [and] having two holes bored through at 90" to each other. 
The diameter ofthe holes is 15 mm, Since minimization of the volume is not important in this 
case. The windows mounted at the four exit openings of the holes are quartz glass disks with 
a surfice quality of 1/10, a diameter of 20 nun and a thickness of 6 mm. The two windows 
in the laser beam path are high-power coated for 488 tun, while the two windows for the 
Raman light are broadband polished for visible light. They are made high-vacuum tight (leak 
rate <l x mbar 0 s") with %ton O-rings in the body of the cuvette. The optical windows 
are pressed to them over plastic plates with a hole in the middle. On the outside of the 
stainless steel cube, the pipe stubs for conducting gas in and out are sealed with bellows 
valves. A pressure sensor Sulite, Miinchen) is used to monitor the pressure in the cuvette. 
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Tritium-compatibk gas cuve- 

Tritium-compatible Raman gas cuvettes with high optical quality [and] meeting the criteria 
mentioned in Sec. 3.2.1 were fist developed and built during this work. Based on the 
cuvettes desaibed in the preceding section, instead of usiig optical windows sealed with 0- 
rings, metal-sealed windows were used, and the diameter of the holes was minimized. All 
windows used are mounted in a metal-sealed Conflat flange (CF 35) generally used in 
ultrahigh vacuum technology. 

For the wavelength regions used in the previous work, the optical materials sapphire and 
quartz are suitable. These materials [are] available in high optical quality, put] the basic 
problem is in the bonding of [them] to the stainless steel UHV flange. The high temperatures 
nonnally necessary for the bonding process lead to deformations of the surface of the optical 
material and therefore, to deterioration of the originally good quality. The surface quality of 
the commercially available UHV-tight Conflat standard windows was not available. AU 
window types studied for their suitability are summarized in Table 1 (see p. 19). Figure 5 
shows a diagrammatic sketch of the window. 

A = Field of view 
B = Thickness of the optical 

material 
C = Fiange-plane-to-optical- 

window d lstance 

Figure 5. Diagrammatic sketch ofthe optical window in the flange. 

18 



HNF-MR-0532 

Table 1. Window types used and th& pmperties. 

1 ' I 

B: 5 mm 
C: 21.9 mm 

A: 37.5 mm 
B: 4mm 
C: 63.5 mm 
Type I 
A: 35.4mm CJT 
B: 6.4 mm 
C O l l l I l l  I 
A: 14mm 
B. 2.1 mm 
c: 7.4 mm 

A: 18mm 
B: 6mm 
c: 12mm 

The windows used for the first measurements were sapphire (row 1) with a quality of 3 to 
30 il (VG, Wiesbaden). The surface quality was measured inteiferometxically 1461 before 
coating the window. Although these windows did not achieve adequate optical quality, they 
could be used for optimizins the cell geometry and for orientation measurements. Windows 
of this poor surface quality had a very high background for instance and deteriorated the 
detection limit. The quartz glass windows in row 2 were so bad that they could not be used. 
The quartz glass windows in row 3 were used for preliminary measurements, as were the 
sapphire windows in row 4. The quantitative measurements were Wried out with the 
windows of row 5. The windows in rows 4 and 5 both represent solutions to the basic 
problem of bonding the optical material and the stainless steel. A suitable solid-state 
ditfusion-welding process (STS, AEA Fusion, Culham, U.K.) was used. At sufsciently low 
temperature, [this process] provides mechanical strength and tight bonding between the 
optical material and a suitable metal, which can at last be soldered to the stainless steel of the 
flange or [can be] electron-beam welded. In this process, the various materials, one 
component of which is brittle, are bonded using intermediate layers of ductile material 1451. 
By the simultaneous application of temperature and pressure, the effect of temperature can 

6 . 
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be limited to 500 "C. The procedure was first L I S ~ ~  for bonding optical materials with a 
quality of 1/10 h to CF stainless steel flanges in rannection with this work. The result of 
usiig this bonding process was con6rmed by means of interferometric measurement of the 
surface of the window. 

For bonding sapphire and stainless steel, a titanium ring is used as a support with aluminum 
as the ductile intermediate layer. The titanium support is soldered into the stainless steel 
flange under vacuum after successful diffusion bonding. The last step is coating the 
assembled window. Figure 6 shows a cross-sectional drawing of the geometry. 

l i i n i u m  
inset 
/ 

1 / /  m,.. . ,. . 

.. . . 
Sapphire disk 
20.0 x 2.1 mm 

Dasion bonding between quartz glass and stainless steel is more demanding, as the cross- 
sectional drawing of the window in Figure 7 (see p. 21) shows. First, the window must be 
ground at an angle to the circumference, so that a trapezoidal cross-section results. The 
quartz glass is held by a tantalum ring of matching geometry. Aluminum is the ductile 
intermediate layer for bonding quartz glass with tantdum. Using contact pressure during the 
heat process, the aluminum, applied as a ring, is formd into a flat band. Solid-state &sion 
processes provide a solid bond. The aluminum is sufficiently ductile to counteract the 
difference in the thermal expansion coefficients of quartz glass and tantalum. The quartz glass 
disks have an initial quality of 1/10 1. This smoothness remains unchanged through the 
manufacturing process. The interferogram, however, showed rings caused by a tivial 
meniscus-like deformation and indicated the formation of a concave/convex lens. From the 

20 



HNF-MR-0532 

ring spacing, a radius of curvature of the order of 10 m was estimated. Since both the 
concave and the convex radii were the same the focal distance of the concave/convex lens is 
actually infinite (a null lens). The parallelism of the manufactured window was 20 to 45 
seconds of arc. 

/ \ 
Spectrosii B Tantalum ring 

Disk (0.25 mm thick) 
Figure 7. &-away diagram of the quatlz glass window. 

The second batch of quartz glass windows was subjected to further geometric changes. The 
thickness of the window was 4 to 6 mm; the wail thickness of the tantalum ring was halved. 
In this way, the previously observed slight meniscus-like deformation was effectively 
suppressed. 

The quartz glass windows are set into the middle of through-holes in a stainless steel cube, 
drawn in top view in Figure 8 (see p. 22). The diameter of the hole in the direction of the 
laser beam is 9 mm, that for the Raman light, 11 mm. The recesses for the windows have a 
diameter of 32 mm and are 17 mm deep. The windows face toward the inside (Type II) - 
away fiom the flange. This arrangement leads to a signiticant reduction of the inner volume 
of the cuvette. 
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-re 8. LXagrammatic sketch of the cuvette body. 

Reducing the diameter of the holes &om that used with the cuvettes described in Sec. 3.2.1 
causes an increase of the scattered light intensity due to reflection of the laser light on the 
stainless steel surface. It is known in optics that scattered light may be greatly suppressed by 
darkening the surfaces. It must generally be an inert layer that cannot react with tritium in the 
cuvette. For example, darkly anodized aluminum, ordinarily used in optics, cannot be used 
(because of the deposition of organic residuals). However, flat black enamel, which is 
suitable for use with tritium due to its glass-like nature, sticks to stainless steel. Therefore, 
the cuvettes were enameled (Emaillierwerk Schndder, Baden-Baden) on the inside. The 
composition of the enamel fit was 20.0% SiOz 17% B203, 10.0% ZrO,, 22% P,O,, 6.0% 
N&0,2.0% K,O, 2.0% Li,O, 1.5% CaO, 16.5% 13a0,2.0% MnO, 0.5% CuO, 0.5% COO 
and LiOH as added. The fust coats led to an hcomplete enameling especially in the through- 
hole region of both holes. A complete enamel coating was first obtained after edges around 
the through-holes on the inside of the cube were flattened by spark erosion (exaggerated and 
not shown to scale for clarity in Figure 8). Adherence of the enamel was guaranteed in this 
way. The construction of the cuvette was submitted as a patent 1471. Figure 9 (see p. 23) 
shows a photograph of the enameling inside the cuvette. Figure 10 (see p. 23) shows the 
cuvette with pressure measuring apparatus attached. 
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A series of measurements was canied out to compare scattered light intensities. Figure 11 
shows the approximately 15-fold smaller background (at about 100 ran-') for an enameled 
cuvette compared to a non-enameled [one]. The nitrogen rotational spectrum near the laser 
line is clearly detected in measurements with the enameled cuvette, whereas it is not for the 
other. Both cuvettes were ftlled with air for these measurements. 

(rcm-'1 
Figure 11. Cornpison of the air specaa of enameled and non-enameled cuvette. 

Also, these enameled cuvettes were made with holes on the underside to permit precise and 
reproduciile positioning by means of a joint. The gas inlet and outlet are welded metal-& 
Cajon-VCR stubs on the top side of the cuvette. [These stubs] are sealed with bellows valves. 
A specially developed, small-volume, and tritium-cumpatible pressure sensor was built in for 
pressure monitoring. 

After assembly of all parts, the cuvettes were leak-tested. The leak rate amounted to less than 
3 x 1V" mbar s-'. 

3.3. Tritium Infrastructure. 

Figure 12 (see p. 25) shows an overview of the whole apparatus. A room air monitor 
(Berthold, Waldbronn) serves to monitor the laboratory air. The glovebox (self-built) 
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retention 
system 

contains the tritium supply and. disposal, as well as the Omegatron, and is directly coupled 
with the small box (hereafter d e d  the ‘Raman box”) which contains the optical components. 
The whole box is integrated with a tritium retention system (h4J3raun, Miinchen) and is 
monitored with an ionization c h b e r .  

Omegation 
1 I ’  1 

Optical tabk 

Room air monitor U 
b 

Ionization chamber 

Figure 12. OVeMew of the tritium infrastruaure. 

U Construction of the boxes. 

The glovebox consists of a stainless steel framework with dimensions of 1 m x 1 m x 2 m 
with stainless steel floor and Plexiglas on aU sides and the top. AU together, 32 box openings 
are designated for ‘Terbunan” gloves. A removable tray [made] of individual stainless steel 
plates is located at half the height of the glovebox with an intermediate space below so that, 
e.g., tools could be reached. The Omegatron and the vacuum pumps are in the lower part of 
the box; the tritium supply and disposal [are] arranged in the upper part. 

The Raman box on the optical table is joined to the glovebox through a plastic sleeve. An 
open Plexiglas cylinder serves as mechanical reinforcement for the plastic sleeve and is 
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adapted into matching supports on the glovebox. ,4 PVC floor inside the Plexiglas cylinder 
facilitates transfer of cuvettes. The dimensions of the Raman box are 0.37 m x 0.56 m x 
0.46 m. It is made completely of Plexiglas, has 3 glove openings, 6 small openings with 
supports for optical components and rests on 4 hei@t-adjustment feet. Additional openings 
were made in the boxes for feed-throughs for electrical power, water, gases, light, and 
moving mechanical parts. Box feed-throughs for &ctrical power, gas, and water supplies 
are commercially available. Hard-plumbed copper piping was used for gas. 

To avoid light losses, lenses needed anyway were ustd as light conductors to the Raman box. 
Lenses L1 (incoming laser light) and L2 (outgoing Raman light) were sealed with ultrahigh 
vacuum tightness into aluminum cylinders with a m:w mount. The cylinders were connected 
tightly using rubber perbunan) sleeves, cut from box-gloves, with appropriate supports of 
the box openings. The optical component holders were similarly sealed to the supports in the 
box with rubber sleeves to permit some movement of the optical components relative to the 
box. 

The whole unit., i.e., the glovebox, the Raman box, and the connecting tunnel, were assembled 
in KfK. The box was leak-tested according to ClIN Standard 25412 (leak rate L < 0.25 
VOIYahr). 

An open-cage-type ionization chamber with a volume of 1.5 P, developed and built in the 
[author’s] workgroup, was built into the top of the ‘box to monitor contamination of the box 
atmosphere. The ionhation chamber is connected to an electrometer (Type 617, Keithley, 
U.S.A) placed outside the box. Typical tritium concentratioIls in the box atmosphere were 
about 30 MBq/m3. 

The whole box arrangement is connected with a tritium retention system through tubing of 
nominal width ‘W SO.” The tubes are provided with a rotameter to monitor the flow and 
could be shut off by valve. The retention system consists of a catalyst (palladium), to oxidize 
the hydrogen (tritium) to water vapor with atmospheric oxygen. The &/water vapor mixture 
is then conducted to a cooler, and the water is adso.rbed on a molecular sieve. The recovery 
system was used in the normal operating mode only to cool the box atmosphere, and the 
catalyst and molecular sieve were recycled. The heat from the pumps and heaters were 
removed from the box this way. 

TdtiumvanddisuQSIiL 

Figure 13 (see p. 27) shows the schematic flow diagram of the tritium supply and disposal. 
The tritium (ca. 10 TJ3q) is stored as uranium tritide in a container (Nukem) with 8 g of 
depleted uranium. By heating the uranium container (UTB) to ca. 670 K with Valve 27 open, 
tritium is liberated at a pressure of about 1 bar and is measured with a pressure measuring 
probe PI (Baratron, U.S.A) and a small-volume ionization chamber I1 (Miinchner 
Apparatebau, Miinchen). Afterwards, it can be admitted into the Raman cuvette through 
Valves 16 and 33. [The tritium] is recovered by cooling the water-cooled UTB to room 
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Figure 13. Schematic flow diagram of the hitiw infrastructure. 
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temperature. Adding 100 mbar of helium and pumping through the UTB and the valve loop 
27,26,24,21,20, and 18 with a double-bellows pump assures that the tritium is recovered 
up to the equilibrium pressure over uranium triticle at room temperature (ca. 10" mbar.). 
Contamination and memory effects on the ionization chambers were minimized by frequent 
flushing with hydrogen. 

To introduce a second gaseous component into the cuvette, it is connected at Valve 10. The 
desired gas may be iilied as needed from gas bottles mounted on the roof of the glovebox 
through Valves 1-6 and then [valves] 7 and 9. To minimize tritium back flow from the 
cuvette, the bellows valve is opened only a little. A possible contamination in the piping 
system may have been observed with Ionization Chamber I2. Back flow could successfully 
be suppressed with this technique. 

To dispose of tritium from the Raman cuvette, the methanehritium gas mixture is passed 
through a nickel d y s t  bed (containing 10 g) at 770 K to decompose the tritium-containing 
hydrocarbon A subsequent palladiumlsilver permeator (Rosemount) at 670 K separated the 
hydrogen isotopes quantitatively. Helium was pumped around on the secondary side of this 
permeator, and the permeated hydrogen isotope W i s  bonded onto a second uranium bed, so 
as not to isotopically dilute the tritium in the first  dum container. 

3.4. Preparation of the tritiated methane. 

To prepare tritiated methane, a gas mixture of CH, (99.9995% purity, Air Liquide, 
Diisseidorf) and T, was used for the C&T,+x compounds, and CD, with an isotopic purity of 
99% D (MSD Isotopes, Canada) and T, for CDXTbx components. The tritium was taken from 
the uranium tritide container desaibed in [Sec.] 3.32, and its cornposition was measured with 
the Omegatron. The fraction of 3He amounted to 12.6%. For this, the tritium must be 
recirculated and "gettered" many times and the helium left behind pumped OK The isotopic 
composition of the mixture was 82.4% T, 11.4% :D, and 6.2% H. 

For complete tritiation of the methane, an excess of tritium was used. Tritium was let into 
Raman cuvette I [to a pressure ofl872 mbar, and then 141 mbar of CH, was added. The 
percentage composition of this mixture was 86% T, and 14% CH+ Cuvette II was iilied with 
716 mbar ofT, and 105 mbar of CD, = 821 mlxir). The percentage composition of this 
mixture was 87% T2 and 13% CD,. The volume of the two cuvettes was ca. 8 cm3. Cuvette 
I was tracked for 60 days by laser-Raman spectroscopy, cuvette II, for 78 days. 

'1 bar corresponds to lo5 Pa 
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4. &ZSU..TS AND DlSCUSSlON. 

ethanes were taken with the Omegatron, 
me and tritium were investigated. The 
the methanes labeled with deuterium and 

were measur 

4.1. Measurements with the Omegatron,, 

The Omegatron has been recognized as suitable for the quantitative analysis of all hydrogen 
isotopes and the stable helium isotopes in a previous thesis [24]. The extent to which the 
isotopically labeled methanes may be used for the alalysis of gas mixtures used in fbsion will 
be shown To this end, the mass spectra of the various deuterated methanes were taken. To 
learn the hgmentation pattems ofthe individual species, the pure substances were measured 
separately. 

The measured fragmentation patterns for the methanes isotopically labeled with deuterium 
and hydrogen, as well as [for] CH,, are given in Tables 2 through 6 (see pp. 29 through 3 1) 
and compared with values from the literature [48]." The peak heights are normatized to the 
parent peak, which was arbitrarily set to equal 100%. 

Table 2. Fragmentation pattern with normalized fractions ofthe fragmenU for CD, 

Mass Ion IExperimental Literature Value 
Value [481 

20 CD,+ 100 100 

18 CD; 86.5 86.5 

16 CD; 13.7 13.7 

14 CD' 7.3 7.3 

3.2 - 12 c' 

'The ionization energy for the experiments conducted in this work amounted to 80 eV. 
An ionization energy of 70 eV applies to the literature values cited for comparison here. The 
influence of differing ionization energies on the fragmentation pattern in this range of 
ionization energy is only slight. 
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The values obtained experimentally for the CD, molecule agee with those taken from the 
literature. The si@ of the C' fragment was too small for quantitative determination in the 
mass spectrometer used. 

Table 3. Fragmentation pattern aitb normalized m o n s  of the fragments for 

Mass Ion Experimental Literature Value 
Value r481 

19 CJ3D3+ 100 100 

18 CD; 47.6 43.5 

17 . cJ3D; 51.5 51.9 

16 CD; 8.7 10.7 

15 CHD+ 4.0 5.8 

14 CD' 4.0 7.9 

13 CH+ 0.8 1.5 

For the CHD, molecule, the measured intensities of the ionized h p e n t s  agreed with the 
literature values to within about *5 percentage points. 

Table 4. Fragmentation pinern with normalid fractioos of the fragments for CH,D, 

Mass Ion Experimental Literature Value 
Value r481 

18 CH2Q+ 100 100 

16 CHJY 37.7 33.3 

17 CHD; 73.5 65.7 

15 CHD+ 7.9 11.3 

14 CD'ICH,' 4.4 7.6 

13 CH+ 1.9 3.4 

For CHP, at mass 17, the CHD; frasment, the deviation of the percentage.htensity 
between the measured and the literature value was 7.8 percentage points, and is the highest 
deviation fiom the literature values observed in this series of measurements. This deviation 
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to higher values may not be explained solely by an impurity of the gas with CH,D used here. 
The fractions at masses 14 ana 13 for CHP, are, as already observed for CHD,, also 
somewhat smaller than given in the literature. 

Table 5. Fragmentation pattern with noItnalized fractions of the fragments for CHS.  

~ Literature re1 Value 

CH3D+ 100 100 

CHzD+ 80.0 79.8 

15 ’ 

14 

CH,’/CHD+ 

CD+/CH; 

18.3 

5.5 

23.7 

10.5 

13 CH+ 2.7 5.0 

For CH3D, the largest deviation ofthe experimentally determined data from the literature data 
was found for fragments of mass 15, and amounted to 5.4 percentage points. 

Table 6. Fragmentation pattern with normalized fractions of the fragments for W 

Mass Ion IExperimental Literature Value 
Value 

16 cH4+ 100 100 

15 CH,’ 89.3 89.3 

14 CH* 10.9 10.9 

13 CH+ 4.6 4.7 

12 C’ 3.5 

As [seen] for methane completely substituted with deuterium, CD, the CH4 data also show 
good agreement with the literature values. 

The fragmentation patterns found for the Omegritron were known for the analysis of gas 
mixtures of deuterated methanes. At mass 18, the CHzD; parent peak is superimposed on 
the M-1 daughter peak CD,’ of C m 3 ,  and a daughter peak CD,’ of CD,. At mass 17, 
0,’ from C m 3 ,  the parent peak of CH3D, and CHD,” from CHzDz, are [d] measured 
simultaneously. To separate these ion fkgments, a typical resolution of several thousand is 
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necessary (see Eq. 5, Sec. 2.1). At this mass range, the Omegatron, with a resolution of R = 
25M)/m, is no more powerful thai a conventional quadrupole mass spectrometer. Resolutions 
[adequate] for measurement ofthe individual deuterated methane peaks are achieved only by 
extremely high-resolution mass spectrometers. Since many fiagments that are not mixed up 
with one another may still be detected, a s i d l e  calculational effort is needed to make 
quantitative statements about the concentrations of the individual species in gas mixtures. In 
principle, the analysis of a mixture of all five methanes substituted with hydrogen and 
deuterium is possible with the Omegatron via the known fragmentation patterns. However, 
if other gases, such as hydrogen molecules, e.g., are present as impurities, quantitative 
statements are very dBcdt .  

In order to learn about the reaction conditions, the product spectrum, and the time period for 
preparing tritiated methanes by means of the exchange reaction, studies were conducted with 
the Omegatron' [49]. The 1.3-L reaction vessel was thermostatically maintained at 373 K. 
The gas was let into the Omegatron with a metering valve and was measured at a pressure 
Of p = 3  x 10-7mbar. 

A study starting with pra = 0.6 mbar and pCH4= 1.5 mbar showed that, when there is a 
deficiency of tritium, the exchange reaction is only very slow, and only traces of more highly 
tritiated methanes may be observed over a long period of several months under these 
conditions. 

Tritium exposure ( pra = 2.73 mbar) of the reaction vessel already used for the exchange 
reaction descn'bed above showed the formation of CT,, produced by radiochemical reactions 
with carbon or carbon-mntainbg compounds deposited on the container walls. Addition of 
methane in excess ( pcH4 = 0.26 mbar) led to formation of titiated methane, as expected. 
Figure 14 (seep. 33) shows the mass spectrum of the tritiated methanes 1680 hours after the 
beginning of this exchange reaction. 

At a pressure of pw = 3 mbar, the maximum number of p particles collide with the walls 
in a cyhdrid vessel with a diameter of 100 mm and a volume of 1.3 L. The range of titium 
p radiation at atmospheric pressure is 6 mm [IO]; at 3 mbar, it amounts to about 2000 mm. 
At these small pressures, only a very small part of the p radiation dissipates its energy 
effectivey in the gas; therefiore, low reaction rates are expected. The peak areas of the parent 
peak ofthe tritiated methanes are plotted vs. time in Figure 15 (see p. 34). The enlargement 
in Figure 15 shows how the concentrations of the tritiated methanes change on a suitably 
enlarged ordinate scale. 

*Catalytic effect of the container material (stainless steel) on the exchange reaction 
between CH, and T2 may be ruled out. Investigation of a mixture consisting of CH, and D, 
showed no measurable exchange reaction between deuterium and methane for more than a 
month. 
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Figure 14. Mass spcttum of tritiated methane. 
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figure 15. concentration profile of aitiated methane. 

The concentration profles show that, at 373 K and with an excess of tritium for the indicated 
pressures, only very small concentration changes are observed after 1400 hours. As atready 
mentioned, CT, had formed, whereas only pure had been in the reaction vessel. The 
initial concentrations of these components are high and decrease during the reaction. The 
formation of tritiated methane by reaction of tritium with carbon on the stainless steel surface 
of the reaction vessel could be reprodud in subsequent studies, and has also been described 
in the literaaue [SO]. The concentration of CH,T increases at the beginning of the reaction, 
and reaches a plateau after about 1200 hours. CH,T, S i a r l y  shows an increase in 
concentration. The CHT3 concentration remains nearly constant during the whole reaction 
time. 

Other products of the reaction were ethane, isotopioally substituted ethane, €IT, and H,. 
Also, very small fractions of untritiated ethylene and propane were observed. Higher 
hydrocarbons (C&, n-4 [sic]) could not be detected. In Figure 16 (see p. 35), the peak 
areas of the parent peak for the (tritiated) ethanes are plotted against time. 

U&itiated ethane is iirst observed a%er about 50 hours and shows a relatively strong increase 
in conmmation. Singly tritiated ethane is fist measured after ca. 330 hours; the concentra- 
tion profiie reaches a plateau after about 1000 hours. Doubly tritiated ethane is formed after 
about 500 hours; the concentration increases somewhat during the reaction. 
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The following important consequences for laser-Raman spectroscopy result from these 
measurements: 

The reaction must be performed with an excess of tritium to guarantee that the tritiated 
methanes form in high concentration and can thus be easiiy detected with Raman 
spectroscopy. 

Formation of (tritiated) ethane(s) must be reckoned with. 

0.08 
0.07- %& 

a 5 0.04- 
; 0.03- = 0.02- 

0.01 - 

l i m e  [h] 

Figare 16. concentration pmlile of the (tritiated) ethanes. 

4.2. Measurements with the Laser-Ramnn Spectrometer. 

The laser-- spectrometer was Erst &aract&j with respect to the system design. The 
hydrogen isotopes were thoroughly studied and standard measurements were made. The 
spectra of the deuterated methanes were taken and their rotationahibrational spectra were 
measured. The findmental vibrations of the various tritiated methanes were obtained by 
Raman spectroscopy, and the excbange reactions between CH, and T,, and between CD, and 
T,, were studied. 

. .  U Charactenzition of the SY- 

Since the laser-- spectrometer was assembled from individual components, the system 
design must iirst be characterized. For this, the intensity of the scattered light was measured 
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(in counts) as a function of the relative wavenumbers (rcni'). The important parameters 
influencing the measured intensity are: 

Laserpower 
Influence of the optical arrangement 
Partial pressure. 

As exp&ed, the intensity I (counts) determined by integration of the Raman peak showed 
a h e a r  dependence on the laser power P 0. This relationship, measured for a pure 
rotational traaSiton in the So branch for hydrogen, is displayed in Figure 17. The stability of 
the laser power at 3 W wasj3.01 W. The stability is thexfore better than 1% and is thus not 
the limiting criterion for the intensity measurement error. 

Figure 17. Peak area I of hydrogen in the So branch as a function of the laser power. 

As a matter of principle, the optical arrangement must be adjusted precisely. The retro- 
Raman mirror increases the intensity of the peak by a factor of 2. Measureqp  without 
[the] multi pass mirror gave signal intensities [which were] too small, and werchherefore not 
studied hrther. 
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The multiple reflection between Mirrors MI and M 2  is critical. Minute changes in the 
position of the multi pass mirror led to serious variations in the intensity. Regarding the 
tritium measurements, no internal standard such as nitrogen or the like was used because of 
the radiochemical reaction due to p radiation. Noble gases cannot be considered for an 
internal standard, since, due to the selection rules, they cannot be detected by Raman 
spectroscopy. To ensure reproducible adjustment of the multi pass mirror, an external 
standard was desired. A Raman cuvette filled with 1000 mbar of hydrogen was place in the 
beam path before the measurements for this, and the multi pass was adjusted so that a 
standard signal strength and a standard signal/noist: ratio were recorded. In spite of the use 
of the external standard, accurate reproduction of the multi pass positioning is the main 
source of error in the measured intensity. 

Among the propemeS ofthe spectrometer, the resohhon is important for separate registration 
of the signal intensities. Two holographic gratings were used in the monochromator. The 
1800 t/mm grating permitted acquisition of a relative wavenumber range of 0 rcm-' i v i 
6500 ran-'; the 2400 Plmm, 0 rcm" 2 v 5 4500 rcm". The latter grating was used for d 
experiments because of the higher resolution in the wavenumber range adequate for this 
work. 

The spectra were evaluated with regard to the peak iUea, which was determined by integrating 
the signal [while] considering the (wave-number-dependent) background Zo (see Eq. 20). 

As a d e ,  each spectnun was taken ten times with a measurement time of one second each, 
each [was] accumulated five times and divided by five within the spectrometer. The 
signaVnoise ratio was thereby improved. For evaluation, the ten spectra were added, the peak 
area determined, and divided by ten (see Eq. 21). 

. 10 

The mnsiderably more demanding procedure of integrating each of the ten spectra and then 
averaging did not improve the acuuacy or reproducibiiity. 

The influence of the partial pressure of various ccimponents i ( i = H2, D2, Tu CJ&, C&) 
was investigated in the range 1 mbar 6 pi i 1000 mbar and is illustrated in the calibration 
curves, obtained by hear regression, in the following sections. No influence on the signal 
of the components was observed when adding helium (up to pHe = 800 mbF). Accordingly, 
there was no dependence of the signal on the total pressure in this presnire range. 

The Raman spectroscopic measurements were always carried out at room temperature. The 
spectrometer was calibrated with the 488 nm line of the argon-ion laser. 
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U Spectra0 f the hydropa-isotopes, 

The line positions of the hydrogen molecule H2 are calculated from theory in numerous 
publications and have been determined experimentally in various ways [51,52]. Few 
investigations exist for HD and D, [53]; the tritium-contabhg hydrogen isotopes DT, HT, 
and T, have been seldom studied because they are difficult to handle [54]. The publications 
of VEIRS and ROSENBLATT [55,56] on this subject are the most extensive and are 
therefore cited for comparison with the data obtained experimentally in this work. 

The non-tritium-contaihg hydrogen isotopes were also thoroughly surveyed in the preceding 
work. The positions of the lines in the pure rotational spectrum of the hydrogen isotopes (So 
branch) are nearthe laser line. Figure 18 shows a spectrum in the relative wavenumber range 
of 60 to 900 ran-' of a 1:l mixture of H, and D2 equilibrated at 450 K using a catalyst 
(palladium on asbestos). 
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r cm4 
Figure 18. Rotational Raman spectnun of €I2, 4, and HD in the So branch. 

To obtain the spectra of tritium, a cuvette was filled with titium from the uranium hitide 
container to a total pressure ptoral = 1000 mbar. As expected from the mass spectrometric 
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analyses (see Sec. 3.4), DT and €IT were present in low concentrations as isotopic impurities 
in the tritium Fwes 19 and 20 (see p. 40) show the spectrum of the pure rotational branch 
of TB HT, and DT in various wavenumber ranges. The signal heights of the two heteronu- 
clear isotopes are very small because of their low concentrations. 
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Figure 19. Rotational Raman speanun of T2, HT, and DT in the So branch from 60 to 570 ran.'. 

The line positions of the transitions of the hydrogen isotopes obtained &om the measurements 
are summarized and compared with the literature data L.5.51 in Table 7 (see p. 41). 

The line positions are already known with higher accuracy (in part, up to 0.0002 rcm-I). 
Since the spectrometer used in this work is not set to the highest resolution and calibration 
ofthe wavenumber scale, slight deviations ( Av = *l ran-') in the absolute wavenumbers was 
tolerated in these measurements. 

The spectra in Figures 18 through 20 on pages 38 to 40 should be discussed together with 
the data &om Table 7. The spectrum in Figure 18 shows the pure rotational spectrum of the 
J 0+2, J 1+3, and J 2-+4 transitions for hydrogen. 

The transitions J 0+2 through J 4+6 (Figure 18) were observed for deuterium. 
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Figure 20. Rotational Raman spectrum of T2, HT, DT in the S, branch from 600 to 825 rcni'. 

For HD, the four lines for J 0+2 through J 3+5 (Figure 18, p. 38) occur in the measured 
range. The tirst two signals exhibit an intensity ratio of about 1; for this molecule, no para 
and ortho species exist. 

All the peaks in these spectra are well separated fkom one another; there are no problems with 
coincidence of lines. The absolute intensities of the signals with each other do not yield the 
ratio of the partial pressures duectly. The particular effective cross-sections must be 
considered for quantitative analysis. The cross-sections are calculable, but may also be 
determined by measurement. 

For tritium (see Figures 19 and 20), 8 transitions &om J 0+2 through J 7+9 were found. 
Because the rotational energy of T2 [is] smaller than for H2, higher rotational levels are 
already highly populated at room temperature. 

For DT (see Figures 19 and 20), 6 lines for transitions from J 0+2 through J 5 4 7  were 
detected. S i a r l y ,  4 transitions were observed for HT. Three of these transitions (J 0+2 
through J 547) were already reported in the literature. The fourth signal observed, at 
699.3 rcm-' may be unequivocally assigned to the WT transition J 3 6 .  For one [thing], it 
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~~ 

Table 7. Line positions of the hy&gen isotopff in the &,'branch. 

H2 Transition v- vut 

J0+2  354.1 354.4 

J 1+3 586.9 587.1 

J2+4 814.5 814.5 

J 3 + 5  1033.1 1034.7 
3 

J 1+3 297.3 297.5 

J2+4 414.6 414.6 

J3+5 529.3 529.8 

J4+6  642.3 642.7 

r, Transition vIzp vnt 

J 0-+2 119.6 120.1 

J 1+3 199.0 199.7 

J2+4  278.1 278.9 

J3+5 356.1 357.0 

J 4+6 432.9 434.1 

J5+7 509.5 510.0 

J6+8 581.7 584.2 

J7+9 654.3 656.9 

JO+2 266.5 267.9 

J 1+3 442.9 443.0 

J2+4 615.8 615.9 

J3+5 785.2 785.4 

JO+2 237.9 237.9 

J2+4 549.9 549.3 

J3+5 699.3 - 
- - 
DT Transition V. V, 

J 0+2 149.6 
- 

J 1-+3 245.7 248.7 

J2+4 343.3 346.9 

J3+5 440.0 443.7 

J4+6 536.6 538.9 

J5+7 630.4 632.2 - - 

41 



HNF-MR-0532 

is verified by differences between the individual frequencies. The A values of the first four 
lines are 157.05 r a d ,  154.96 rcni’, and 151.89 r a d .  For another [thing], this peak changes 
proportionately to the other HT peaks during the exchange reaction between CH, and T, as 
described in W o n  4.3. In general no other lines of another hydrogen isotope are found at 
this wavenumber. The J 3+5 transition, with 699.3 rm-’ bad not been known experimentally 
until now. 

Only the most intense lines and, thus, the transitions starting %om the lower rotational lwels 
were used for quanbtive analyses of the hydrogen isotopes. The rotationhibration spectra 
of the hydrogen isotopes (Q1 branches) are exhibited in Figures 21 and 22 (see p. 43). An 
e q u i l i i  hydmgeddeutehn gas mixture with 50% hydrogen and deuterium was used at 
a pressure of pbw = 1000 mbar or tritium &om the uranium tritide container, Similarly, at a 
pressure of pw = 1000 mbar. 
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E”igure 21. Rotation-vibration Raman spectra of Ha Du and HD in the Q, branch. 

The advantage of the Q1 branches for analysis is that, because of the large wavenumber 
interval between the individual species, unequivocal assignment is possible even without an 
exactly calibrated wavenumber scale. The values for the individual line positions are 
compared with the literature data [55/ in Table 8 (see p. 44). The differences %om the 
literatwe data are larger in the Q1 branch than in the So branch. The maximum difference is 
about i 2  rcm-’. Sice the spectrometer was n o d y  adjusted only at the wavelength of 
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488 nm (therefore at the relative wavenumber 0), calculations have uncertainties in line 
positions at higher wavenumbers. 
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Figare 22. Rotation-viion Raman spectra of T2, HT, and DT in the Q1 branch. 

The Q1 branch of the hydrogen molecule H2 is between 4100 and 4200 rem-', and is therefore 
in the wavelength limit d b l e  with the 2400 Umm grating. The four lines of the transition 
fiom J O+O through J 3+3 (the vibrational quantum number, Av = 1, is changed) are well 
resolved. The peak of the J l-tl  bansition is the most intense peak in this group. 

For deuterium near 3000 rcm-', the J O+O signal overlaps that of the J 1'1 transition. The 
signal from the rotational level 0 onward is only detectable as a shoulder. In addition, the 
lines of the transitions J 2+2 through 3 4+4 are still observed. 

Six transitions may be detected for tritium. As for hydrogen, the line of the J I-t 1 transition 
is the most intense of the group. The J O+O transition for tritium is not mentioned in the 
literame. The transitions are tightly grouped and the signals are not as well separated from 
one another as those of deuterium or of hydrogen. This is a direct consequence of the high 
relative difference in the masses of the hydrogen isotopes. 

For HD, 5 transitions were observed in the Q1 branch; the lines of the J O+O and J l-t l  
transitions lie closely together, but still may be det&ed separately. !3X and DT have a s i i a r  
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behavior for the J O+O and J 1+1 line posiions. Five transitions are detected for each of the 
two isotopes. The intensities of the signals of the heteronuclear isotopes in Figure 22 are low, 
since they are only isotopic impurities. 

Table 8. Line pitions of the hydrogen isotopes in the Q, branch 

& Transition v, vnt 
JO+O 4164.9 4161.2 

J1+1 4158.9 4155.3 

J2+2 4147.1 4143.5 

J3+3 4129.6 4125.9 

D2 Transition vq vni 
JO+O 2995.2 2993.6 

J 1+1 2991.5 

J2+2 2988.6 2987.2 

J3+3 2982.4 2981.0 

J4+2 2974.0 2972.5 

r, Transition veIp vnt 
J l-tl 2463.8 2463.3 

J2+2 2461.3 2461.0 

J3+3 2458.2 2457.5 

J4+4 2453.5 2453.0 

J 5+5 2447.84 2447.3 

J 6+6 2440.5 2440.5 

BD Transition vq vnt 
JO+O 3635.3 3632.2 

J l-tl 3631.4 3638.4 

J 2+2 3620.6 

J3+3 3611.5 3609.2 

J4+4 3593.2 3592.2 

HT Transition v, vnt 
JO+O 3434.2 3434.9 

J l+l 3430.6 3431.9 

J2+2 3428.0 3425.6 

J3+3 3414.3 3415.6 

DT Transition vq vnt 
J O+O 2743.4 

J l+l 2743.5 2741.8 

J 2+2 2739.4 2738.4 

J3+3 2734.2 2733.7 

J4+4 2728.4 2727.2 

J 5+5 2720.2 2719.2 

To show that quantitative analyses are possible with the laser-Raman spectrometer used in 
this work, standard measurements with H,, D ,  and T2 were made. For this, the intensities 
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of various signals were matched against the particular partial pressures. The pressure for 
hydrogen ranged from 10 mbar I; pH2 I; 1000 mliar, that for deuterium and tritium, from 
50 mbar I; pm.= 5 1000 mbar. Measurements at low pressures (p  = 1 mbar) were even 
possible under various measurement conditions (a.g., increasiig the number of accumula- 
tions). Since the hydrogen isotopes in gas mixtures of importance in ksion generally have 
extra components, the pressure range measured is regarded as completely relevant to practice. 
InFigure 23, the intensities of the J 042, J 1-3, and J 2+4 transitions in the So branch for 
hydrogen are plotted against the pressure. Figure 24 (see p. 46) shows the calibration series 
obtained on the Q, branch for signals of the J 1+1,3 2+2, and J 3-3 transitions. 

.I 
[Counts: 

3ooM 

20m 

Mwo 

J 

Figure 23. 6 calibration measurements: peak area of the signal ( I ) in the S, branch plotted against 
the pressure ( p  ); x, A, o := &&-fit lines. 
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l i s p t  24. & calibmtion -: peak area ofthe signal ( I )  in the Q, branch plotted against 
the pressure ( p  ); x, A, 0 := best-fit lines. 

The results of the measurements show a linear dependence of the peak area on the partial 
pressure. The calculation of the J 0+2 transition shows the greatest scattering. This is due 
to the scattered laser light occurring in this part of the spectrum. Without showing the 
cOrreSpOnding diagrans it is to be noted that the signal of the J 1+3 and J 2+4 transitions for 
deuterium were considered for quantitative interpretation. In the Q1 branch of hydrogen, the 
J I+ 1 transition is the most intense (see Fig. 21, p. 42) and thus is predestined for use in 
quantitaton. This peak is separated from the other peaks by the baseline and therefore may 
be evaluated without problem. The J 2+2 and J 3+3 transitions are also shown in the 
diagram; they show a S i a r  linear dependence between partial pressure and intensity. 

For tritium, the signals of the J 1+3, J 2+4, and J 3+5 transitions in the So branch were 
evaluated and [are] shown in Figure 25 (see p. 47). In Figure 26 (see p. 48), the intensities 
of the transitions of the QI branches are plotted against the pressure. For tritium, the signals 
of the J l+l, J 2+2, and J 3+3 transitions are available for quantitative interpretation. 
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The J 0+2 transition of tritium is even closer to the laser h e  than the corresponding 
hydrogen signal, for which an increased scattering h already been discussed. The transitions 
&om higher rotation levels are more useiid for quantitative interpretation of the tritium So 
branch. 
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FEgure 25. Tz dbmtion measuwnents' peakarea dthe !ignal ( I )  in the S, branch plotted against 
thepressure(p); x, A, 0 :=&&fit lines. 

c 

It was recognized as beneficial that the So branch with high signal intensity is not the only 
[one that] can be used for quantitative analysis. According to these measurements, the Q1 

branch is also well suited for quantitation (see Fig, 26, p. 48). The Q1 branch yields a sum 
of the signals for the ortho and para species. For the So branch, each of the ortho and para 
signals must be interpreted separately. For mechstnistic studies, this difl'erence between 
species is an advantage. For simple quantitative analysis, [one] can fall back on interpretation 
of the Q1 branch. 

Thse calibraton measurements show that our homemade laser-Raman spectrometer can be 
operated quantitatively, and unknown gas mixtures can be andyz,ed for their hydrogen 
isotopic content. The standard measurements of methane and ethane, discussed in the 
following Section, con6rm this statement. 

~ 

~ 

47 



HNF-MR-0532 

MIM 
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A g u ~  26. T2 OwHation meaauemabs: peakarea of the signal (I ) in the Q, branch plotted against 
the pressure ( p  ), x ,  A, 0 := -4% lines. 

In this section, the spectra of methane and ethane and standard measurements with these 
gases wiU be reported. Tests with the Omegatron showed that untritiated ethane may be 
present as a by-product in the product spectrum ofthe methandtritium exchange reaction (see 
Section 4.1). 

CH, has often been studied by Raman spectroscopy [57,58]. Sice  the methane molecule 
belongs to the tetrahedral group T,,, four Raman-active fbndamental vibrations could be 
observed (see Section 2.2.2). Molecules ofthe cubic symmetq group have no pure rotational 
spectrum. Figures 27 (see p. 49) and 28 (seep. 49) show the three fundamental vibrations 
of CH, with their rotational &e-stiucture, taken at a partial pressure of pCM = 1000 mbar. 
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Figore 27. v, and v, hdamental vibrations of C&. 
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Figore 28. v, hdamental vibration of C&. 
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The v, vibration (A,) at 2917 rcm" is the most intense line. The v, vibration 62) at 
3021 ran-' is weaker in intensity.. The rotational fine-structure of these two vibrations is not 
discussed here, since all measured lines agree with those published in the literature. In Figure 
28, the weakest of the measured vibrations, the v, vibration (El) at 1532 ran-' is shown. Since 
signals of the tritiated methanes are also expected in this frequency range, their rotational fins 
structure was used and the line positions were reproduced in Table A1 in the Appendix. In 
this way, it was assured that an unambiguous assignment is possible for unknown spectra. 
Deviations of the wavenumbers obtained for the fundamental vibrations fiom the literature 
data were Av = 1 ran-'. The v, vibration Q at 1367 ran-' is too small in intensity to be 
detected with the spectrometer used in this work. 

The high intensity of the v, peak in comparison to the hydrogen isotopes at the same pressure 
is advantageous for detection of trace methane concentrations. In the gas mixtures of 
concern, methane exists as a sub-stoichiometric component. This signal was cited only for 
calibration. In Figures 29 a and b, the calibration measurements for methane are shown in 
ditferent pressure ranges in two plots for better understanding. The intensity of the v1 peak 
is proportional to the partial pressure in the range *om 1 mbar i pcH4 i 1000 mbar. 

Qwe29 a and b. Qf, calibration rneasnrement. peakareas of the v, signal in the pressure range, 
a) 1 mbar ipm i lo00 mbar, b) lOOOmbar,,best-fit lines 
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v, douiblet 

Similarly, ethane was studied qualitatively and quantiiatively using Raman spectroscopy. The 
spectra shown in Figurm30 and 3 1 (see p. 52) were similarly taken at a pressure of pczH6 = 
1000 mbar. 
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Figure 30. v, doublet of ethane. 

Also, the Raman spectnun of ethane has even been thoroughly measured and analyzed p9/ .  
The v1 doublet at 2903 and 2959 rcm-' in Figure :30 is due to the splitting caused by the 
resonance between the totally symmetric C-H vibration v1 and the overtone of a CH, 
deformation vibration at 1460 ran-' [27/. The v, signal of the C-C stretching vibration at 
995.64 rcm-l (see Fig. 31) is smaller in intensity than the doublet, but still of suffcient 
intensity for making a caliiration measurement. Shovvn in Figures 32 (see p. 52) and 33 (see 
p. 53) are the calibration curves for ethane at 10 mbar i pCzH6 i 1000 mbar and 50 mbar i 
pcaHs .s 1000 mbar for the v, doublet and the signal of the v, vibration, respectively. 

To interpret the spectra for the calibration curve in. Figure 32, the peak area of the whole 
doublet was integrated, Since integration of the individual peaks of the doublet did not give 
a linear relation to the partial pressure. In the interpretation of the spectra of the v, signal, 
a linear dependence of the peak area on the partial pressure was obtained as expected (see 
Fig. 33). 
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b 

1 

Figure 33. Ethane calibration measurements. Peak m a  of the v, signal in the pressure range 
50 &at i b6 i lo00 m L q  --fit line. 

The idumce of the isotopic substitution of polyatonlic molecules on the Raman spectra was 
investigated for the case of the methane molecule. The deuterated methanes CD,, CDJ-J, 
CD&, and CDH, are commerciaUy available. To remove possible impurities, which could 
lead to errors in interpretation of the spectmm, the gas bottles were placed in a 
methanoJ/carbon-dioxide cooling bath at 195 K when drawing off the various gases into the 
cuvette. In addition, the purity of the deuterated methanes was vedied by mass spectrome- 
try. No impurities could be detected. 

4.2.4.1. CD,. 

In analogy to CI-I,,, CD, belongs to the cubic symmetry group Td. This results in four Raman- 
active fundamental vibrations. The fkquencies for the CD, molecule could be dculated from 
the known frequencies of the fundamental vibrations for CH, using the different reduced 
masses (see Eq. 16 ftom Sec. 2.2.2). 

In Figure 34, (see p. 55) the signals of the vl, v,, 2v4, and v,+v, vibrations are shown in the 
wavenumber range of 1900 to 2500 ran-'. In Figure 35 (see p. 55) the V, signal is shown 
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with its rotational fine-structure between about 950 and 1300 rcm-'. Both spectra were taken 
at a pressure of pcaa = 1000 mbar. 

The wavenumbem ofthe observed signals measured for CD, are compared with the literature 
data 1351 in Table 9. 

Table 9. Frquencies of the CD, m o l d e  determined by Raman q x t m w p y .  

Vibration type v,, (rcm-') v, ,>$, (rcm-') 

V I  2108 2107 

v2 1091 1092 

v3 2258 2259 

2v4 1963 1964 

v2+v4 2066 Limes between 

2085 2040 and 2100 

U 2092 

Differing information is given in the literature concerning the line position of the v, 
fundamental vibration of CD, [27,35]. The signal at 2085 ran-', which, according to Table 
9, represents the second maximum of the vz+v4 combined viration, was mistakenly 
interpreted by MACWOOD [38] as a v1 signal. In analogy to CH,, it is expected that the 
totally Syrmnetrc viiration is the most intense line in this spectnun. That is why, in this work, 
the assignment of OLAFSON [35] is followed; according to that author, the signal at 
2107 ran-' corresponds to the v, peak As [happened] for CH,, the v, vibration (995.6 ran-') 
could not be detected because of its small intensity. AU together, three lines of the combined 
vibration v,+v, were found. In the litenture, up to 25 various lines were assigned to this 
combined vibration 1351. 

The v, and v, viirations are accompanied by a distinctly shaped rotational fine-structure (see 
Fig. 34 and 35, p. 55). The rotational transitions follow the selection rules 41 = -2, -1,O +1, 
+2, corresponding to the 0, P, Q, R, and S branches. As SHEPERD and WELSH [36] 
already showed, the rotational levels of the excited vibrational levels of the v, vibr@ion split 
into a lower level (a) and a higher level (p). The frequencies of the individual lines of this 
fine-structure, as well as their assignment and comparison with the literature data are 
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contained in Table A2 in the Appendix. In the OD region, the OD( 16) line*, with 947.2 rcm-', 
was found in addition to the literature data [36,6O]. The intervals between the individual lines 
in the OB region are 8.7 rcm-'. The Oa(l5) to Oe(lO) lines were measured; Oe(9) was 
detected only as a broadening of the O"(8) si&. OB(7) and Oe(6) were likewise 
supehposed on other lines. @(5) through @(2) were each resolved. In the W branch, the 
lines for O"(12) through Oa(l) were detected without exception. The interval of the 
individual 0" lines was 9.7 rcm-'. ~n the Pa region, the lines for transitions ~e(12) through 
p( l )  were found except the p(9), @(7), and p(5) lines. The P(7) and p(5) lines are not 
reported in the literature either. The intervals of these peaks in this branch are 3.5 ran-'. A 
P" branch was not observed. This bebavior is also found in the S branch, where only Sp lines 
rue observed. The complete sequence of lines fiom Se(0) through SD(l 8) could be detected. 
Ss(19) was observed at 1339.4 ran-' in addition to the literature data. The intervals of the 
lines in this branch were 12.2 ran-'. The Ra branch was observed only very incompletely. 
Of the lines R"(2) through R'(ll), Ra(3), Ra(8), and R'(10) are missimg. The interval for 
these lines is 6.2 rcm-*. 

The rieguencieS of the lines of the rotational fine-structure of the v, branch are listed in Table 
A3 of the Appendix. The individual branches may be split here into three sub-levels 
designated +, 0, and -. In the 0' branch, the lines orighating fiom the rotational quantum 
numbers (13), and (11) through (9) were found, with an interval of 10.2 ran-'. In the 0 
region, all of the transitions originating h m  the rotational quantum numbers (1 1) through 
(5) were detected, with a wavenumber difference of 11.7 rcm-'. In the P branch, P(15) 
through P(7) were found, with a wavenumber Werence of 6.5 rcm-'; in the Ro branch, 
Ro(lO) through R0(4), with an interval of 5.8 ran-'; and in the R' branch, R+(2) through 
R'(1 l), with an interval of 5.7 rcm-'. The S+ branch, with the lines of S+(2) through S'(20) 
is the most extensive braach, with a line intend of 1 1.2 ran-'. The S'(20) line was measured 
for the first time in this work. 

To Surmnarize, it hasbeenestablished that t h e m  spectrum of CD, was acquired with the 
spectrometer constmcted in this work, and all lines detected could be assigned. The literature 
data were not only confirmed, but also additional lines were detected and assigned. The 
spectrometer exhibiied an adequate resolution for the task at hand. These Ws, taken 
together with the quantitative measurements of the hydrogen isotopes and the non- 
isotopically substituted hydmarbons, such as methane and ethane, demonstrate the suitability 
of the apparatus for determining isotopically substituted methanes. 

4.2.4.2. CHD9 

The measured spectra of the CHD, molecule are reproduced in Figures 36 through 38 (see 
pp. 57 through 58). These spectra were taken at a partial pressure of pcm = 1000 mbar. 

/ 

'The number in parentheses refers to the rotational quantum number I of the rotational 
level of the initial state. 
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Figure 36. v, fundamental viiration of CHD? 
I 

3250 2750 r---- 

250 750 L 
2750 2850 2950 

rcni’ 
Figure 37. vI fundamental vibration of CHD3. 
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FEgure 38. v, fundamental whation of CHQ. 
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As aconsquence ofthe reduction of the symmetry group due to isotopic substitution, a part 
of the degemacy is caaceled, accordingly, 6 Raman-actve hdamental  Vibrations could be 
observed. In Table 10 the observed wavenumbers of the fundamental vibrations are 
compared with the literature data [6lJ. 

~~ 

Table 10. Fundamental v i i o n s  of CHD,. 

Vibration type Vq (rem-') vWf61/ (rem-') 
VI 2139 2142 

v3a 2990 299 1 

v3b 2252 225 1 

V& 1032 1036 

As already described for CHD3, the assignment of the position of the V, signal in the literature 
[34,38,61,62,63] is controversial. The signals at 2192 and 2142 rcrn-' are discussed for this 
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vibration. DECIUS 1341 and MONTERO [63] find a wavenumber of 2192 rem-' in their 
experiments; MACWOOD 1381 detected the signal at 2141 rcm-l, in agreement with the 
2142 ran-' value found by GRAY [61]. Ofcourse, GRAY calculated a value of 2162.3 rcm-' 
for this vibration. S i y ,  in a more recent publication on the Raman spectroscopy of 
deuterated metbanes[64], 2141 ran-' was measured. The line position measured in this work 
at 2139 rcm-' may be regarded as the signal of the v1 vibration based on [its] high relative 
intensity. The wavenumbers for the S(3) through S(6) and for the O(15) through O(2) 
branches of the v, peak were listed in Table A4 in the Appendix. 

The &equencies also mentioned in the literature 1611 for v p  at 1003 and v2 at 1291 ran-' 
could not be detected here because of their s m d  intensities. Usually these line positions are 
only calculated in the literature; in other publications, they were not detected by the 
measurement method. 

The v, signal, which had only one fourth of the intensity of the v, signal, shows a distinctive 
rotational fine-structure. The lines of this he-structure have not been cited in the literature 
up to now. On the side of the smaller wavenumbers, 10 lines with an interval of 13 rem-' and 
12 lies at intervals of 14.8 ran-' are superimposed. The wavenumbers of these lines are 
listed in Table A5 in the Appendix and are shown in an enlarged section of the spectrum in 
Figure 37 on p. 57. Analogously, on the side of the higher wavenumbers, 13 lines with an 
hterval of 6 rmi' and 11 with 12.2 ran-' were detected. This region is also shown 
as an enlargement in Figure 37. 

The he-structme of the v, signal, lost in the noise under the measuring conditions selected, 
(see Fig. 38, p. 58) was not evaluated. Neither has this fine-structure been reported in the 
literature to date. 

4.2.4.3. CH,D. 

CH@ belongs to the same symmetry group, C, as the CHD3 molecule; it will be handled in 
that way here. The spectra for C€ID3 at a partial pressure of pcm = 1000 mbar are shown 
in the relative wavelength ranges of 1900 to 2500 r r i '  and 2700 to 3250 ran-' in Figures 39 
(seep. 61) for CD, [sic] and 40 (seep. 61). 

The measured line positions of the signals are assigned to the corresponding vibrations and 
are compared with literature data [63] in Table 11 (see p. 60). 

Various statements about the line positions of the kmdamental vibrations are found in the 
literame for this molecule, also. The line position of the v, peak is as<@ here to the peak 
at 2201 ran-', in agreement with MONTERO [63]. MACWOOD [38] gives 2944 ran-' as 
the line position for the v, fundamental vibration. However, in this wavelength region, no v1 
should be expected, the region around 2900 rem-' belongs to the v, vibration. The highest 
relative intensity of the vI viiration in the measured spectrum for this molecule also is 
regarded as an additional hint that the line positions are assigned correctly. For the v, 
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Table 11. Line psitiom of the fundamental vibrations of the CHD3 molecule. 

vibration, basically four comparatively strong [but] different positions are discussed by the 
individual authors. While MONTERO [63] finds 2967 rem-' and DECKJS 1341,2982 ran-', 
GRAY [61] gives 3001 rem-', and MACWOOD [381, even 3013 ran-'. Comparison of the 
overtones 2v2 and 2v, with the literature shows good agreement. Similarly, for the line 
positions ofthe v2 - as well as the v, - signals measured in the literature, deviations up to 
about 20 rcm" occur. These peaks were not detected with the spectrometer used in this 
work, of course, because of their small intensity. 

The v1 peak of CH,D shows a pronounced he-structure (see the enlargement in Figure 39 
on p. 61). On the smaller-wavenumber side of the signal, 12 lines at an interval of 16 rcm-' 
were measured, and, on the higher-wavenumber side, two groups of 7 lines each, with 
intervals of 7.6 rem-' and 14.5 ran-'. The line positions are listed in Table A5 in the 
Appendix. The he-structure of these peaks has been studied up to now with JR spectros- 
copy [65] and [with] a specially modified method of Raman spectroscopy 1661 in only a 
narrow region (2194 to 2197 rcm"). The he-structure of the v, peak is overlaid with the 
2v2 overtone of the v, peak On the higher-wavenumber side of the signal, a group of 9 peaks 
was detected, which have an interval of 6 rem-' with one another and plainly belong to the 
he-structure ofthis signal. The positions of these peaks are listed in the Appendix in Table 
A6. There have been no reports of this he-structure in the literature up to now either. So 
that the remaining signals of the spectnm could be unequivocally assigned to a he-structure, 
it must be reacquired at different measurement conditions (improved signaVnoise ratio). The 
detailed investigation of such finestructure must be left to further experiments. 
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Figore 39. v, fundamental vi i t ion  of CHp. 

61 



HNF-MR-0532 

4.2.4.4. CHP,. 

In the series of deuterated methanes (CH$& CHP, has the least symmetry (see Section 
2.2.2). Ali degeneracies of the vibrations are retained for this molecule; also, the twofold 
degen- vibrations for CF&D and CHD3 [are] split up. N i e  fundamental vibrations result, 
of which all are Raman-active, but only 8 are infrared-active. A summary spectnun’ taken 
at pC- = 1000 mbar between 2000 and 3200 rcxxi’ is shown In Figure 41. The 
wavenumber region from 930 to 1650 r c d  is displayed in Figure 42 (see p. 63).The 
measured wavenumbers of the fundamental vibrations of the CH$, molecule are listed and 
compared with the literature data 158,631 in Table 12 (see p. 63). 

5’500 
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2 I2500 
0 
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2500 1 

“3 
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2100 2300 2500 2700 2900 3100 

r cm-‘ 
Egum 41. Vibrational spechum of CHP,. 

‘‘’Summary spectnun” means that the spectra fkom two adjoining wavelength regions, both 
started in the spectrometer under computer control (window-scan technique), are placed next 
to one another. 
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Table 12. Line positions of the fundamental vibrations of the molecule 

Vibration type V- V h S S B l  
(rcm") (rctn-9 
2204 2202 

1435 1435 

1336 I335 

2978 2975 

3024 3021 

1032 1031 

2 v, 2180 2180 

r cm-' 
Figure 42. v, and v4 vibrations of CHHP,. 

Various assignments have been made for the v, hie position of this isotopically substituted 
methane, atso. While DECIUS, MACWOOD imd GRAY [34,38,61] ftnd 2140 ran-', 
MONTERO [63] and UDA [64] report a value of 2202 ran-', as measured in this work. The 
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v1 peak is surrounded by a complicated line structure that cannot be assigned to a simple 
rotational finestructure. The 2v, overtone of the v, fhdamental vibration is closely 
adjoined by the v1 peak at 2180 rcm-'. 

The agreement ofthe measured line positions of the v* v,,, v, v,, and v, signals with the 
literature is suBiciently good. 

The spectnun in the region of the fundamental vibrations v, v,, and v, is highly structured 
(see Fig. 42). The overlapping of individual peaks is so pronounced that many lines are only 
recognizable as shoulders of other peaks. Assignment of these signals to the finestructure 
of separate fundamental vibrations was not possible. Nevertheless, the line positions were 
determined from the maxima of the individual peaks and are listed in the Appendix in Table 
AS. The spectnun is on a broad band of scattered light caused by numerous signal overlaps. 

As expected, CHp2 has the most complicated spectrum in the series of deuterated methanes 
CYP,,. It also contains the most fundamental viirations, Since all degeneracies are retained. 
Six of the 9 hdamental viirations were found directly by experiment and one as an overtone. 
The two other vibrations could not be detected because oftheir small intensities. So far, 
publications about CI.Ip, have been the scarcest in the literature compared with the other 
deuterated methanes. 

UTlitiatedmethanes. 

Frequencies of the fundamental vibrations of the tritiated methanes CKT4x obtained by 
Raman spectroscopy have been mentioned in only one publication [64] to date. The 
fundamental virations of the methanes substituted with deuterium and tritium, CD,T,, have 
only been studied by one group and only by IR spectroscopy f67J As discussed in Section 
3.4, the tritiated methanes were prepared by the exchange reactions between methane and 
tritium. 

4.2.5.1. CKT4r 

In comparison to the deuterated methanes CyP,, which were readily available and were 
studied at a partial pressure of pcHarcx = 1000 mbar, the concentrations of the CKTbX 
components are much smaller. Figure 43 (see p. 65) shows the relative wavenumber region 
of 1450 to 2100 rcm-', which was obtained 20 hours after mixing CH, and T, together. 
Figure 44 (see p. 65) shows the spectrum 121 hours later in the same wavenumber region. 
The wavenumber region fiom 2850 to 3250 r a d  96 hours after mixing the gases is exhibited 
in the spectrum of Figure 45 (see p. 66). Figure 46 (see p. 66) shows the same wavenumber 
region of the spectrum 362 hours after the start of the experiment. 
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Figure 43. vibrational spechum ofCH3T, C&T2 CH& CHH, 20 hours after the beginning of the 
exchange reaction. 
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Figure 44. Wnalional spectrum of CH3T, CHH;, CHT3 141 hours after the beginning of the 
exchange reaction 
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Ftgure 46. Vibrational spectrum of C!H3T, CH,T2, CJ4T3 and CT4 362 hours after the beginning of 
the exchange reaction, 
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At the beginnins of the reaction,.the v2 peak of methane is found in addition to the v1 signals 
of CH,T, CH2T2 and CHT? In the same relative wavenumber region, 121 hours later, the 
vl peak of CT4 is also detected in Figure 45. At about 2900 rcm-', the v1 and v,, signals of 
CX&, as well as the v, peaks of CQT and W T ,  are detected in Figure 46. Figure 46 shows 
the vb peak of CHT, near the v, signals of CH,T 2nd CH,T,. 

JONES [67] has measured the fundamental vibrations of a l l  15 isotopically substituted 
methanes as far as possible with IR spectroscopy, and, for the non-in6ared-active vibrations, 

spectra of the tritiated methanes C&Tbm which were, as in this work, synthesized by 
exchange reactions. The wavenumbers measured in this work are summarized in Table 13 

5 just calculated the vibrational 6equencies. In March 1992, UDA [64] published the Raman 

and compared with the data of UDA and JONES. 9 

Table 13. Fundamental vibrations of the tritiated methanes cY;r,, 

Species Vibration type vq (rem-') vLltlM, (rem-') v~,~,, (rem-') 

CH,T Vl  1878 1877 1877 

v3a 2961 2952 2952' 

CHJ2 V1 1825 1825 1852' 

v3a 2967 2962 2976' 

cm3 V1 1793 1796 1796 

v3a 2983 2983 2983 

CT4 VI 1668 1714 1738' 

V, - 1911 1937 

'values for IR-inactive vibrations, calculated only 

Because of the comparatively small concentrations of the tritiated methanes, only the most 
intense hndamental vibrations v1 and v,, &uld be detected. The four Raman signals of the 
smallest intensities, for the v, and v4 vibrations, were not found by UDA [64] either. 
Assignment of the individual signals is facilitated by the fact that the intensity changes with 
time, and identical concentration-time curves are iwailable for the individual peaks of a 
species. The wavenumber of the v1 vibration decreases over the series C-H, C-D, C-T 
because of the strong mass effect. The v1 peak is more intense than the va peak, as [is the 
case] for the deuterated methanes CHJ34x and the isotopically pure methanes CH, and CD,. 
The wavenumh of the v1 and v, hkimental vibrations of CQT, CH2T2, and CHT, agree 
sufficiently well with the data measured by UDA [64]. The deviations 6om the data 
determined by JONES f67J are larger. 
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The assignment of the v1 signal from CT, in this work diverges greatly from the literature 
values. Assignment of this peak by UDA [64] appears doubtful. 

First of all, the published spectra are very noisy. The cuvette described by UDA is not 
consktent with the minimum requirements of optical quality. The peak at 17 14 rem-' assigned 
by these authors to the v1 signal of CT, was also found in this work, and, here also, [it] is 
more intense than the peak at 1668 ran-'. For the reaction of CD4 with T, which is described 
in the following Section, and by which CT, is formed, only the peak at 1668 ran-' was found 
in these spectra. This line is unmistakably identified as the v, vibration here. 

The spectra should also be described briefly with respect to the time trends of the compo- 
nents. In Figure 44 (see p. 65), the CH, had completely reacted away; the CH,T peak 
decreases and the CH2T2 increases Similarly. The v, peak of CT, is also recognizable during 
that time. The v, peak of CT,, which should be at 1937 ran-', was not observed in this 
exchange reaction, since the concentration of this weak-intensity vibration was too small to 
detect. In the he&igation of the exchange reaction between CD, and T, which was studied 
over a longer period of time, these peaks could also be found (see Section 2.5.2.2). The 
spectrum in Figure 44 shows even more signals at 1763 and 1711 ran-', which could not, 
however, be assigned. No literature exists on the line positions of vibrations of tritiated 
ethaaes. An interwing next step could be the theoretical calculation of these line positions, 
plus the calculations for ver@ing the Wilzbach reaction of ethane with tritium. 

Since the v, signal of CII, has a very good scattering cross-section and is therefore more 
intense, a spectnun taken after 96 hours is shown (see Fig. 45, p. 66). Ai this point in time, 
the a Conmtmtion had decreased strongly enough that the v, signals of CH,T and CH2T, 
could be detected. This spectrum also shows the v, peak of C&. In Figure 46 (see p. 66), 
the v1 peak of CH., had decreased as i%r as the v, peak of CKT. CHT, may be detected by 
its vga peak 362 hours after the beginning of the reaction. As expected, tritiation of the 
methanes increases during the reaction. 

4.2.5.2. CD,T,,. 

Only two publications [67,68' report the hdamental Mirations of methanes substituted with 
tritium and deuterium. However, the papers confine themselves to JR spectroscopy and to 
calculations of the hdamental vibration fkquencies of non-inbred-active transitions. The 
Raman spectroscopic investigation of CD,T,, was Canried out for the first time in this work. 

The spectrum from 2035 to 2275 r a d  15 hours after the beginning of the exchange reaction 
is illustrated in Fw 47 (see p. 69). Figure 48 (see p. 69) shows the spectrum in the relative 
wavenumber range of 1480 to 2020 ran-' 23 hours after mixing the CD, and T, together. 
Figure 49 (seep. 71) shows a spectrum after 1200 hours in the same wavenumber region as 
Figure 48. 
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Rgure 47. Vibrational spearurn of CD, CD3T, CD2T2, and CDT, in the wavenumber range 1925 
to 2300 rcm-' 15 hours after the beginning of the reactioa 

45 - 

: 35 - 
30 ~ 

25 - 
20 . 

1550 1650 l750 1850 1950 
rcm- ' 

Figure 48. Vibrational spechum of CD,, CD3T, CD2T2, and CDT, in the wawnumbx range 1550 
to 2020 rem.' 23 hours after the beginning of the reaction. 
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In contrast to CKT,,, no Raman data are in the literature. Therefore, the measured 
wavenumbas of the hndamental vibrations of CD,T,, molecules are compared with the IR 
and calcdated data of Jones [67] in Table 14. 

Table 14. FuMkmental vibrations of the CDxTy molecules.. 

'value calculated only 

The combined vibration v2+v4, the hdamental viration vl of the educt CD,, and the vl peak 
of CD3H are shown in addition to the v, hdamental vibration of the CD,T, CD,T, and 
CDT3 m o l d s .  The v, miration of the Q T  molecule was found at 2259 rem-', [and] the 
V, vibration of the CDa molecule at 2262 rcni'. The V, peaks of the CQT, Q T , ,  and CDT, 
molecules are shown in the spectrum eom 1450 to 2030 ran-' in Figure 49 (see p. 71). In 
addition, the 2v, overtone of CD, is found. 

Also in this case, only the intense v1 and v, fundamentat vibrations are detected because of 
the comparatively low partial pressures. The frequencies of the v, fhdamental vibrations 
of CD,T, CD,T, and CT, determined in this work, as well as the v1 and v, vibrations of 
CDT,, agree with the literature data Deviations ffom the literature values of 21 and 24 rem*' 
were found for the frequencies of the vl vibrations of CD3T and CD2T,, respectively. The 
deviation of the v1 vibration of CT, ffom the literature data was already discussed in Sea 
4.2.5.1. 

If Figure 48 is compared with Figure 49 (see p. 71), the number of signals is greater with 
increasing reaction time. The v1 peak of CDT, becomes larger; the main component is 
CD,T,. In this spectrum, both fhdamental vibrations of the CT, molecule were detected. 
The v1 peak was found at 1668 red, in complete agreement with the CH,-T2 experiment, 
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Throughout the reaction time, longer than in the C&T, experiment, the CT, concentration 
increased fiuther, so that the weakening in the intensily of the v, vibration at 1936 rem-' could 
even be detected. Also, not all the signals in this spectrum could be assigned. Tritiated 
hydrocarbons are expected to be higher here and under certain [other] circumstances than in 
the exchange reaction already described in 4.2.5.2. 
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l@m 49. v i t f f a t d  spectnun of Cr, CD3T, CD2Ta :md CDT3 in the wavenumber range 1480 to 
2020 mu-' 1200 hours after the beginning ofthe reaction, 

4.2.6. Methane -tritium exchanye r- 

W&ach labeling [22] of hydrocarbons was selected for production of methanes substituted 
with tritium. In Section 2.3, it was pointed out that [it is] g e n d y  very dacult  [to make] 
statements about the kinetics of radiochemical reactions. The Raman cuvette is not suitable 
for kinetic studies, Since the ratio of surface area to volume is unfavorable and catalytic wall 
effects may have an hihence, for example. Of course, a qualitative idea about the path of 
the exchange reaction is obtained via this kind of tritiated methane synthesis, in addition to 
the incompletely known spectra of the isotopically substituted methanes. 

Beside the concentration changes of the products, the decrease of the educt is also detected. 
The peak areas of the most intense signals of the individual components were determined and 
plotted against time. For the conversion of CH, and T,, the components Tz C€b, HT, H,, 
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CH3T, CH,T,, CHT3, and CT, were obtained. The Raman cuvette was filled with pn = 
872 mbar and pcH4 = 141 mbar and was measured over a period of 900 hours at defined time 
intelvals. 

In the following two figures, Figures] 50 (see p. 73) and 51 (see p. 74), the peak areas 
proportional to the concentrations are nolmalized to 1 to compare their time trends, then 
plotted against time. 

The most intense peak for CY, was used for interpretation and plotting in Figure 50. For T,, 
the J l-t 1 transition in the Qr branch is shown as an example of the trend of the concentration 
vs. time. For HT, the J 2+2 transition in the Q, branch is selected, and the intensities are 
plotted vs. time. The signal of the J 0+0 transition in the QI branch was selected for 
evaluation of H2 The timedependence of the intensity of the remaining transition in the Q, 
branch and in the So branch €or these compounds are comparable. For the tritiated methanes 
W T b  the v, signals were used for peak area evaluation because of their higher intensities 
compared with the v, signals. 

The CH, concentration decreases rapidly; after 500 hours, methane could no longer be 
detected. 

The tritium concentration also decreases to ca. 60% of the initial value. Up to about 200 
hours, a nearly hear decrease of the intensity was observed. After that, only a slight decrease 
o m s  between 200 and 800 hours. 

As may be seen &om reaction equation 19 (Sec. 2.3), the isotopic hydrogen molecule IIT is 
formed in this exchange reaction as a by-product along with the tritiated methanes. The 
intensity plot shows a rise that is steeper for times up to 200 hours and then transitions to a 
plateau starting at about 500 hours. The HT already existing at the beginning of the reaction 
is the isotopic impurity of the ttitiUm, as was already shown in Figure 19 (see Sec. 4.2.2) also. 
An additional HT tramition in the So branch was even mentioned in Sec. 4.2.2 in comparison 
with literature data. The behavior of this line at 699.3 rcm" during the exchange reaction 
agrees with the other HT lines and is taken as further evidence of a correct assignment. 

Also, H2 was found during the exchange reaction. Although no signal %om & was detected 
at the beginning of the reaction, the first hydrogen peak could be measured after about 20 
hours. Also, the mncentration of this component increases faster in the first 200 hours, 
reaching a plateau after about 400 hours. 

The intensity ofthe CH3T signal increases up to about 100 hours. M e r  this, a steep decrease 
of the concentration occurs up to about 500 hours; W y ,  this substance can no longer be 
detected. For CH2T2 a rapid increase in the intensity was found up to ca. 200 hours; W y  
the concentration of this product also descends. However, in contrast to CH3T, CH,T, could 
be detected up to the end of the study period. The time-behavior of the concentrations of 
both these tritium-substituted molecules shows that they react further to more highly tritiated 
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methanes and presumably to higher hydrocarbons. Thus, there are a series of successive and 
parallel reactions. CHT3 was Grst detected in amounts sufficient for measuring the peak area 
after about 45 hours. The intensity of this species increases sharply up to about 400 hours, 
transitions into a flat plateau, and then falls slightly. The CT, peak was first detected after 
about 300 hours. This corresponds somewhat with the time period in which the intensity of 
the less tritiated methanes exhibits a decrease. Bemse of the tiny CT, concentration, the 
peak area of the v1 signal was very small and shows more scattering. 

Analogous studies were carried out for the exchange reaction between CD, and T, at a total 
pressure smaller than ca. 200 mbar. This gas mixture was analyzed over a period of 1900 
hours, longer than in the CY,-T2 exchange reaction. In Figure 51, the concentration- 
proportional signals are plotted against time. 

The v1 peak was used for the plot for CD, as [it was] for CY,. The J 1-+1 transition in the 
Q1 branch was interpreted and plotted against time for tritiwq the J 3+3 transition in the Q1 
branch for DT; and the J 2-+2 transition in the Q1 branch for D2 The v, signals were used 
for evaluation of the deuterium- and tritium-substituted methanes. The vl peaks were not 
selected here, since overlappmg of a few signals made the evaluation di%icult. The signal of 
completely tritiated methane, CT,, was an exception. Here, the v1 peak was evaluated 
because its intensity was higher than the vh signal. 

A rapid decrease of the v1 peak with time was obsaved for CD,, as [was reported] for CY,. 
Indeed, after 400 hours, the CD, signal could no longer be detected, since the measurement 
sensitivity for CD, is smaller than that for CY, because of the scattering cross-section. 

The hensity ofthe T, signal decreases up to about 400 hours; then the curve plateaus. DT 
exhibits a strong rise up to ca. 400 hours. The curve then becomes flatter for this species, 
too, going tbrough a maximum and decreasing again after ca. 800 hours. Like HT, DT was 
contained in the tritium as an isotopic impurity at the beginning of the reaction. [Just] as H, 
was detected in the CH,-T, exchange reaction, D2 v a s  observed as a reaction product in the 
CD,-T, reaction. The 4 signal was first detected alter ca. 20 hours. It increased sharply up 
to about 250 hours, followed by a plateau after about 1000 hours. 

A rapid increase of concentration was observed for CD,T up to ca. 200 hours, after which 
a rapid decrease up to about 450 hours [was observed]. The intensity continued to decrease, 
but more slowly, until the signal was no longer dtaectable at ca. 1350 hours. Also, in this 
reaction, only the singly tritiated product reacts so much that it no longer could be detected 
with the apparatus available for use in this work. Finally, the time-dependence of the 
concentrations observed here are a result of the secondary reactions that form more highly 
tritiated methanes. 

The CD,T, signal exhibits a sharp increase up to ca. 500 hours and a subsequent steep 
decrease up to about 800 hours before reaching a plateau. 
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The first CDT, peak could be detected after about 140 hours. The plot of intensity of this 
signal against the time shows a large scatter in the measured value. Between 150 and 500 
hours, a gentle increase in concentration occurs; then the peak intensity exhibits a tendency 
to decrease. For this component, the v1 peak was also evaluated and plotted against time. 
Here ah, an increase up to 500 hours was observed, followed by a slight decrease with time 
for the remaining 1400 hours. 

The v, peak of completely tritiated methane CT4 was first detected after 200 hours. The small 
peak area due to low concentration is the reason for a large scatter of the measured points. 
The v, peak of CT,, which could not be detected in the CK-T, exchange reaction because 
of the short observation time, was detected here after 1000 hours. 
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5. CONCLUSION. 

J 

uitable analysis methods must be tested and developed for monitoring the separate 
process steps in the fuel cycle of a fusion reactor and for accountability of the tritium. 
In this work, the s u i t a b i i  of laser-Raman spectroscopy accompanied by mass 
rometry with an Omegatron was investigated for the case of analyzing all hydrogen 

isotoipes and isotopically substituted methanes. 

In a previous thesis, the Omegatron had proven to be suitable for the quantitative analysis of 
all hydrogen isotopes in mixtures of stable helium isotopes. The limits of applicabiity of this 
mass spectrometer, the resolution of which is approxhately proportional to mass, were 
demcinstrated by analyses of mixtures of deuterated methanes. 

In addition, the Omegatron was used for studying the radiochemical Wilzbach exchange 
reacbion between tritium and methanes. The e x h g e  reaction was conducted under various 
conditions to obtain the initial concentration ratios and particular product spectrum relevant 
to th~: later studies with Raman spectroscopy. 

A laser-Raman spectrometer for analyzing tritium-containing gases was conceived and then 
built. The arrangement is not commercially available as a unit and must be assembled from 
individual components. 

The crucial non-commercial part of the apparatue was the tritium-compatible, metallically 
sealed Raman cuvette having windows with good optid properties. The basis of the cuvette 
is a : , M e s s  steel cube with through-bored hoies and quartz or sapphire windows of high 
optical quality mounted in flanges. These windows, in which the optical material must be 
bonded with the stainless steel directly, solidly, and without use of organic materials because 
of the work with tritium, were first manufactured for the measurements carried out in this 
work. The succes&l bonding between optical material and stainless steel using a solid-state 
diffusion-welding process while retaining the initid optical quality of the window material, 
1/10 h relative to the surface roughness for quartz glass, was done with industrial 
cooperation. The Raman cuvette was coated with dark enamel on the inside to reduce the 
measurement of interfexing scattered laser light. 

The enameling improved the background of the spectrum by about a factor of 15 near the 
laser l i e .  This darkening permitted the cuvette volume to be r e d u d  by minimizing the 
diameter of the bore-holes. Thus, the amounts of tritium necessary for the measurements 
could be kept small. 

The whole tritium inhstructme needed for the Raman spectroscopic investigations was built 
during this work It consists essentially of the tritium supply and waste systems with 
appropriate instnunentation and measurement technology, as well as a specially constructed 
glovebox that accommodates the Raman cuvetle and several optical components. The 
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uniqueness of this glovebox is in the leak-free inlet coupling of the laser light and outlet 
coupling of the Raman-scattered light through the walls of the glovebox using components 
which [would have ken] required anyway as optical conductors. The glovebox is connected 
to a tritium recycle system and is how the laboratory monitors itself for radiation protection. 
No release of tritium occurred during the whole measurement time. 

The Raman spectra of the hydrogen isotopes, Hb D,, T,, HD, HT, and DT, were taken in the 
pure rotation branch (So) and in the rotation-vibration branch (QJ. Calibrations for 
quantitative analysis were completed with signals from both branches. 

Calibration measurements were also carried out for the hydrocarbons methane and ethane, 
the spectra of which are well known in the literature. 

The deuterated methanes (CYP,;, were measured by Raman spectroscopy, and the 
wavenumbers obtained were assigned to particular fundamental vibrations. Controversial 
statements about the line positions of severaI fundamental vibrations are prevalent in the 
literanire. The results of this work contribute toward an unequivocal assignment. Several 
rotational ksstructures of fundamental vibrations of the deuterated methanes were not yet 
known. They were measured for the fist time in this work, and the results are summarized 
in tables. Identification of the deuterated methanes based on their fundamental vibrations in 
gas xnixtures of unknown compositions is thus facilitated. An assignment of the individual 
he-structures to certain rotational transitions must be left to a future intensive theoretical 
analysis 

The fundamental vibrations of tritiated methanes synthesized by means of the Wilzbach 
reaction were detected and assigned. Up to now, the Raman spectroscopic investigation of 
the CKT, molecule was referenced in only one place in the literature (Marz 1992). The 
fundamental viibrations of the CDxT4x molecule were observed with Raman spectroscopy for 
the fist time in this work. All v1 and v, fundamental vibrations of these tritiated methanes 
could be measured and assigned. Comparison of the measured relative wavenumbers with 
infrared spectroscopic and calculated d u e s  shows relatively good agreement over a wide 
range. As [was the case] for the deuterated methanes, the assignment of the peaks was not 
always clear-cut and is still discussed with controversy in the literature. 

The behavior with time of the exchange reactions between CH, and T, and between CD, and 
T, was discussed. The data could not be used to generally verify the kinetics or to determine 
rate constants. The Raman cuvette was designed for quantitative analyses and had a small 
volume. The ratio of surface area to volume was not firvorable for measuring kinetic 
parameters. 

Finally, it must be stated that the laser-Raman spectrometer built in this work is quite 
s d a e n t  for analyzing gases containing tritium, and, in combination with mass spectroscopy 
with an Omegatron, may be employed for practical analysiis of fusion-related gas mixtures. 
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Tabli: AI. Line positions ofthe fine structure of the v, d d o n s  of 3. 
~~ 

Assignment vW (ran-') 

R"(2) 1565.4 

R"(3) 1577.1 

I R"(4) 1588.0 

Ram 1599.0 

Ram 1609.7 

W 7 )  1621.2 

R"W 1632.0 

R W  1644.2 

-. R"( 10) 1653.5 - 

Assignment vq (rcm-') 

R"(11 ) 1667.8 

R"( 12) 1677.0 

R"( 13) 1700.0 

R"(14) 1717.4 

ST7) 1723.7 

1746.1 

ST9) 1769.8 

SS( 10) 1794.1 

- 
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Table A2. Line positions of the rotiitional fine-structure ofthe v, vibration of 

Assignment v,, (rm-1) 
947.3 
956.0 
964.0 

972.7 
976.7 
981.4 
987.0 
989.3 
994.9 
998.0 
1005.1 
1016.2 
1019.3 
1024.8 
1034.2 
1040.5 
1044.4 

1050.6 
1954.5 
1060.0 
1064.7 
1070.1 
1074.8 
1078.7 

P?2) 1081.0 

84 

Assignment v,, (ran-') 
1084.1 

1113.5 
1118.8 

1130.3 
1141.9 
1153.3 
1165.5 
1177.7 
1189.8 
1201.9 
1214.0 
1226.8 
1239.5 
1252.3 

1264.9 
1277.6 
1290.0 

1303.8 
1316.7 
1328.5 
1339.4 
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Table A3. Line positions of the rotaiional finestructure of the v, vibration of CD,. 

Assignment va (ran-') 
0-(12) 2127.1 
07 1 1) 2139.4 
OO( 10) 2147.2 

0710) 2151.1 
OI9) 2157.6 
PU5) 2162.7 
0°(9) 2162.7 
0-(8) 2172.4 
0°(8), P(13) 2178.8 
0-(7), P(12) 2185.2 
0°(7) 2188.5 
0-(6), P(10) 2197.4 
P(9) 2204.4 
0-(5), P(8) 2209.5 
T(7) 2215.9 
0x41 2221.6 
S+(O) 2277.7 
R'(3) 2284.5 
5'( I), R+(4) 2289.5 
R+(5) 2295.8 
5+(2) 2300.1 
F(6) 2302.0 
1+(7) 2308.8 
S'(3) 2310.7 

1+(8) 2314.4 

&sipnent vw (ran-') 

R'(9) 
S+'(4) 

Sf(5) 

R'( 10) 

R+( 12) 

S'(6) 

S'(7) 
S+@) 

S'(9) 
S+(lO) 
S'(11) 
S'(12) 
S+(13) 
S+( 14) 
Sf(15) 
S'(16) 
5+( 17) 
5'( 18) 

3+(19) 
3+(20) 

2319.9 

2323.0 
2325.5 
2333.5 
2337.2 
2344.6 
2356.2 
2367.2 
2378.1 
2389.6 
2400.5 
2410.6 
2421.7 
2432.7 
2443.0 
2454.0 
2464.9 
2475.7 
2486.6 
2496.7 
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Table A4. Line positions of the mtational finestructure of the v, vibration of CHD> 

bsignment v, (ran-') 
2184.1 

2199.0 

i(5) 2209.3 

X4) 2220.2 

i(3) 2227.3 

i(2) 2240.0 

Assignment vq (rcm-') 

O(2) 2293.2 

O(3) 2296.3 

O(4) 2304.5 

O(5) 23 16.4 

O(6) 2327.6 

om 2338.8 

O(8) 2350.6 

O(9) 2362.3 

O ( W  2373.4 

O(11 1 2385.0 

O(W 2396.0 

003)  2407.0 

O(14) 2419.1 

O(15) 2429.4 

O(16) 2440.9 

F 

. 
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Table AS. Line positions of the rotaiional fine-structure of the v, vibration of CHDy 

, 

. 

a) Low wavenumber side 

b) High wavenumber side 

Group 1 
Signal Nr. v- (ran-') 

1 2780.0 
2 2793.0 
3 2805.4 
4 2817.7 

. 5  2833.5 
6 2846.9 
7 2857.3 
8 2870.6 
9 2883.9 
10 2897.1 

Group 1 
Signal Nr. v,, (rcm-') 

1 3011.3 
2 3018.0 
3 3024.0 
4 3030.1 
5 3036.1 
6 3042.1 
7 3049.3 
8 3055.3 
9 3062.4 
10 3068.3 
11 3074.3 
12 3080.6 
13 3086.2 

Group 2 
Signal Nr. vm (rcm-') - 

1 2785.9 
2 2798.9 

3 2813.0 
4 2826.5 
5 2839.9 
6 2854.4 
7 2863.1 
8 2877.6 
9 2891.3 
10 2905.1 

- 11 2916.5 - 

= 
Group 2 
- Signal Nr. v- (ran-') 

1 3 104.0 
2 3115.2 
3 3127.5 
4 3139.7 
5 3152.4 
6 3159.8 
7 3177.2 
8 3189.7 
9 3201.7 
10 3214.1 
11 3226.5 
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Table A6. Line positions of the lin&hucture of the v, vibration of CHp. 

a) Low wavenumber side 

b) High wavenumber side 

e 

c 
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, 

- 
Tablle A7. Line pDsitions of the iinwtucture of the v, vibration of C H a .  

SignalNr. v (rem- 
? ? ?  

1 3000.6 

2 3007.1 

3 3013.2 

4 3020.2 

5 3026.2 

6 3031.7 

7 3038.2 

8 3044.1 

9 3050.6 
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Table A8. Maxima in the sptmm.of the vW v,, and v, signals of w2 

Signal Nr. vw (ran-') 

919.0 

3 925.5 

4 927.1 

5 928.7 

6 ., 932.0 

7 933.6 

8 936.8 

9 940.0 

10 944.1 

11 948.1 

12 949.7 

13 951.3 

14 954.6 

15 957.8 

16 959.4 

17 961.0 

Signal Nr. vw (ran-') 

18 964.2 

19 965.7 

20 967.4 

21 969.1 

22 970.7 

23 972.3 

24 973.9 

25 975.5 

26 977.1 

27 978.7 

28 985.1 

29 993.1 

30 994.5 

31 997.9 

32 999.5 

33 1001.1 

34 1002.7 

Signal Nr. vq (rcm-') 

35 1004.3 

36 1005.9 

37 1009.1 

38 1010.6 

39 1013.8 

40 1015.4 

41 1018.6 

42 1022.8 

43 1023.4 

44 1026.5 

45 1028.1 

46 1029.7 

47 1037.6 

48 1044.0 

49 1045.6 

50 1047.1 

51 1048.7 
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- 
Continuation of T&le AS. 

52 1050.3 
53 1053.5 
54 1056.6 
55 1061.4 
56 1062.9 
57 1064.5 
58 1067.7 
59 1070.8 
60 1075.5 
61 1077.9 
62 1080.2 
63 1081.8 
64 1083.4 
65 1084.9 
66 1086.5 
67 1088.1 
58 1089.7 
69 1091.2 
70 1094.4 
71 1097.5 
72 1099.1 
73 1102.2 
74 1103.7 
75 1106.9 
76 1108.4 
77 1111.5 
78 1117.8 
79 1122.5 
90 1124.0 
31 1125.6 
82 1130.2 
83 1131.8 
84 1134.9 
85 1136.4 

- 
86 11395 
87 1142.6 
88 1144.2 
89 1147.3 
90 1148.8 
91 1151.9 
92 1155.0 
93 1158.1 
94 1165.8 
95 1168.9 
96 1173.5 
97 1179.7 
98 1184.3 
99 1187.4 
100 1190.4 
101 1191.9 
102 1193.5 
103 1198.1 
104 1201.2 
105 1202.7 
106 1205.8 
107 1207.:3 
198 1208.8 
109 1214.9 
110 1221.0 
111 1222.6 
112 1224.11 
113 1225.6 
114 12362 
115 1237.8 
116 1240.3 
117 1245.3 
118 1251.4 
119 1257.5= 

91 

120 1259.0 
121 1265.8 
122 1272.5 
123 1275.6 
124 1281.6 
125 1289.1 
126 1295.1 
127 1299.6 
128 1302.6 
129 1305.6 
130 1320.5 
131 1338.4 
132 1340.6 
133 1342.8 
134 1345.8 
135 1356.1 
136 1363.5 
137 1365.0 
138 1367.9 
139 1369.4 
140 1375.3 
I41 1381.9 
142 1389.3 
143 1394.4 
I44 1398.8 
I45 1401.7 
146 1408.3 
147 1413.4 
148 1414.9 
149 1421.4 
150 1429.4 
151 1435.2 
152 1448.3 
153 1455.5 
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Continuation of Table AS. 

154 1461.3 

155 1462.7 

156 1467.8 

157 1475.7 

158 1481.4 

159 1482.9 

160 1491.5 

161 1498.6 

162 1501.5 

163 1504.3 

164 1508.6 

165 1519.9 

166 1521.4 

167 1523.5 

168 1527.1 

169 1529.9 

170 1532.6 

171 1535.6 

172 1538.4 

173 1539.9 

174 1553.9 

175 1563.8 

176 1563.8 

177 1576.5 

178 1591.9 

179 1597.5 

180 1598.9 

181 1601.7 

182 1604.4 

183 1607.2 

184 1616.9 

185 1623.9 

186 1625.3 

187 1640.5 

188 1641.8 

189 1647.4 
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