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Abstract. We have previously investigated methods that LIF analyses are state- and species-specific, and are sensi-
image high-pressure processes such as combustion insithee, but they are difficult to interpret quantitatively because of
automobile cylinders and aircraft engines, or chemical phethe effect (a) of inelastic collisions in both the ground and ex-
nomena in supercritical fluids. Here we show that vibrationatited states and (b) of laser parameters such as frequency sta-
Raman scattering can simply obtain, quantitatively, densitiebility, power fluctuations, and beam edge effects [2—6]. Such
of some combustion-relevant molecules. We use narrowphenomena lead to signals that are often difficult to convert to
band KrF excimer-laser light. Measurements for, N2, O,,  species populations. Another possible high-pressure problem
C0O,, and CH, are in the pressure range from 1 to 60 bar,with LIF is broadening of the molecular spectral lines.
whereas those for £l and GHg are up to their respective Raman scattering is much stronger in the UV than in the
vapor pressures. All these species are at ambient tempenésible, because it increases g (see below), where; is

ture. Additional measurements are described for, @@ to  the emitted frequency. In contrast to Rayleigh, Raman light
96.8 bar and 318 K, where CQs a supercritical fluid. The can be separated from Mie light, and reflected light, by opti-
0O, measurements are complicated by a photochemical formaal filters or a spectrometer. In contrast to LIF, we will show
tion of Ogz; those in supercritical COby drastic bending of that Raman signals increase linearly with density; are, accord-
the laser beam within this medium. We show that, for eaclingly, larger at high pressure; and are easily calibrated.

gas, the Raman signal is directly proportional to gas density, Based on such considerations, Rothe and Andresen [1]
thereby makingjuantitative analysis particularly convenient. concluded that the UV-Raman technique is best foigtem-

For each species, we present an estimate of its Raman crosisative analysis of major mixture constituents when there
section relative to that of N However we recommend that is an adequate signal and it is sufficiently free of interfer-
future diagnostics users calibrate their own systems for reldng emissions. These conditions are best met at the largest

tive species sensitivity. densities.
Narrow-band, tunable, KrF lasers have often been se-
PACS: 33.20: 82.40: 82.80 lected for Raman combustion work. The laser-beam’s narrow

bandwidth and tunability allow the use of wavelengths that
avoid molecular excitations that produce interfering LIF. In
i . o most cases [1], users have obtained 1D images of tempera-
The development of some engineering applications, such agre as well as of the density of all the major constituents. In
combustion in aircraft or automobile engines, or the usegompustion, these are typicallysNO,, CO, H,0, and fuel.
of supercritical fluids, involves laser-based diagnostics ofjternatively, line-of-sight Raman in a backscatter mode can
high-pressure media. Rothe and Andresen [1] have compargg ysed in which only two small windows are needed for op-
three light-scattering techniques for combustion analyses thgta| access. At high pressures, 2D Raman images can also be
use narrow-band KrF lasers. These are Rayleigh scatteringptained.
laser-induced fluorescence (LIF), and spontaneous Raman The main purpose of this work was to investigate whether
scattering. o . the observed (i.e., within a detector solid ang?¢ Raman
Rayleigh scattering is far more intense than that from Rapower| for a given species j is proportional to its density
man. However it has the disadvantages that reflected and Mighe elementary theory of the Raman effect, for a collection
light are difficult to separate from it; that the gas composi-of freely rotating molecules, suggests that this is a reason-
tion is needed in order to interpret the signal; and that it is nojple premise and we show here that it is correct. However,
species specific. there was a concern: at greater densities, free rotation is
- more difficult and neighboring molecules may alter molecular
*Corresponding author. polarizabilities.
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Because some high-pressure gases deviate substantidiiyns d; /ds2 relative to @, /ds2. Our normal 60-bar upper
from ideal-gas behavior, we ugg rather than the pressuRe  limit was arbitrarily established from the maximum oper-
as the independent variable.ll&= ¢jgj, whereg; is a calibra-  ating pressure of an aircraft engine to which Raman diag-
tion constant for species j for a given apparatus, then Ramamostics were subsequently applied and by the linear range
signals| can be directly converted intg; afterc; is deter- (see below) of our selected pressure transducer. The one-
mined. We do not examine the temperatdredependence bar lower limit occurred mainly because of lack of preci-
of the signals here, but, at a fixed highierthe dependence sion of that pressure transducer (see below), but also be-
I o oj should still apply. The calculation of the-dependence cause of the larger measurement errors for the smaller Raman
of the signal at a fixed; is much simpler than that for LIF, be- signals. In order to interpret Raman data conveniently, the
cause Raman depends only upon molecular properties ratheslue of the d;/ds2 (see below) must be independent of
than collisional ones. pressure.

Surprisingly, it is difficult to determine from the litera-
ture whetherl o g; for various j. A number of points need
to be considered. First, such data have usually been acquirddVibrational Raman scattering
with laser light at 488 or 514 nm, rather than the 248 nm
used here. Second, some Raman lines narrow more with prégibrational Raman scattering is routinely used [13] to de-
sure than do others. Finally, there are typically peak shiftgluce molecular structure and to perform chemical analysis.
with pressure. The quantitative use of Raman at high presthen a laser with a frequenoyserinteracts with molecules,
sure requires control of polarization and recognition that linea Stokes—Raman spectrum of the scattered light is observed at
positions and line widths [7—9] are dependent on pressure geequencies; that are given by
that only the integrated intensity as a function of pressure is
useful. However, the line-position shifts in our pressure rang®; = vjaser— Vmolec Q)
are negligible. For example, at 60 bar, the peak position for
N, is shifted [7] from that near 0 bar (2328 cnmit) by only ~ where each frequenoymoiec is that of a vibrational mode i
0.3 cn L. Our experimental resolution is about 25tmFor  in a molecule [14]. Raman intensities at selectedre ex-

N>, there is considerable line narrowing within our pressurgected to yield populations of the corresponding molecular
range [9], but the integrated intensities ard®. Note that N species.

has nearly ideal gas behavien, o< P, at a fixedT) within A laser beam has an electric field vecteg and an in-
our range (see below) df andP. tensity lo (for example, in Wm?). Thenlo « E3, whereEqg

We use the term “high pressure” here only to contrast withs the amplitude. It can be shown [13] that for linear Ra-
near-atmospheric phenomena. In comparison to our maxnan scattering from one molecule, the amplitude of the in-
imum, P = 96.8 bar, Raman scattering has been reportedluced dipole moment isc Eg. The total Raman powelr
from gases [10, 11] up te: 3 kbar, and from solids [12] at (for example, in W) that is radiated by that dipole at fre-
~ 180 kbar. quencyyv; into the entire solid angle, (i.e., int® = 4r) is

After corrections for the non-ideal gas behavior, we foundx ES. Thus the ratiolt/1g is independent ofy and is the
that the Raman differential cross sectian/@is2 (see below) total Raman cross sectian (for example, in n). A phys-
was, as hoped, a molecular parameter that was independenticél interpretation is that molecule j with cross sectign
pressure. will Raman-scatter (intay) all light incident upon an area

We investigated the species=jHz, N2, O,, CO», CHs,  equal togj. Observation is usually in a given direction with
C,Hs, and GHg at room temperature. Most measurementssome limited range of solid angl€. Thus the differential
were in the rangd® = 1-60 bar. Exceptions were;8s and  cross sectiond/ds2 (for example, in m/sr) is more useful
Cs3Hg, whose upper limits were 48 and 101 bar, their re-  here.
spective vapor pressures at @5 Another exception was We use a common experimental arrangement. It includes
CO,, for which measurements were made under supercritical laser beam that is nearly-linearly polarized aldfgand
conditions as high as 317K and 968 bar. a detector that receives Raman light in a direction perpendicu-

We measured the pressure dependence of the Raméar to Eq but that has no polarization analyzer for the scattered
power |I. We then converted the measur@to the cor- light. Let the laser beam propagate along yhaxis. We ob-
respondinge; by means virial coefficients that are listed serve the scattered light along thexis. The electric vector
in Table 1, and, for supercritical GQwith a more elabo- Eg is parallel to thez axis. That choice oy maximizes the
rate equation of state. We also found individual cross sedraman signal for diatomic species.

Tablel. Virial coefficients from [19] and

values forz; calculated from these coef- B C Zi Zi Zi Zi
ficients at 29815 K using (3) Gas cm/mole cn®/mole 1 bar 10 bar 20 bar 60 bar
Hy —14.37 356 09994 09942 09885 09661
N> —4.71 1315 09998 09983 09970 09962
0O, —-1624 1163 09994 09936 09875 09660
CO, —1205 4350 09951 09497 08962 06488
CHy —427 2450 09983 09829 09660 09003
CyHg —1858 10600 09925 09212 08345

CsHg —333 —65000 09863 08371
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For this setup, the differential cross-section is given by Single-pass tunable excimer
Long [13] as — ﬂ g D Lens High-pressure cell
doj/ds2 = Cvfgil(@)* + (7/45) (1)*1/{[Vmoted] Romer —F 1O
x [1—exp(—hvi/KT)1} , (2 -

= L1
whereC is a collection of apparatus and molecule-independ Lormes . &
ent physical constants. For each vibratiox;ijs the degen-
eracy, andy; andy; are the mean values and the anisotropy
of the derived polarizability tensor. Because of resonance e i = S
fects, (2) applies best when the value1@fser is far from - Spectrograph

that of vmolec Because absolute cross sections are difficult tt |_
measure, we reporbgl/ds2 relative to that of .
Equation 2 shows thatgqj/dg with UV light is much  Fig. 1. Schematic of the spectrally resolved 1-D imaging system
larger than that with visible light because it variesssand
Vi & vjaser EQuation (2) also includes the temperature depen-
dence of the cross section. Although it does not appreciably We measureP with an Entran transducer (EPX-V01-
affect our 25-44C data, (i.e., = exp(—hvi/kT)~ 1), it  70B), whose nominal range B = 0—70 bar. According to
must be considered at high the manufacturer, within this range, the transducer's com-
bined linearity and hysteresis errors atd® = +0.35 bar.
That leads to large fractional errora P/P) at the lowest
2 Experimental pressures. For supercritical @Qve use an analogous trans-
ducer (EPX-V-01-150B) with a range = 0—150 bar.
We modified a Lambda Physik Model EMG150-EST laserto  Our imaging spectrograph is g4-m Chromex Model
have a “single-pass” configuration. Most of those modifica250IS. Its ruled grating has 2400 grooves per mm and it
tions were described elsewhere [15]. They serve to increase blazed for 250 nm. The light is transmitted by the spec-
both the fraction of the beam that is narrow band and thérograph to a Princeton Instruments intensified CCD cam-
degree of linear polarization. The laser light rag-cm™!  era (Model ICCD-576@RB) that is located on the spectro-
bandwidth, has & 13-ns pulse length, ac 1-mrad diver- graph's exit plane. The images are processed with Princeton
gence, and can be tuned between about®#4y 2488 nm.  Instruments' CSMA software.
The pulse energies are in the range 150—-225 mJ and the repe- We adjust the spectrograph’s slit width so as to have
tition rate was~ 3 Hz. A polarizer cube and half-wave plate a spectral resolution of about 25cf Then each di-
are located between the laser's oscillator and amplifier. Thatomic molecule yields a resolved single Raman peak at the
cube maximizes the degree of linear polarization and the plat@avenumber values listed in Table 2. For both,G@d CH,,
allows us to adjust the direction &jy. The degree of linear we sum the intensities for the two normal modes listed in
polarization is> 95%, as measured by the ratio of RayleighTable 2. These peaks are from Fermi resonances [14]. For
signals (from argon) wheit, is set to be (a) in its normal ethane [16] and propane [17, 18] the Raman spectra are more
direction, and (b) when perpendicular to it. complex, and we sum the intensities from a region between
The laser beam passes through a cell that contains tlebout 2700 to 3200 cmt, which is mainly caused by the
sample. We collect Raman light that is emitted in a directiorC—H stretch mode.
perpendicular to both the laser beam path aridgorhe light For measurements of the pressure dependende foir
is dispersed in, and measured by, an imaging spectrograph.a single species j, we apply a peak-measuring program within
Figure 1 is an apparatus schematic. We reduce the las&SMA to find the areas of each spectral peak. We first select
beam's cross section to be aboub & 1 mm by means of a point on the base line on each side of the peak. Then the
a spherical lens L3. The cell's main bore has a7dm  program draws a straight line between those points and finds
diameter and a 127-mm length. The cell is normally at roonthe area that lies between that line and the peak. This works
temperature, but with supercritical GQt is maintained near for a single species, because the peak shapes from different
40°C by means of an air bath. The laser beam travels alondensities are geometrically similar.
the cylindrical axis and the Raman light exits through an- We initially also tried CSMA to measure intensities from
other 127-mm hole bored in the middle of the cell. The three different species relative to those from nitrogen. That was
ports have Suprasil 2 windows. The scattered light is gathmore difficult because the simple,eak shape is very dif-
ered with a 38-mm-diameter lens L1 that is located abouterent from those of the more complex €@;Hg, and GHs.
200mm from the cell, i.e.2 = 0.028 sr. Spherical lenses Accordingly we use a more sophisticated peak-fitting pro-
L1 and L2 focus it through the entrance slit of an imag-gram PeakFit by Jandel Scientific) to determine all areas
ing spectrometer. An image of the Z2nm-long sample is used in comparing different species.
projected onto the slit and a spatially-resolved (1-D) spec-
trum is initially recorded. Because the gas is homogenous
along the laser beam, we integrate over a center portion & Procedure
the 1-D image. We ignore about 10% at each end in order
avoid possible edge effects. The integrated intensity over thalle set the camera's intensifier gate to be 100 ns. That is short
selected spatial region yields a single value for each gas amhough to suppress all cw light, but long enough to avoid
pressure. problems caused by jitter. Each Raman spectrum is the sum of
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Table2. Room-temperature Raman differential cross sections relative to those for nitrogeny/d&/don, /ds2. For CQ our total includes more than the
two cited peaks. No supercritical data is included here. Note that differences in laser polarization and in detection angle make precise cetwggmison b
different experimental arrangements difficult

Wavenumber Scaled Burris Koba-yashi Bischel Schrotter Our data
Gas (enm?), from
modes 337 nfh 282 nnP 248 nnf 248 nnf variou$ 248nm
Ha 4160 29 312 42 48+0.3
N2 2331 =1.00 =1.00 =1.00 =100 =100 =1.00
(073 1556 12 21+0.3 25 257 11 17+01
CO; 1388,v1 13 19 111 08+0.2
CO, 1285, 2, 0.9 12 0.75 04+0.2
CO, Total 22 31 1.33+0.04
CHy 2914; v, 7.2 84+04 7.23 8 11+1
CHa 3022,v3 45 84
CHy Total 117 117 19+04
CoHe 2899, 2955 27 28+1
CsHs 2903, 2920, 32 42+1
2946, 2967

aA.C. Eckbreth:Laser Diagnostics for Combustion Temperature and Species, 2nd edition (Gordon and Breach Publishers, Amsterdam 1996) p. 222

bJ. Burris, T.J. McGee, W. Heaps: Appl. Spectro4g, 1076 (1992)

¢T. Kobayashi, M. Konishi, M. Ohtaka, S. Taki, M. Ueda, K. Kagawa, H. Inabd:dser Diagnostics and Modeling of Combustion, ed. by K. linuma,

T. Asanuma, T. Ohsawa, J. Doi (Springer, Berlin, Heidelberg 1987) Chapt. 5.4. They used an unpolarized broadband excimer without polarizétion analy
of the Raman light

dW.K. Bischel, G. Black: Excimer Lasers-1983, AIP Conference Proc. 100, ed. by C.K. Rhodes, H. Egger, H. Pummer (American Institute of Physics,
New York 1983) pp.181-187

€see [24]

intensities from 100 laser-shots. Background is similarly acideal-gas behavior, for examplgy, = 0.9998 and 1096 at
quired with the laser off and is subtracted from the signalsl and 60 bar, respectively. In contrast, £8as significant

At one bar, the Raman intensities are smallest so that thedleviations: for exampleZco, = 0.64 at 60 bar. Because the
relative errors are the largest. As the presdRiie increased, Raman intensity is expected to depend upon the molar density
intensities become stronger and there is less error. As prevg;(= 1/V;), we can find that

ously discussed, the precision&fP/ P is also poorest at the

lowestP. 0j =[RT/P+Bj+(C;— B)P/RT] . (4)

We describe below two different procedures. The first is
to measure the signal dependence upon density for a particu- Figures 3-5 show plots of Raman intensltws. gj. In
lar gas and the second is to obtain the ratio of signals fronfrigs. 3 and 4p; was calculated with (4), whereago, for
different gases. Fig. 5 was calculated as described below.

In order to find whethet o g; for each j, we obtain data
at steadily increasing pressures. We wait for about two min-
utes after each pressure change in order to have a quiescéntExperimental anomalies
gas and to minimize any resulting temperature changes. For
each species we optimize the system settings, including th®ur experiments would seem to be straightforward, but we
camera gain. had two serious complications. With,Oand with super-

In order to find the cross sections;dds2 of species jrela- critical CO,, the laser beam failed to pass through the cell,
tive to N, we interchange Band gas j at each of a large set even though @ and CQ are both transparent at 248 nm.
of pressure®. These quick interchanges minimize the effectThe causes were different for the two molecules. Each was
of parameter changes, such as those caused by aging excinigteresting, and they illustrate, once again, that even a concep-
gas. At any value oP, gn, # ¢j because the gases are nottually simple experiment can yield unexpected events.
ideal. In order to compare ak, = oj, we converted our p

data,l (P) to I (on,) by means of the virial equation and fitted
these to obtain analytical functions fiqon, ). Then we could 4.1 Photochemistry with oxygen
calculate the relative cross sections.
In both procedures, we calculate the densiigfromthe ~ We usually Raman-scattered from a static gas. Oxygen could

measured pressures via the truncated virial expansion not be successfully measured that way. The first few laser
pulses yielded normal results, but then the laser beam be-
PVi=(1+Bj/V,+ C,-/ij) RT . (3) came so attenuated that neither Raman light nor transmitted

laser light emerged from the cell. This was caused hy O
whereV; is the molar volumeR is the universal gas con- which strongly absorbs at 248-nm. Slanger et al. described
stant, andB; andC; are recommended [19] virial coefficients such ozone formation [20] as a result of 248-nm irradiation
(listed in Table 1) for species j. The quantity inside the parenef O,. That was surprising because the low-energy threshold
theses is the compressibilitg;, which is PV;/RT = 1.0 for  for the photodissociation of £is 2424 nm. The mechanism
an ideal gas. In our pressure range, at@5N, has nearly is still not clear, although several have been suggested [21].



In order to minimize the @density, we maintained a gas-flow =100 — . . —
through the cell. That led to normal responses (see Fig. 2) e 2 TesHz —— —
cept atP >~ 50 bar. Because many diagnostic applications £ o guttes
do not involve static gas, Raman analyses gf8ould work
for these.
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4.2 Beamdeflection in supercritical carbon dioxide

Lo N+ I+ S+ T+ I + T+ T+ S+ S s S+ |

When we increased the density of €@, at T =40°C, the

Cross section relative

e[
= (4]
§,53 @

Raman signal jnitially incregsed corr(_aspondingly. However, O oo oo +60;——
surprisingly, with a further increase i it reached a max- . ® o ® & 4 & & 2 o .
imum and then steadily decreased. 500 1000 1500 2000 2500

This occurred because the laser beam bent downward Calculated density, moles / m®
supercritical CQ and thedeflectionwas so largethat the laser
beam failed to reach either the Raman observation region (@
the cell's exit window. The beam deflected because the CO
had a negative gradient of its refractive indew/dz, wherez
is the vertical coordinate. That gradient was caused by a pogection solid angles, spectrometers, camera sensitivities, etc.
itive temperature-gradienfiddz. The v} scaling in (2) need not be correct in the vicinity of

The cell's bottom was about.8°C cooler than the resonances. An equation [13] analogous to (2) applies when
other sides. Thus the GQ@lensity increased with depth, i.e., the electric vector of the laser ligif, is turned by 90 from
do/dz < 0 and that stabilized the supercritical fluid againstthat assumed there and it yields quite different results. For
convection. Because carbon dioxide has a high compresexample, the results of Kobayashi et al., which are listed in
ibility near its critical point Tc = 3042K, P = 73.8bar), Table 2, employed the same wavelength as ours, but had a dif-
| do/dz | is large. We calculatedgdtdT from the Wagner— ferent polarization setup. Similar statements apply to meas-
Span equation of state [22] for GOand combined it with urements made with either intentional polarization analysis
dT/dzin order to get d/dz. Next we relaten to o, so that we  of the Raman light or intrinsic polarization-discrimination
can obtain d/dz. The specific refractionfor CO,, at 248 nm  in the measuring device. Most lasers have a distribution of

g.2. Measured values ofql/ds2/don, /ds2 i.e., t e differential Raman
0ss sections, relative to that of,Nbtained at various densities at°Z5

is [23] Eo direction.
) ) 4 a1 Itis difficult to imagine a source of a large random labora-
r=[n"-1)/(n“+2)]/0o=166x10"mkg ~. (5)  tory error in any of the cross sections relative tpriNeasured

by the various investigators. That is because such experiments
Equation 5 indicates that will increase withg so that  consist solely of interchangingNand the gas to be meas-
dn/dz is negative in our setup. We did a sample calculaured, finding the density, and observing the resulting intensity
tion for a pressure of 90bar, and in a temperature ranggatios.
from 312-313K. We found thaton/dT)p = —0.0115+ Schrétter and Glckner [24] present a detailed discussion
0.0005 K™*. That is about 20 times larger than that for a typ-of such points and they also present a table of their meas-
ical liquid and occurs because of the large compressibility ofirements, as well as those of others. That table also shows
supercritical CQ. The bending is caused by the same effectagreement for some species, and disagreement with others.
(Fermat's principle) as the appearance of mirages caused by |If the divergence among the results listed in Table 2 is
hot surfaces. too large for potential users of Raman diagnostics, we rec-
Once this cause was established, we redud@daisuf- ommend that they calibrate their own apparatus (see next
ficiently to obtain a linear dependence lotipong. We had  section) rather than to rely on literature values.
to be careful because active convection occurs whgdzis Figures 3 and 4 are representative plots of observed sig-
near zero or negative, and that scatters the laser beam. nal | versus room-temperature density We made several
replicate runs for each species and obtained similar results.
The signals for each gas were acquired at a particular laser
5 Results intensity lp and camera gain. Thus raw Raman signals from
different species j are not directly comparable. In Figs. 3
The relative differential cross sectiof@;/ds2)/(don,/ds2),  and 4, we have adjusted the otherwise arbitrary slopes to be
as a function of density, are shown in Fig. 2. As expectedproportional to the ratios of relative cross sections that were
they are independent of density. Averaged values are shown separately determined and that are listed in Table 2. As was
Table 2, along with errors based on repeatability. These erratiscussed above, measurements at sidibave larger rela-
bars are reasonable and this implies that such Raman artare errors because (a) the signals are smallest there and (b)
lyses can be quite accurate. The data are very smooth and the pressure transducer has a constant eéxfe= +0.35 bar
the scatter in the relative cross sections shown in Fig. 2 armfiroughout our 1-60 bar range.
mainly caused by those for species other than N Figures 3 and 4 demonstrate that the Raman signal is a lin-
Table 2 shows substantial disagreement with the results @far function ofo; and that it may be used as a direct measure
other investigators. That is not surprising. They used differentfior o;. Figure 5 shows that this linearity is maintained at the
arrangements than ours. Some important parameters inclugéll-larger densities existing in the supercritical £@helin-
laser wavelengths, laser or detector polarization setups, dearity displayed in Figs. 3-5is our main point.
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linear fit to each. Each slope has been adjusted to be proportional to § .5. Plots of scattering intensity vs. molar density of carbon dioxide at

relative differential cross section (See Table 2). All species are at ambien 6K, at 3138K, and a least-squares linear fit to each. The two slopes
: p were adjusted to be easy to separate visually. The temperatures were greater

than the critical temperature, i.e, = 3042 K and our highest pressures
(up to 968 bar) were greater that the critical pressure, i~ 73.8 bar.
These “normal” data were acquired after the beam bending was eliminated

set for hydrogen, oxygen, carbon dioxide, and nitrogen, and a Ieast—squaﬁf

temperature and the maximum densities correspond to about 60 bar

Knapp et al. [26] constructed a system in which signals from
those two polarizations could be acquired simultaneously on
a single-shot basis.

We found that repeatability in determining relative cross sec-
7 tions from various species is good, but that agreement with
previous investigators is inadequate. That means that calibra-
7 tion is essential: preferably with the calibration material in
the same location as the sample to be analyzed. Calibration is
7 probably best done with a mixture, of all desired species, of
known composition. Then intensities from all species are sim-
. ultaneously acquired and the effect of a number of sensitive
experimental parameters drops out (for example, shot-to-shot

Raman intensities, arbitrary units

0 mLoo 2(‘)00 3000 laser energy variations, window fouling, etc.).
) s 0 Within the precision of our dat&aman signalsareallin-
Calculated Density, mole / m ear function of gas density. The best signals are available in

Fig. 4. Plot of scattering intensity vs. molar density for a representative dataigh-pressure media. After a calibration for a given experi-
set for propane, ethane, and methane, and a least-squares linear fit to epgntal setup quantitative density and temperature diagnos-
Each slope has been adjusted to be proportional to its relative differenti ! : e p
cross section (See Table 2). All species are at ambient temperature. 'Iﬁ s can be done 5|mply. Th!s IS1n ContraSt .tO LIF or _Raylelg_h
small range of propane dataléck circles) is caused by its comparatively Measurements where_, as d'_SCUS_Sed_m the |ntr0du9t|_0na serious
low vapor pressure problems exist for which calibration is extremely difficult.
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