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1.0 INTRODUCTION

Contamination of spacecraft and satellite surfaces and components by exhaust products
from spacecraft thrusters, outgassing products, and other contamination sources are of
considerable concern to the spacecraft designers. This concern is attributed to the
development of more sophisticated spacecraft systems designed to perform multiple,
noninterfering missions for longer periods of time in space. Contamination and subseguent
degradation of sensitive optical components can compromise mission objectives. It is for
these reasons that effects of condensed gases on optical surfaces has received widespread
interest.

Much of the effort in the past studies of the radiative properties of cryodeposit-coated
surfaces and materials has been experimental in nature. The quantity of experimental data
recently gencrated for condensed gases has necessarily emphasized the experimental portion
of this subject. The theoretical and analytical side of this study, although initiated zarlier for
determining refractive and absorption indices (n's and k’s) from transmission
measurements, has been lagging. Further extension, therefore, of various mathematical
models was deemed plausible for determining n’s and k's of deposited films and of optical
substrate materials using both transmission and reflectance measurements. In addition,
from the transmission measurements of the pure, condensed gases and of mixtures of gases,
efforts have been undertaken to try and determine the mole fractions of various species of
gases condensed in a matrix. These fractions, determined by relative absorption band
strengths, were comparad to mole fraction values determined experimenstally.

. The overall objectives of this work are to provide improved analytical methods for
determining mele fractions of condensed rocket exhaust gases and their aptical properties
{n,k) from spectroscopic transmittance or reflectance data. To accomplish these overall
objectives, the following specific areas were investigated:

1. Determination of the mole fractions of cryodeposit constituents.

2. Determination of the optical indices n and k of a medium from non-normal
reflectance measurements of a single interface of the medium with either airora
vacuum.

3. Calculation of the absorption index, k, of a material from known values of the
refractive index, n.

4, Obtaining the optical indices of a thin film from transmittance measurements of
the film on a thick substrate.



AEDC-TR-79-80

5. Finding the optical indices of a thin film from reflectance measurements of the
film on a thick substrate.

6. Measurement of the optical indices of substrales at cryogenic temperatures.

7. The use of the molar refractivity of materials in mole fraction determinations.

Progress in accomplishing these items is described in the following sections of this report.

2.0 MOLE FRACTIONS OF MOLECULAR SPECIES IN
HOMOGENEQUS CRYODEPOSITS

2.1 BASIC THEORY

Several spectroscopic methods for finding concentrations of molecular species in
cryodeposits were examined by one of the authors, K. F. Palmer, during the 1976 USAF-
ASEE Summer Faculty Research Program at AEDC. The most promising method is based
on the assumption that the number density and the molar concentration of the ith molecular
species, ¢, is directly proportional to the band integral if species i is infrared (IR)-active
(Ref. 1):

Sreav e o fiiwde (0

Band j Band ;

Here, c, has the dimensions of moles per unit volume and k,(#) is the contribution ofs;)ecies'i
to the absorption index of the homogeneous medium at the wavenumbers, », surrounding
the j'h absorption band characteristic of molecular species i. This assumption implies that
changes in the intermolecular forces should not affect the integral of k, over the absorption
region even though the shape of the absorption index citrve may be altered. It is known that
the formation and breaking of hydrogen bonds can cause anomalous intensity variations in
intramolecular absorption bands (Ref. 2). Thus, especially for H>O molecules, Eq. (1) may
need modification in some instances (see Section 2.2).

A second assumption is that for k(v) of a given homogeneous material,

N
k) = F k) 2
k=1
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when there are N molecular species in the material (Ref. 2). Therefore,

NJ
k1) = ko = F gl

f=1

[

(3)

where the summing term does not include the =i term and represents the effects of
“‘background’’ absorption on the absorption aitributed to molecular species i. In practice,
the determination of the background is somewhat ambiguous, and variations in background
values can have noticeable effects upon the results (see Section 2.2).

The molar concentration of any molecular species i, ¢,, in a sample can be calculated if
the ratio R, = ¢/c,, is known, The **standard’ molar concentration, cy; is the previously
measured concentration of species i in a “‘standard’’ material chat usvally contains only the
ith molecular species and is at the same temperature as the sample. For [R-active molecular
species Eq. (1) gives

Ry = cfegi= S kot du ffk 00 dv (4)

Band ) Band ;

where k,(v) is given by Eq. (3) and k,(») is the analogous quantity for the standard material.
Note that the band shapes in the k,(») and k() curves may not be the same and the domains
of integration may not be identical.

Once the molar concentrations of the 1R-active and inactive molecular species in a
material are known, the mole fraction of species i, f;, can be calculated from

[\
fi = Ci z CE (5)
P=1

where N is the total number of IR-active and inactive species. Of course,

N
-1 (6)
=1
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and if all but one of the molar concentrations are known, the unknown molar
concentration, say, fy where species N is IR-inactive, could be found from

K—1
;
v = 1-E1, )

1=1

The molar concentrations of species in materials are related to the densities of the
materials. If the standard material for species i contains only species i malecules, the density
of the standard material, g, is

Psi = € M; (8)

where M, is the molecular mass of species i with the dimensions of mass/mole. If Eq. (8) is

used in the first equation of Eq. (4), the molar concentration of species i in another material
can be found from

¢y = Phlni/Ml (9)

However, R, can be found from the band integrals [second equation of Eq. (4)] only for IR-
active species; R, lor IR-inactive species must be obtained by other means such as Raman
spectroscopy, or the molar refractivities (see Section 8.0).

If only IR spectra are available, the mole fractions of the molecular constituents in a
given material can be found if at most one [R-inactive species is present, whose identity is
known by other methods, such as Raman spectroscopy. In the case that no IR-inactive
species is in the material, substitution of Eq. (9} into Eq. (5) gives the mole fraction of
species i as

N
fi = (pslnl/iw]) EPSE REIME (10)
b=

The Appendix shows that for small relative errors AR;/R; and Apy/oge in Ry and pgy,
respectively, the relative error in f; is approximately
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N

/ ; AR (11)
AL/ = ARUZR, - dp_ipg, — r fp(MRp/ R 1 A pop )
=1

Note in Eq. (11) that if the relative errors in the densities, g, are comparable to those of the
concentration ratios, Ry, the influence of the density errors and the influence of the ratio
errors upon the calculated moile fraction of a species are also comparable,

If molecular species N is the only IR-inactive species present in some material, Eq. (5)

can be written
N-—1

[ = c]r'(E cp + CN) (12)

-1

N-1
o= (pSlR!.’M])/( z pSEHE.‘ME‘-CN) .
=1

when Eq. (9} is used for the molar concentration of the IR-active species. The molar
conceniration of the IR-inactive species N, ¢y, cannot be found from Eq. (9) because Ry is
unknown. However, Ry may be calculated from the average density, g, of the sample
mazterial;

ar

N N-1
p o= E r:E‘lllr = E ('EME+ CNMN
}’:l E:‘:]

N- 1
Here, ¢ M; = C,RM; = p,Ry from Eq. (8). Thus, ¢y = (g -El gs R/ My and

Eq. (12) is
N—1
. 11
f = (pqlﬁl/“)/ L oo Ry <_..__- ) 1 p/My (13)
Mp M '
f=1 N
The relative error of £, is approximately
K-l
l‘-fl"fi = i\.ﬂi’Hi + i‘sp_\i;’ps] - ﬁp.-"‘p - E fﬁ (M[w'MN - 1)(:\9.“"[{[_» + L\pk_,g;"pbk —Ap;"p] {14)
f=1

when the errors in Ry, g, and p are small (see the Appendix). Again, the relative errors of
the densities can be just as important as the relative errors of the concentration ratios in
causing errors in the calculated mole fractions.
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In summary, the mole fractions of molecular constituents in a sample material can be
found from infrared spectra using either Eq. (10) or (13) if the densities of the sample and
the standard materials are known and if the ratio R of the sample molar concentration to the
molar concentration of the standard material are measured for all, or all but one,
constituent molecular species. For 1R-active species the concentration ratios R are assumed
identical to ratios of the appropriate band integrals (Ref. 1). Also, accurate determination of
the mole fractions of species depends as much on the accuracy of the density values as on the
accuracy of the band integral ratio values.

2.2 EXPERIMENTAL RESULTS

Table 1 contains the results of the application of Egs. (10) and (13) to AEDC cryodeposit
data previously analyzed by W. B. Newbolt during the 1977 USAF-ASEE Summer Faculty
Research Program at AEDC. In the two columns next to the last one the mole fractions
calculated in the present analysis are compared to the mole fractions found from chemical
analysis of the residual gas mixture used to form the cryvodeposits. Note that the calculated
mole fractions are not identical to the ratios of the band integrals. In the last column the
mole [ractions calculated by Eq. (10) or (13) from the band integral ratios of Newbolt are
given. In most cases Newbolt’s choice of band integrals differed from those in the table, and
there were no allowances made for any background absorption.

The agreement of the present mole fraction values with those from chemical analysis is
within 13 percent for the two-component cryodeposits, but is much worse for the Plume [
film composed of a simulated plume mixture of gases. In particular, the concentration of
water (H,0) molecules was calculated to be much less than was found chemically, This
discrepancy is most likely due to the anomalous behavior of H.O absorptions caused by
hydrogen bonding, an effect that depends, in part, on the concentration of H,O molecules.
For pure H;O, the absorption band intensities of intramolecular vibrations of condensed
phases are approximately an arder of magnitude greater than the corresponding vapor phase
intensities attributable mainly to the increased hydrogen bonding in the condensed phases
{(Ref. 2). Although more study on the effects of hydrogen bonding in cryodeposits is
necessary, it should be noted that the band integral of the librational band of liquid water,
Vi, 18 very nearly temperature independent and so, presumably, is nearly independent of the
local molecular environment (Ref. 3). It might be possible to use the librational band of H,0
in cryodeposits as a more accurate index of HyO concentration. To do this the domain of the
[R data must be extended down to about 500 cm~!; this can only be done by obtaining
accurate measurements of the optical properties of the substrate at cryogenic temperatures
(see Section 7.0).

10
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In the calculations, a consistent set of cryvodeposit densities is used throughout. 1n all
cases, however, better agreement with the mole fraction determined from chemical analysis
is possible if slightly different values of the densities are used in each separate calculation.
The densities given in Table 1 for the dinitrogen/water mixture (N./H>O}, carbon monoxide
(CO), and Plume [ crvodeposits as well as that of pure N; (which was not used in the
calculations) are those found during the original transmission measurements. The density of
pure carbon dioxide (CO5;) is the value determined by Arnold et al. {Ref. 4}, that of H,O is
the mean value of several H,O cryodeposits measured at AEDC, and the densities of the
remaining mixtures represent the mean of the tabulated densities of the standard (pure)
cryodeposit of the constituent species, weighted according to their approximate molar
concentrations.

Except for those marked by asterisks, the band strengths {integrals) given in Table | are
found by numerical integration of the data over the indicated wavenumber domains. If the k
value at either endpoint of the domain was not zero, a background absorption was
computed and subtracted from the integrals to give the tabulated band strength, 5.

There is a degree of arbitrariness in choosing the limits of integration and accounting for
extraneous absorptions. A “‘moment’’ method for finding the baseline and the limits of
integration of unblended bands has been shown by Jiang et al. (Ref. 5) to reduce the
experimental uncertainties in the computation of band strengths, and it is recommended that
the ““moment’” method be tried and evaluated in future band strength calculations. Blended
absorptions were decomposed by a nonlinear least-squares fit of the data to two or more
Lorentzian line shapes. For instance, the »; band of H,O is badly blended by lattice
vibration absorptions in the pure H-O cryodeposit and is blended by other absorptions in the
Plume | cryodeposit. Lattice bands also contribute to the absarption of the 1—0 band of
12CO and, to a lesser extent, the v; band of '2CO, (Ref. 5). For these reasons, absorptions
attributable to 13CO and '*COQ; were used whenever possible, although the much lower band
intensities of the 12C isotopic species are subject to larger experimental errors. For the Plume
1 cryodeposit, only the »3 band of '2CO was sufficiently “‘clean’’ of extranecus absorptions
so that its band strength could be found by numerical integration of the original data. The
other band strengths in the Plume I cryodeposit, and those of the standard cryodeposits, are
commputed from Lorentzian fits because of the biends cited above. It should be noted that the
Lorentzian band strength for the 10 band of 12CQ is greater than the band strength found
by direct integration, because of the large “‘wings’’ of the Lorentzian line shape. This
suggests that a Gaussian or Voight profile might better approximate the line shapes of the
data.

11
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3.0 OPTICAL INDICES OF A MEDIUM FROM NON-NORMAL
REFLECTANCE MEASUREMENTS OF A SINGLE INTERFACE

The optical constants n() and k(») al wavenumber ¢ of a material can be obtained from
reflection measurements of a light beam at the interface of the material with a vacuum or
air. Kramers-Kronig (KK) techniques allow both n and k to be found from the reflectance of
a beam of electromagnetic radiation at the interface using measurements at just one angle of
incidence. Of course the material must have dimensions and a geometry that will not allow
extraneous radiation 1o enter the spectrometer; precautions are especially necessary at
wavenumbers where the material is nearly transparent. For non-normal incidence the
compaonents of the electric and magnetic fields parallel and perpendicular to the plane of
incidence have reflectances that become measurably different at beam incident angles
greater than about 10 deg (Ref. 6).

The complex reflectivity if /r\(v) = [R(»)]* exp li¢(#})], where the circumflex denotes
compiex quantities, i is (-1)/2, R is the measured reflectance, and ¢ is Lhe phase shift of the
beam upon reflection. Two KK dispersion relations between R and ¢ can be written in which
one of the quantities is evaluated at a given wavenumber in terms of an integral of the other
quantity over all wavenumber space. In our case the reflectance, R, i3 measured
experimentally and the phase shift, ¢, can be found from

> tn A/zr, -
tII"J{V) -'—'—Pf [R(l 11 (15}

where P denotes the Cauchy principle value. The optical constants are obtained from

T ;[(QE - 5%+ sntg) - [(02 - 82 ‘+ sin?0) " - 4Q? sﬁJliz]/Zglé

and

k = SQ/
where

Q= (1-R)cos/(1+R~2R"%cos &)
and

S = Zﬁl/; sin peosd /S {l+R-2 nlfz cos ¢

for a beam angle of incidence #. Note, however, that for non-normal incident angles, the
reflectances of different polarization components of the beam will vary. It is important that

12
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the reflectance of only one polarization component be used in these equations when # > >
10 deg.

The finite range of measured reflectance data means that extrapolations of R-values to
v = 0 and to » = oo are necessary. In the present case the R-values are assumed to be
constant outside the measured data domain with R(»} = R(r ) for 0 < v < »,and R(») =
R(ry) for v > »y.

The errors introduced by various extrapolations of reflectance data and other
experimental uncertainties have been discussed by Bowlden and Wilmshurst (Ref. 7} and
Hale et al. (Ref. 8). The former authors have studied the effects of neglecting all
contributions to the integral of Eq. (5) outside the domain of the data. This is equivalent to
assuming that R is | when 0 < » < pp or » > »y. Using comparisons to theoretical
dispersion curves, they show that the k-values from the KK analysis of an abosrption band
are within a few percent of the theoretical values as long as the data limits are sufficiently far
from the band center, say, greater than 10 band half-widths. When they varied the limits of
integration, which is analogous to changing the extrapolation conditions of actual
reflectance data, the most noticeable effect they found was some {asymmetric) distortion of
the band shape, a result in accord with the authors’ experience with liquids. This effect was
minimized for a given band centered at », when the limits of integration were chosen so that
vo/ ¥ = ry/v,. Under these conditions the errors caused by neglecting the high and low
wavenumber regions cancel almost completely, except for wavenumbers within a small
region about the band center. There the errors are additive but very small. Thus, it appears
that the k values determined by the KK method are relatively insensitive to the details of
extrapolations used outside the data domain, and it is the authers’ experience that the n
values determined by the KK method are even less sensitive.

Hale et al. (Ref. 8) have shown that when the reflectance is analyzed by KK techniques,
the effect of random relative errors in the IR reflectance values of liquid water cause
approximately the same values of relative error in all n values and in the k values within an
absorption. The random relative errors for k values become large at wavenumbers far from
absorptions. These results should apply to work on other dielectrics because of similar
reflectance and error values.

The influence of systematic errors in the reflectance upon the optical constants from KK
analysis is felt to be minimal. Consider the special case in which all “‘true’” reflectance
values, R, are changed by some systematic error to R* = SR, where 5 is a constant. Now,
Eq. {15) when integrated by parts is

}IIIVR(M)
o) =L P f \%| a(\fﬁ)

Fodiil o}

13
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If R were used in the integral instead of R, the differential would become d(InyR") =
d(InvBR) = d(InvB) + d(In/R) = d(Iny/R) are the phase shift, ¢, would remain unchanged
fram the “‘true’’ value. In other instances of systematic error where 8 is a slowly varying
function of wavenumber compared to In/R the changes in ¢ would be very small.

Ahrenkiel (Ref. 9) has shown that subtractive Kramers-Kronig (SKK) dispersion
relations reduce the errors in the optical constants associaled with extrapolations. Essentialfy
SKK values of the optical constanis are made relative to a known value of that constant at a
wavenumber v,, which is within the wavenumber domain of the data. For reflectance
measurements from a single air-material or vacuum-material interface, the appropriate SKK
relation for the phase shift is

2

9'3(L"0) 1 v’ ’n de”
QB(V) - = + I""GW v Pf(uz l H:V‘) v (16)
o]

o ) (v:‘ -

Here, R is the reflectance of a single component of polarization that is usually the
component perpendicular to the plane of incidence if the angle of incidence, 4, is not zero.,
The optical constants can be found from the above relations.

Computer programs ““KKANR’’ and “SKKR’’ (written by K. F. Palmer) incorporate
Egs. {15) and {16), respectively, for KK and SKK analysis of reflectance data. The input data
to the programs can be arbitrarily spaced according to wavenumber. The integration is done
numerically by Simpson’s rule except near the singular points and where three consecutive
data points are not equally spaced in wavenumber. In these cases the numerator of the
integrand is approximated by a quadratic function fitted to three consecutive data points,
and the integration is computed analytically.

Both ““KKANR™ and ‘“SKKR’’ have been used to analyze the ice reflectance data of
Schaaf (Ref. 10). The agreement between the two 'programs for the optical constants is
excellent if some care is exercised is choosing v, for the latter program, such as using a v,
value that is far from any absbrptions. Also, the values determined by these programs for all
n values and those k values surrounding molecular absorpticns are within one percent of the
values given by the KK analysis of Schaaf. However, the k values far from absorptions are
sometimes substanltially different from those of Schaaf and may even be negative. Part of
the discrepancy may be due to the difference in algorithms for obtaining the contribution to
the integrals about a singular point. The authors feel the present algorithm is more accurate,
however, and suggest further investigation of the matter.

14
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4.0 ABSORPTION INDEX k(v) FOUND BY THE
KRAMERS-KRONIG ANALYSIS OF n(»)

Kramers-Kronig dispersion relations can be written for the real and imaginary
components, or the modulus and phase angle, of many well-behaved complex functions. In
particular, the KK equations for n and k (the real and imaginary components of the complex
refractive index n) can be used to find k if n is known over a wide wavenumber region, and
vice-versa. The relations can also be used to check the internal consistency of optical data.

The KK relations for n and k are

G

n(1) = nf=) + wpf v ) v’ (17)

P i
v -y

o

and

ki) = U I')f n (1,.’] dli (18)

V—V

where n(oo) is the contribution to the index of refraction as » goes to infinity (Ref. 4). The
corresponding SKK relations are easily shown to be

( — »
aG) = nlv,) - A Pf ke’ (19)
W2 _y

o (u” -

and

k(v } o -7
kivl = w Vs + o ! Pf nte ) de” (20]
¥ LG NI R

lr
b

where n(r,) and k(r,} are found at » = », by a separat¢ measurement. A computer program
utilizing Eq. (19) is presently in use at AEDC (Ref. 11}). Computer programs “KKN2K'* and
“SKKN2K’' have been written {by K. F. Palmer) to calculate k from known n values using
Eqgs. (18) and (20), respectively. Qutside the dara domain »; < » =< vy the values of k are
assumed to be k(vy) for the v > vy and kiz) for 0 < » < v,
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Program “SKKK2ZN’’ has also been written (by K. F. Palmer) to obtain n values from k
values. As a check on the internal consistency of programs “SKKK2N'’ and “*SKKN2K**,
they were run in sequence. The AEDC-observed values of k(#} in the range from 700 ¢m !
to 3,700 cm~! (including the finely spaced points in the absorption bands) for CO; were
used in SKKK2N to obtain the n(v) spectrum. These n(v) values were then used as input for
the SKKN2K program, vielding a k(») spectrum (k-calculated) that could then be compared
with the original AEDC values. The differences between the original k-observed and
k-calculated values were substantial—consistently less than 0.2 except at the peak of the vy
band of CGO;, where the difference was approximately 0.3, and near the lower end of the
observed spectrum (710 to 1030 cm — 1) where the differrences were as much as 0.565.

There are several plausible explanations for these discrepancies, including coding errors
in the computer programs, numerical/analytical errors (such as formula derivations), and
naccurale data. It is encouraging that the error, (k-observed} - (k-calculated), appears to be
quite regular. Indeed, the values of k-observed and k-calculated, as well as their difference,
were plotted and compared. The vy band of CO; in particular had the same shape and
location, but appeared to be shifted downward by approximately 0.2. This leads us to
believe that there may be a programming or numerical/analytical error, and thus further
investigation of the consistenicy of the SKK refations, and the correspending programs, will
begin here,

5.0 OPTICAL CONSTANTS OF A THIN FILM ON A THICK
SUBSTRATE FROM TRANSMITTANCE MEASUREMENTS

At present at AEDC, the optical constants of thin films deposited on thick substrates are
determined by a separate calculation at each wavenumber using the dependence of the
transmittance of a beam through the film and substrate upon the thickness of the film. A
lamellar model of the film and substrate (Ref. 12), which includes interference effects, is
treated by a nonlinear least-squares procedure to extract the optical constants at a given
wavenumber. One of the underlying assumptions of this method is that the optical
properties of the film do not change with thickness.

Meada et al. (Ref. 13) have shown that KK relationships can be written for the modulus
and phase angle of the complex transmission coefficient, t, of a single film thickness on a

substrate, where t{p) = T(»)!/2 e'¢l*} and T(») is the measured transmittance at wavenumber
». The KK relation of interest is

s0) - 2p ff DTl | o, 21
T -V
[n}
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where d is the film thickness. The corresponding SKK equation is

(
b0 = u{‘f’u”o) , v Pf b T4 "";‘" - } 22)
] V —V LJ il

o

®(r;) being the phase angle at », determined from a separate measurement at that film
thickness. Either equation can be used to evaluate ¢ of a single thickness of film, and both
optical constants n and k can be found for that thickness by a nonlinear interpolation of the
complicated functions relating n, k, T, and ¢ (Ref. 13).

A computer program, which analyzes transmittance data at a single film thickness
according to Eq. (22), was applied to AEDC data of a CO cryodeposit with a film thickness
near the midrange of the observed thicknesses. In most instances this SKK program was
successful in converging to the same n and % values found by using the dependence of the
transmittance upon film thickness. Sometimes, however, especially near molecular
absorptions, more than one physically reasonable pair of n and k values will give identical
values of T and o, and the iwo methods will not agree. At present potential algorithms for
finding the ““best’’ values of n and k are being tested. It may, for example, be necessary to
analyze data from two (or more) film thicknesses simultaneously, so that by comparison of
the possible solutions for both thicknesses, the unwanted sotutions might be eliminated.

6.0 OPTICAL CONSTANTS FROM REFLECTANCE MEASUREMENTS
OF A THIN FILM ON A SUBSTRATE

Radiation reflected from a thin-film cryodeposit on a metal substrate has been analyzed
by using the dependence of the reflectance upon film thickness at a given wavenumber (Ref.
4). As in the analysis of transmitzance data, a lamellar model of the film and the substrate
was used, and it was assumed that the optical constants of the film are independent of film
thickness.

From the results given in Section 5.0, it seems feasible that usable KK relations exist for
the modulus and phase angle of the complex reflection coefficient r(v) = R(p)!/2 ei¢),
where R(#) is the measured absolute reflectance (or the reflectance relative to a bare
substrate) of a single film thickness. The main criterion for determining the usefulness of a
KK relation is that the value of the desired optical property be finite and determinate as the
wavenumber approaches zero or infinity. At present the value of () of ©is not known,
although a preliminary investigation indicates the value is very likely zero. If a suitable ¢}
value is found in future work, computer programs similar to the one being tested (Section
5.0) can result, giving a KK method of obtaining the optical constants n and k.

17
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7.4 OPTICAL CONSTANTS OF SUBSTRATE MATERIALS
AT CRYOGENIC TEMPERATURES

[n the lamellar model of a thin film on a substrate, the optical constants of the film can
be found if those of the substrate are known (see Sections 5.0 and 6.0). There are, however,
few reliable data on the cryogenic optical properties of substrate materials in the literature,
and “in-house™ measurements must be made. At present, measurements of the optical
constants of germanium at 20 and 80 K have been made in the range from 700 (o 3,700 cm - !
{Ref. 12). Section 2.0 describes the need to observe molecular absorptions of cryodeposits
beyond the high and low limits of this wavenumber region. This can be accomplished if the
range of germanium measurements is expanded and/or data are obtained for other substrate
materials.

The analysis of the transmittance or reflectance of two substrate thicknesses is the most
direct way of determining the optical properties of the substrate, but this analysis may be
expensive or otherwise inconvenient. A KK analysis of a single thick film of substrate
material is not possible because of the loss of phase information. Another alternative for
finding substrate optical properties is the analysis of reflectance measurements from a single
interface of substrate material through an appropriate KK, or SKK, relation (see Section
3.0). However, shaping the sample into a geometry such as a light horn (Ref. 14), that is,
suitable for the elimination of stray reflections, may not be practical for some materials,
especially for transparent wavenumber regions.

8.0 MOLAR REFRACTIVITY OF MATERIALS - DETERMINATION
OF MOLECULAR SPECIES CONCENTRATIONS IN MATERIALS
CONTAINING MORE THAN ONE INFRARED-INACTIVE SPECIES

The molar refractivity, A, of a material containing a single nonpolar molecular species
is, at wavenumbers far from absorptions,

K, 2
Ae M Nygodaiol | Moatoy 23)

where N, is Avogadro’s number, « is the molecular polarizability, N is the number density,
M is the molecular mass per mole, and g is the mass density of the material (Ref. 6). If there
are N chemically inactive molecular species in a homogeneous mixture, with density g and
refractive index n, the molar refractivity of the mixture is approximately

N N

A - Z CiAL’i E %

=1 =1
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where ¢, is the molar concentration (moles per unit volume) of species i in the mixture and A,
is its molar refractivity. Equation {23} and the above equation can be combined to show

N N 2
t i “l n® — 1 = E Ci Ml s, = 1 (24}
=] P nt 42 =1 p“i n, -2

where M, is the molecular mass per mole of species i, g., is the known density, and n,, is the
known refractive index of the “‘standard’ material for species 1.

In principle, the concentrations ¢, could be determined from the values of the densities

and indices of refraction mecasured at least N dilferent wavenumbers, allowing the
calculation of the mole fractions by Eq. (3) of Section 2.0. However, for wavenumbers far
from absorptions the indices ordinarily do not change noticeably with wavenumber, and a
numerical solution of Eq. (24} may be difficult, or impossible, to achieve for a material with
many molecular species. It appears feasible, though, that an interative method incorporating
Egs. (4) and (24) for the [R-active and inactive species, respectively. could be devised so that
the molecular concenirations can be obtained for materials containing more than one IR-
inactive molecular species. Of course, as for the materials containing just one [R-inactive
species (Section 2.0), the identities of the inactive species must be found from techniques
other than IR spectroscopy, €.g., Raman spectroscopy. A matter of further study will be to
determine the effect of applying Eq. (24) to malerials containing strongly polar molecules
such as H.0.

9.0 SUMMARY

The overall cbiective of this work was to provide improved analytical methods for
determining mole fractions of condensed rocket exhaust gases and their optical properties
from spectroscopic transmittance and reflectance data. Seven specific areas (see Section 1.0)
were investipated to further progress toward the overall goal, and the results may be
summarized as follows.

1. The investigation made for determining molar concentrations indicated that
mole {ractions can be found from infrared spectra if the densities of the sample
and standard materials are known and if the ratio R of the sample moiar
concentration to the molar concentration of the standard material is measured
for all, or all but one, constituent molecular species. It was also shown that
accurale determination of the mole fractions of species depends as much on the
accuracy of the density values as on the accuracy of the absorption band integral
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ratio values. Good agreement (within 15 percent or less) was obtained between
experimentally determined mole fractions and the integrated band model for a
mixture of two components. For a four-component mixture fair agreement was
obtained for the CO and CO; componenis (see Table 1), whereas the
concentrations determined for H>O and N; were not ¢lose.

2. The optical constants n{») and k{r} of a material can be obtained frem
reflectance measurements at the interface of a material with vacuum or air. Two
types of Kramers-Kronig programs for these calculations were developed.

3. The Kramers-Kronig analysis for finding k(v) from n(»} vaiues was attempted.
Theoretically, this should have been straightforward, but poor results were
obtained using the experimental data for CO,.

4. A model was developed and a program written for determining the n's and k’s of
a thin film on a thick substrate from transmittance measurements. In the past,
many {ilm thicknesses were required to achieve these results. This single
thickness model gave good results for a CO condensed film except in the region
of absorption bands where more work needs to be done.

5. A similar study to the previous one was carried out for determining n’s and k's
from a single thin film from reflectance measurements. However, the phase
angle near infinity ¢(90) is not known so this model cannot be used until this
value is determined.

6. The problem of finding the optical constants of optical substrate materials at
cryogenic temperatures was also investigated briefly. It appears that analysis of
the transmittance or reflectance of two substrate thicknesses is the most direct
way of determining these properties.

7. The last area investigated was the determination of molecular species
concentrations in materials containing more than one infrared-active species
from material molar refractivities. The final conclusion of this study was that it
appears feasible that an iterative method could be devised such that the
molecular concentrations could be obtained for materials containing more than
one [R-active specie,

20
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Table 1. Calculated Mole Fractions of Molecular Species in Selected 20 K Cryodeposits
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APPENDIX
PROPAGATION OF ERRORS IN MOLE FRACTION DETERMINATIONS

In the following discussion, the only errors are assumed to be in the ratios of band
strengths, R, and in the densities, g, of the materials.

Cuase I. If there are no IR-inactive molecular species in the material and Eq. (10),
N R
., R, Pat B
o= =5 EE Mg

1 =1

is used, then

Now, iff = is

Also,

o P

because of the symmetry of the roles of g and Ryin Eq. (10).

If £+ 1,
Ps, (Psi R:)(Pm)
afl Tl Ml ‘“i — i’_, {1 -—f)
ok, T N pgRp N o RNZT R :
I L
=1 =1
Also
af f
y —l = 1 1_{)
%y .

by symmetry. Upon substitution of these partial derivatives into the expression for df, one
obtains, after some algebraic manipulation,
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N
d R b, (_e_@)
f R1 psn =1 d RE Psf

For small errors in Ryand gy, Eq. (11) follows.

Case 2. If only one IR-inactive molecular species (labeled N) is in the material and Eq. (13),

N--1
Psi Ri R 1 1
o= oo /(Z Psr e(—“g -1 ‘)+ J?_M_)
1 =1 N K

I dJf. Jf,
df, _6‘_1 dRg + —L dp 5] - == dp
P dRy  © dogp dp

is used, then

1

NOW, iff # iy

1 1

Kk
LIRS U
} (\. )ps (M' i f /M
af, 1 £ wmy _ 'L(E—l)

dky l\‘z—l 1 ] E Rp \M
Pst RE(M_ - 'rft_)+ M
=1 f N N

Also,

. I\.fll

and
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by symmetry. Also,

My

where N
) i J 1
D= F raly (MF \1N)
=1
Now,
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f=1
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N-1 W
-p_ _ _ _ L
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After substituting these partial derivatives into the expression for df, and doing some

algebraic manipulation, one finds

- I | R i
i, S, Ps _dp |
i I:ll P&i e

For small errors in Ry, oy, and g, Eq. (14) follows.
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NOMENCLATURE
A Molar refractivity
¢ Molar concentration of i molecular specie
f Mole fraction
k Absorption index
M Molecular mass
N Number density
Na Avrogadro’s number
n Index of refraction
P Cauchy Principle value
R Measured reflectance
p Complex reflectivity
é Molecular band strength
T Complex transmission coefficient
‘Q\ Measured transmittance
o Molecular polarizability
4 Incidence angle
e Density, gm/m?
¢ Phase shift
SUBSCRIPTS
H High .
i Species
L low
lib Librational
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f Material
N Species N

5 Standard
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