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E-910092-7

FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear 
rocket technology is being conducted by the United Aircraft Corporation Research 
Laboratories under Contract NASw-847 with the joint AEC-NASA Space Nuclear Propulsion 
Office. The Technical Supervisor of the Contract for NASA is Captain W. A. Tingling 
(USAF). Results of the investigation conducted during the period between 
September 15, 19^5 and September 15, 1966 are described in the following six reports 
(including the present report) which comprise the required fourth Interim Summary 
Technical Report under the Contract:

1. Krascella, N. L.: Theoretical Investigation of the Absorptive Properties of 
Small Particles and Heavy-Atom Gases. UAC Research Laboratories Report 
E-910092-7, September 1966 (Unclassified)(present report)

2. Kinney, R. B.: Theoretical Effect of Seed Opacity and Turbulence on Temperature 
Distributions in the Propellant Region of a Vortex-Stabilized Gaseous Nuclear 
Rocket (u). UAC Research Laboratories Report E-910092-8, September 1966.
(report classified Confidential)

3. Kesten, A. S., and N. L. Krascella: Theoretical Investigation of Radiant Heat 
Transfer in the Fuel Region of a Gaseous Nuclear Rocket Engine. UAC Research 
Laboratories Report E-910092-9, September 1966. (Unclassified)

b. Roback, R.: Theoretical Performance of Rocket Engines Using Gaseous Hydrogen 
in the Ideal State at Stagnation Temperatures up to 20,000 R. UAC Research 
Laboratories Report E-910093-30, September 1966. (Unclassified)

5. Latham, T. S.: Nuclear Criticality Study of a Specific Vortex-Stabilized Gaseous 
Nuclear Rocket Engine (u). UAC Research Laboratories Report E-910375-1,
September 1966. (report classified Confidential)

6. McLafferty, G. H., H. E. Bauer, and D. E. Sheldon: Preliminary Conceptual 
Design Study of a Specific Vortex-Stabilized Gaseous Nuclear. Rocket Engine (u). 
UAC Research Laboratories Report E-910093-29, September 1966. (report 
classified Confidential)
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Report E-910092-7

Theoretical Investigation of the Absorptive 

Properties of Small Particles and Heavy-Atom Gases

SUMMARY

A theoretical investigation was conducted to determine the spectral and mean 
absorption characteristics of solid and gaseous elemental materials which might 
be utilized to control the transfer of radiant energy in the propellant region of 
a gaseous nuclear rocket engine. Spectral extinction, absorption and scattering 
parameters were calculated, based on the Mie theory, for spherical molybdenum, 
niobium, tantalum and cadmium particles having radii of 0.01, 0.05, 0.10, and
0.50Similar calculations were made for spherical tungsten particles at five 
temperatures between l600 K (2880 R) and 2^00 K (4320 R). The tungsten calcula­
tions were based on analytically extrapolated refractive indices for wavelengths 
between 0.1 and 30/x at each temperature. The Rosseland mean absorption parameter 
of spherical tungsten particles having a radius of 0.05/xwas calculated for tempera­
tures between 1000 K (l800 R) and 56OO K (10,080 R). In addition, the spectral 
absorption parameters and normal spectral reflectivities of bulk aluminum, cad­
mium, carbon, cobalt, hafnium, iridium, iron, molybdenum, niobium, nickel, pal­
ladium, platinum, silicon, tantalum, thallium, titanium, tungsten, vanadium, and 
zirconium were calculated. The bulk absorption parameters apply to seeds in the 
form of thin plates and are generally higher than those for seeds in the form 
of spherical particles. Average reflectivities for normally incident radiation, 
determined by weighting the normal spectral reflectivities with respect to the 
black-body radiation function, were computed for aluminum, copper, gold, nickel, 
silver and tungsten.

The spectral absorption coefficients and Rosseland mean opacity of gaseous 
tungsten were re-evaluated using the UARL heavy-atom model with a modified oscil­
lator strength distribution function. Additional average local line spacing and 
local line intensities for materials which might be used as gaseous seed agents 
were calculated. These materials included neutral iron, silicon, uranium, and 
vanadium as well as singly ionized niobium, tungsten, and vanadium.
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CONCLUSIONS

1. Theoretical estimates of the spectral absorption parameters of thin plates
and spherical particles indicate that thin plates are in general more effective 
as possible propellant seeding agents in gaseous-core nuclear rocket engines.

2. The effect of temperature on the spectral extinction and absorption parameters 
of spherical tungsten particles (based on the Mie theory using analytically 
extrapolated refractive index data) is small.

3. The differences between measured and calculated refractive index data of 
tungsten from various sources do not have an appreciable effect on the absorp­
tion parameter of spherical tungsten particles at wavelengths below approxi­
mately 2 fj..

4. At wavelengths less than approximately 0.6/i, most materials studied to date 
are more effective absorbers of radiation than tungsten when both are in 
particle form. At wavelengths greater than approximately 0.6/r, all materials 
studied (except carbon) have absorption parameters of about the same magni­
tude .

5. Selection of the best seed material for gaseous nuclear rockets requires 
information on the spectral absorption characteristics of vaporized seed as 
well as for the same seed in particulate form. Because insufficient informa­
tion is available on the characteristics of vaporized seed, it is not 
possible to choose between various seed materials at the present time.

2
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INTRODUCTION

The control of radiation through gaseous media by the addition of small solid 
or liquid particles or opaque gases is of interest in numerous advanced rocket 
engine designs such as the gaseous-core nuclear rocket engine concept described 
in Ref. 1. In this concept, energy generated by nuclear fission in a central 
plasma is transferred to the surrounding propellant, usually hydrogen, principally 
by the mechanism of thermal radiation. The propellant must be sufficiently opaque 
to insure an adequate propellant temperature rise and to prevent excessive radia­
tion from reaching the walls of the thrust chamber. Hydrogen, however, is essen­
tially transparent at temperatures below approximately 8000 K (l4,400 R) (Ref. 2). 
Thus the propellant region must be seeded with opaque materials to insure adequate 
absorption of the radiation at temperatures up to about 8000 K (l4,400 R).

Small particles, low-ionization-potential metal vapors, and various polyatomic 
gases have been examined theoretically and experimentally as possible seeding 
agents for the propellant region (Refs. 3 through 8). Small-sized solid or liquid 
particles exhibit essentially continuous spectral absorption characteristics as 
contrasted with the discrete spectral absorption characteristics exhibited by 
low-ionization-potential metal vapors and polyatomic gases. Theoretical studies 
of the absorption properties of small-size solid particles at UARL (Refs. 7 and 8) 
have been based on the Mie theory (Refs. 9 and 10) which describes the spectral 
extinction, absorption, and scattering of radiation by spherical particles as a 
function of particle size and the wavelength of the incident radiation. Although 
Mie calculations have been made for many seed materials of interest using available 
complex index of refraction data (Refs. 7 and 8), new refractive index data is 
continuously being published in the literature. Therefore, additional calculations 
of particle absorption characteristics using recent index of refraction information 
are required to insure selection of the most effective seeds for gaseous nuclear 
rocket engines.

The gaseous states of various heavy-atom materials which might be used as 
solid-particle seeding agents generally exhibit spectra with dense line structures 
(Ref. ll). If the lines in these gases are sufficiently broadened by collisions 
with hydrogen molecules and atoms, a nearly continuous absorption spectrum will 
result in the bound-bound spectral region. The analytical model employed in Ref. 12 
to calculate the spectral absorption coefficients of gases with dense line 
structures assumes that the line density decreases linearly as the wave number 
increases. However, experimental evidence noted in Ref. 12 and in this report 
indicates that the line density per unit wavelength may vary in an irregular 
manner from one part of the spectrum to another. Similarly, the oscillator 
strength per unit wave number assumed in the heavy-atom model for the bound-bound 
spectral region is not in complete agreement with that inferred from experimental

3
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spectral line intensity data cited in Ref. 12 and in later sections of this report. 
Therefore, additional information is required to determine the effect of line 
density distribution and oscillator strength distribution on the spectral and 
mean absorption properties.

In view of the foregoing discussion, the objectives of this study are twofold: 
to continue the examination of the absorptive properties of various solid materials; 
and to modify the heavy-atom model used in calculating spectral and mean absorption 
properties of gases to enable more accurate assessment of these properties in the 
bound-bound spectral region.

k
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PROPERTIES OF SOLID SEEDS

Spectral absorption coefficients and reflectivities of bulk solid materials 
may be calculated if the complex refractive index is known as a function of wave­
length. Similarly, the spectral extinction, absorption, and scattering properties 
of small particles with spherical symmetry may be calculated using the Mie theory 
(Refs. 9 an<l 10) if “the requisite complex refractive index data are available. A 
continuing effort over an extended period has been expended at UARL to evaluate the 
absorptive properties of small spherical particle seeds (Refs. 7 and 8) as the 
requisite refractive index data have become available. In Table I, the pertinent 
physical properties of all materials investigated to date are listed. Table II is 
a list of UARL references which include various data and results applicable to seed 
materials previously studies. The figure numbers in Table II refer to graphical 
data and results for seed materials discussed in this report.

Complex Refractive Indices

The complex refractive indices required in the computation of the absorptive 
and reflective properties of the solid materials investigated are graphically shown 
in Figs. 1 through 8. The materials investigated are tungsten, molybdenum, niobium, 
thallium, and cadmium.

The real and imaginary parts of the complex refractive index of tungsten were 
calculated in the wavelength range between 0.1 and 30/r at temperatures of 1600 K 
(2800 R), 1800 K (3240 R), 2000 K (3600 R), 2200 K (3690 R) and 2400 K (4320 R). 
Computation of the data over the extended wavelength range was effected by means of 
a modified free-electron model described in Ref. 13. The model parameters were 
determined from refractive indices experimentally measured at wavelengths between 
approximately 0.3 and 0.8/xat the five temperatures listed above (Ref. 13)- The 
calculated results for tungsten are given in Figs. 1 and 2 for each of the tempera­
tures. It should be noted that the temperature variation of the real and imaginary 
parts of the refractive indices is small. In Figs. 3 an,3 refractive index data 
for tungsten from different literature sources (Refs. 13 and 14) are compared for 
two temperatures, 300 K (5^0 R) and 1600 K (2800 R). In Figs. 5 through 8, complex 
refractive index data are given for molybdenum (Ref. 17) at a temperature of 2210 K 
(3978 R), niobium (Ref. 15) at 2003 K (3605 R) and for thallium (Ref. 16) and 
cadmium (Ref. 16) at 300 K (5^-0 R).

Optical Properties of Spherical Particles

Spectral extinction, absorption, and scattering parameters were calculated for 
each of the materials listed in the preceeding section using the UARL Mie theory

5
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machine program (Ref. 7) for spherical particles with radii of O.Ol, 0.05, 0.1, and 
0.5/^. Typical spectral extinction and absorption parameters for spherical tungsten 
particles at a temperature of 1600 K (2800 R) are shown as a function of wavelength 
for the four specified particle radii in Fig. 9- The absorption parameter for the 
bulk material, is also shown in Fig. 9 where, according to Ref. 10:

ba' = 4 77-k/X (!)

In this expression, k is the imaginary part of the refractive index and X is the 
wavelength of the incident radiation. The spectral absorption parameter for bulk 
material is uniformly more effective than that for spherical particles over the 
entire wavelength range, which suggests that thin plates of tungsten or other mate­
rials might be more useful as seeding agents than spherical particles. A discussion 
of the physical size requirements for these thin plates is given in the section 
entitled "Optical Properties of Bulk FAterials."

The effect of temperature on the spectral extinction and absorption parameters 
of spherical tungsten particles (radius = 0.05^) is illustrated in Fig. 10 for wave­
lengths of 0.1, 1.0, 10, and 30/x. These results are based on the computed refrac­
tive indices shown in Figs. 1 and 2 (Ref. 13)- It is observed that temperature has 
a negligible effect on the extinction and absorption parameters of spherical tung­
sten particles. In Fig. 11, the spectral absorption parameters of spherical tung­
sten particles (radius = 0.05/u) based on different sources of refractive index data 
are compared as a function of wavelength.

The extinction and absorption parameters of spherical molybdenum particles at 
a temperature of 2210 K (3978 R), niobium at 2003 K (3605 R), anl thallium and 
cadmium at 300 K (5^-0 R) are graphically illustrated in Figs. 12 through 15 as a 
function of wavelength for particle radii of 0.01, 0.05, 0.10, and 0.5/U- The re­
sults are typical of Mie calculations for other materials with the exception of the 
deep minimums at a wavelength of approximately 0.1/xfor thallium (see Fig. 14) and 
at a wavelength of approximately 0.12^.for cadmium (see Fig. 15)*

The curves in Figs. 16, 17, and 18 summarize the results of Mie calculations 
of spectral absorption parameters for spherical particles (radius = 0.05/u.) as a 
function of wavelength for all materials investigated to date. These results are 
based on complex refractive index data from Refs. 8, 15, and 17 through 29. The 
absorption parameters for spherical tungsten particles are plotted in all figures 
for comparison. The spectral absorption parameters of most materials studied 
exceed or are at least approximately equal to the spectral absorption parameter of 
tungsten (see Figs. 16, 17, and 18). However, tungsten is important as a prospec­
tive seeding agent in gaseous-core nuclear rocket engines because it has a very high 
boiling-point temperature and is essentially nonreactive with high-temperature hy­
drogen.

6
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The spectral absorption parameter results for spherical tungsten particles 
(radius = 0.05/u.) given in Fig. 19 were used to estimate the Rosseland mean opacity 
parameter of tungsten as a function of temperature. The Rosseland mean opacity 
parameter, bR, is given by: ^

b - X. MB^/dr ) do,

r idB“/dT) d„ (2)
J u /. ^-hcoj/k'iN •/o Da (l - e )

where B^is the spectral black-body function; cj , the wave number;!, the temperature; 
and h , c , and k^re the usual physical constants. The integration indicated in 
Eq. (2) is performed over the limits a> = 0 to <x> ; therefore, the spectral absorption 
parameter results for spherical tungsten particles given in Fig. 19 by the solid 
curve (based on refractive index data of Ref. 13 at a temperature of 1600 K) were 
extrapolated for wave numbers greater than 100,000 cm"^ ( X < 0.1^.) as shown.
Similar spectral absorption parameter results (Refs. 7 and 11) based on the refrac­
tive index data of Ref. 14 are illustrated in Fig. 19 by a dashed curve. These 
spectral absorption coefficient results were extrapolated above a wave number of 
25,000 cm“l ( X < O.k/j.) as indicated in the figure. The area under the solid curve 
(proportional to the total oscillator strength) is approximately ten times the area 
under the dashed curve. The oscillator strength (approximately 2.0) represented by 
the normalized area under the solid curve in Fig. 19 is, therefore, approximately 
equal to that for gaseous tungsten seed using the heavy-atom model described in 
later sections of this report. The corresponding Rosseland mean opacity parameters, 
based on both sets of spectral absorption parameter results in Fig. 19> are shown 
for comparison in Fig. 20 for spherical tungsten particles having a radius of 0.05^.* 
The increase in the magnitude of the Rosseland mean opacity parameter shown by the 
solid curve over that exhibited by the dashed curve in Fig. 20 is primarily attribu­
table to the increase in oscillator strength associated with the two corresponding 
areas under the spectral absorption parameter curves shown in Fig. 19.

Optical Properties of Bulk Eh/terials

Absorption

The spectral absorption parameter for bulk tungsten exceeds that for spheri­
cally symmetrical particles of any size (see Fig. 9) and suggests the possibility, 
as indicated previously, that small thin plates of tungsten or other materials 
might be used for seeding in the transparent propellant region. In view of this 
result, the spectral absorption parameters for thin plates of all materials investi­
gated to date at UARL were computed (see Eq. (l)) and are compared in Figs. 21 
through 23. The calculations were based on the refractive index data from Refs. 8, 
13, and 15 through 27* In Fig. 21, the spectral absorption parameter for tungsten 
plates is shown as a function of wavelength based on complex refractive index data

7
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•>
from different sources. Similarly, computed results are illustrated in Figs. 22 and 
23 for other materials and include the tungsten results to enable comparison.

Comparison of the results in Figs . 22 and 23 for thin plates with corresponding 
results for spherical particles in Figs. 16 through 18 indicates that the absorption 
parameters of thin plates are greater than those for spherical particles for any 
given material at all wavelengths. At a wavelength of 1.0^., the ratio of the absorp­
tion parameter for thin plates to that for spherical particles of the same material 
varies from approximately 2 to 117- At a wavelength of 10/a, this ratio varies from 
approximately 420 to l46o for the various materials considered.

The reason for the low value of absorption parameter for spherical particles 
at long wavelengths is that the radiation does not "see" particles which are small 
relative to the wavelength (see, for example, Fig. 1 of Ref. 7)- Effective cross- 
sectional areas for absorption equal to or greater than the physical cross-sectional 
area of a spherical particle require a particle radius approximately equal to or 
greater than the wavelength of the radiation. Therefore, by analogy, it would be 
expected that the width and height of thin plates (i.e., the dimension normal to the 
direction of propagation of the radiation) should be equal to or greater than the 
wavelength in order to obtain the advantages of the high absorption parameters indi­
cated by comparing the results shown in Figs. 22 and 23 with those shown in Figs. 15 
through 18. If these thin plates are to be effective in absorbing radiation at wave­
lengths up to 10/a, the width and height of the plates must be equal to or greater 
than approximately 10/a (3-94 x 10-^ in.).

Large diameter spherical particles are inefficient absorbers of short wave­
length radiation because much of the volume is "hidden" behind the front of the 
particle. A similar limitation applies to thin plates. The effectiveness of a 
thin plate as an absorber decreases rapidly once the intensity of the incident radia­
tion has been reduced to a magnitude of l/e its initial value. A typical absorption 
parameter for tungsten plates at short wavelengths is of the order of 10^ cm^/gm, 
therefore, this l/e factor would be achieved in a plate having a "thickness" of 
approximately 10”5 gm/cm^. Since the density of tungsten is approximately 20 gm/cm3, 
the corresponding plate thickness would be about 5 x 10"^ cm (0.005/uor 50 -i) •

Although any single small plate might be aligned such that it would provide 
little absorption of incident radiation, the number density of plates would be so 
high that statistically the plates can be considered randomly oriented. For example, 
there would be approximately 10^ plates in a cubic centimeter if the thickness of 
the plates were 5 x 10"3^.and their height and width were 10yu. The effectiveness of 
a randomly oriented plate would be approximately half that of a plate which was posi­
tioned perpendicular to the direction of the incident radiation. However, absorption 
parameters for thin plates are greater than those for spherical particles by a factor 
considerably greater than 2, thus thin plates nominally 50 thick would be superior 
to spherical particles as seeding agents.

8
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The discussion in the preceding paragraphs has considered only the absorbing 
characteristics of thin plates. In addition, these plates ■would scatter a certain 
fraction of the incident radiation (for example, see discussion of reflectivities 
in following sections). The scattering of radiation from a system of randomly 
oriented thin plates would be analogous to the scattering of radiation by spherical 
particles. In general, the scattering process increases the path length for 
absorption of the photons passing through the seeded region. Thus an enhancement 
of the effective absorbing ability of spherical particles or thin plates will result.

Reflection

It is anticipated that the seed density in the propellant region of a gaseous 
nuclear rocket engine will be such as to reduce the radiant flux by two or more 
orders of magnitude relative to the flux incident on the propellant region. However,Oa flux of only 10 times the incident flux might still be sufficient to result in 
a very large heat deposition rate at the surface of the cavity wall if all of the 
radiation incident on the wall were absorbed. This wall heating rate would be sub­
stantially reduced if the walls were made of a reflecting material. The reflectivity 
of a material is related to its complex index of refraction. For light incident at 
an angle, , relative to a normal to the surface of the material, the reflectivity 
is given by (see Ref. 28):

r<*> = IT (rP<*>‘t' rs*> (3)

where

r 4>
s

2 2 2
a t b - 2a cos -f cos 0

a2 + b2 + 2 a cos <P + cos2

(4)

r *
p rc

o2+ b2 - 2a sin2<ft tan + sin2</> tan2cfr
a2+ b2 + 2a sin2</>tanc£ + sin2c/> tan2<£ (5)

k2- sin2 eft -j Vil k2 -sin2cft) 2 + 4 n2 k 2 (6)

9
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b2 (7)

where n is the real part and K is the imaginary part of the refractive index. The 
spectral reflectivity for normally incident light (<£= 0) is given by:

(n- I)2 + k2 

(n + l) 2 + k2
(8)

Equation (8) was used to compute the normal reflectivities for all materials studied 
(see Table II) and the resulting data are presented in Figs. 2b through 2J. The 
computations were based on the refractive index data from Refs. 8 and 13 through 2J. 
As is evident from the curves, aluminum has the highest reflectivity over a wide 
wavelength range.

The normal spectral reflectivities calculated using the refractive index data 
of Refs. 1, 13, and 24 are shown in Fig. 28. These results were used to compute 
average reflectivities defined by the following equation:

R

r12
L B x r°d x
r12L B>d> (9)

where B^is the Planck black-body function and X is the wavelength. The average 
reflectivities for normally incident radiation are graphically shown in Fig. 29 
as a function of the black-body radiating temperature.

Comparison of Solid Seed lvk.terials

The selection of the most efficient material as a seeding agent for the propel­
lant region in a gaseous-core nuclear rocket engine is dependent upon a number of 
criteria, for example: compatibility or reactivity with hot hydrogen, temperature 
at which the particle melts or vaporizes; and the cross section for thermal neutron 
absorption. With regard to chemical reactivity with hot hydrogen, information in 
Ref. 29 indicates that materials such as graphite, which react rapidly with hydrogen 
at high temperature, are not useful as seed materials.

A correlation of boiling-point temperatures with the absorption parameters of 
0.05/u-radius particles for each material investigated is shown in Fig. 30* (Boiling- 
point temperature data was obtained from Ref. 30-) For materials which absorb 
weakly as a gas, it is necessary to have as high a boiling-point temperature as

10
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*#
possible. Hovever, for materials which absorb strongly in the gas phase, the boiling- 
point temperature is of less significance. For example, the information in Ref. 11 
indicates that materials such as tungsten which have complex spectral line structures 
as gases are probably as valuable as absorbers in gaseous form as in solid form. 
Therefore, information on the absorbtivity of each material in gaseous form is 
needed as well as the information presented in Fig. 30 in order to permit a choice 
between various materials on the basis of boiling-point temperature.

The absorption parameters of 0.05ft-radius particles for various materials con­
sidered are shown in Fig. 31 as a function of the respective thermal neutron cross 
sections (from Ref. 31)* It is obviously advantageous to employ materials with as 
low a thermal neutron cross section as possible.

11



E-910092-7

OPTICAL PROPERTIES OF GASEOUS SEEDS

Seeding of the relatively transparent propellant region of a gaseous-core 
nuclear rocket engine may he accomplished in part hy the use of a material such 
as tungsten in the form of small spherical particles or thin plates at tempera­
tures up to the boiling point (approximately 5^00 K for tungsten). At tempera­
tures above the boiling point, evaporated particle seeds will absorb radiation at 
high wave numbers (short wavelengths) by bound-free transitions and at low wave 
numbers (long wavelengths) by bound-bound transitions which give rise to spectral 
lines. In some gases, lines in the bound-bound region are few in number and are 
relatively widely spaced^ thus spectral "windows" between the widely spaced lines 
occur. Conversely, heavy-atom gases usually have dense line structures over wide 
spectral regions. Although there are small windows between each of these lines 
in a heavy-atom gas, these windows will be substantially eliminated due to line 
broadening by perturbing species such as electrons and hydrogen atoms or molecules. 
The preliminary calculations of Ref. 11 indicate that the spectral lines in a 
heavy-atom gas will be essentially overlapped in the propellant region of a gaseous 
nuclear rocket engine if the line spacing is approximately 50 cm- or less.

The analytical heayy-atom model of Ref. 12, employed in Ref. 1.1 to calculate 
the spectral and mean absorption properties of heavy-atom gaseous seeds, assumes 
line density and oscillator strength distributions in disagreement with line 
density and oscillator strength distributions inferred from experimental line 
spacing and intensity data quoted in Ref. 11 and later sections of this report.
The following section of this report describes a modification made to the oscil­
lator strength distribution function for tungsten in order to match more closely 
the calculated tungsten line spectra to measured results. Also discussed is 
information on line spacing and line intensities for heavy-atom elements other 
than tungsten which might be used as gaseous seeds.

Tungsten

Heavy-Atom Mode1

As a prerequisite in the modification of the heavy-atom model to account for 
discrete line effects, experimental line spacing and intensity data for the neutral 
tungsten atom (Ref. 32) reported in Ref. 11 were re-examined. Similar data for 
singly ionized tungsten from Ref. 33 were also examined. These data are shown in 
Fig. 32 (average line spacing per 1000 cm”-'- interval as a function of wavelength) 
and Fig, 33 (relative total line intensity as a function of wavelength) for both 
species. It should be noted that the results shown in Figs. 32 and 33 may t>e 
biased in that lines outside the indicated wavelength range (between approximately
10,000 cm and 57>000 cm--'-) undoubtedly exist but have not been examined or

12
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reported. Therefore, local average line spacing at the vavelength extremes shown 
in Fig. 32 are probably too large. The line intensity data shown in Fig. 33 
(probably underestimated at the wavelength extremes for the reason cited above) 
were used as a guide in the modification of the heavy-atom model.

The heavy-atom model used to estimate spectral absorption coefficients and 
Rosseland mean opacity has been described in Refs. 11 and 12. A "continuum" type 
oscillator strength distribution, dfc/dE , as a function of photon energy, E, is 
used to prescribe the strength of a transition (absorption) from a given ground 
state in the work of Ref. 12. Schematically the continuum oscillator strength 
distribution function is shown by the dashed curve in Fig. 3^. Mathematically this 
function is given by:

( dfc \ 
dE / i,j

2 A X;

(E Vv tt,J '

2 AX IlL

0 < E <

(10)

0
where Ej , is the cut-off energy, Xj j is the ionization potential from energy 
level j , t is the photon energy and A is a constant. Equation (lO) is normalized 
such that

(11)

where i"/ is the total oscillator strength.

The modified oscillator strength distribution ("band" distribution) used in 
the current study of heavy-atom gas absorptive properties is shown schematically 
in Fig. 34 by the solid curve and is given mathematically as follows:

where Oj j are the arbitrary amplitudes (may be zero or finite), rtij the number of 
peaks and dj a constant of arbitrary magnitude. The normalization factor, bj , 
is adjusted such that Eq. (ll) applies. The oscillator strength in the bound-free 
spectral region is the same as in Eq. (lO); that is:

13
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Spectral and Mean Absorption

(13)

The quantities a j j > an<i dj in Eq. (12) were adjusted until the major
features of the experimental intensity data for neutral tungsten were approximately 
reproduced. Values of these constants subsequently incorporated as part of the 
heavy-atom model used to estimate the spectral absorption coefficients and 
Rosseland mean opacity of gaseous tungsten are given in Table III.

In Fig. 35 a comparison is made of the theoretical spectral absorption coeffi­
cients obtained using both the "band" and "continuum" oscillator strength distribu­
tion functions in the heavy-atom model and the relative experimental intensity 
data from Ref, 35. (Note that each curve is normalized with respect to its maxi­
mum.) As is evident from Fig. 35? the continuum oscillator strength distribution 
function appears to overestimate the spectral absorption coefficient at wave 
numbers less than approximately 20,000 cm-l. Conversely, above a wave number of 
approximately 30,000 cm--1- the spectral properties appear to be underestimated. 
Although the band oscillator strength distribution function, given by Eq. (12), 
does not reproduce all details of the experimental data, the theoretical absorp­
tion results are in essential agreement with the major features exhibited by the 
normalized experimental intensities. In Fig. 36 the spectral absorption coeffi­
cients between wave numbers of 1000 and 200,000 cm--1- are shown for tungsten gas 
at temperatures of 6000 K (10,800 R) and 10,000 K (l8,000 R). The solid line 
was calculated using the band oscillator strength distribution function and the 
dashed curve using the continuum oscillator strength distribution function. The 
total area under each curve, which is proportional to the total oscillator strength, 
is identical. The nearly linear increase in spectral absorption between wave 
numbers of 1000 and 10,000 cm-1 for the band oscillator strength distribution 
function is attributed to the constant value of (df^/dE^j j - dj (dj = 0.001 for 
all i - see Table III). The relative uniform magnitude of the peaks in the spec­
tral absorption (solid curve) at a temperature of 10,000 K (l8,000 R) as compared 
to those at 6000 K (10,800 R) is due to an increased contribution to the absorption 
at the higher temperature from higher ionization species. At wave numbers greater 
than approximately 110,000 cm--1-, the two calculations (solid and dashed curves) 
give coincident results. Wave numbers greater than approximately 110,000 cm-11- 
represent the bound-free transition region of singly-ionized tungsten which is 
treated in the same fashion with either oscillator strength distribution function 
(see Fig. 34).

14
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These results and similar spectral results at other temperatures were used 
to compute the Rosseland mean opacity of tungsten which is graphically illustrated 
for two partial pressures in Fig. 37- As is evident in Fig. 37^ use of a band 
oscillator strength distribution function in the heavy-atom model reduces the 
Rosseland mean opacity at temperatures greater than 10,000 K (l8,000 R) by approxi­
mately an order of magnitude. Below a temperature of about 9000 K (l6,200 R), the 
band oscillator strength distribution function results in a Rosseland mean opacity 
which decreases in magnitude as the temperature is decreased (see solid curve in 
Fig* 37): the continuum oscillator strength distribution function results in a 
Rosseland mean opacity which increases in magnitude as the temperature is decreased 
(see dashed curve in Fig. 37)* At a temperature of 6000 K (10,800 R), the ratio 
of the Rosseland mean opacity based on the continuum approximation to that based 
on the band approximation is about 80 as compared to approximately 10 at a tempera­
ture of 16,000 K (28,800 R). Since the low absorption in the ultraviolet and 
infrared regions of the spectrum may be due to incomplete experimental data in 
these regions (see preceding discussion), there is no guarantee that the band 
distribution is superior to the continuum distribution in these regions. Addition­
al experimental data with regard to the spectral properties of heavy-atom gaseous 
seed materials is obviously required.

Line Spacing and Intensities in Other Heavy-Atom Elements

Additional local average line spacing and relative total line intensities 
were calculated from experimental data reported in the current literature for 
several species other than tungsten as a prerequisite to the examination of these 
species as possible gaseous seeds. In Fig. 38 local average line spacing is 
plotted as a function of wave number for neutral iron (Ref. 32), silicon (Ref. 3*0? 
and uranium (Ref. 35)* Similar data are shown in Fig. 39 for neutral and singly- 
ionized niobium (Ref. 36) and in Fig. 37 for neutral (Ref. 37) and singly-ionized 
(Ref. 38) vanadium. As pointed out in the case of tungsten, these data may not 
be indicative of actual average local spacing at low or high wave numbers because 
measurements in the far ultraviolet and far infrared appear to be lacking for most 
elements.

Relative line intensities are shown in Fig. kl for neutral iron, in Fig. 42 
for neutral silicon, and in Fig. 43 for neutral uranium. In Fig. 44 relative line 
intensities are shown for both neutral and singly-ionized niobium; in Fig. 45 
for neutral and singly-ionized vanadium. The data in Figs. 44 and 45 suggest that 
the niobium and vanadium systems might be useful as seeding agents because the 
relatively high intensities over large spectral regions infers a correspondingly 
high gas phase opacity.

15
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LIST OF SYMBOLS

Reflectivity function defined by Eq. (6)

Amplitude factor for oscillator strength distribution function in 
heavy-atom model

Spectral absorption coefficient with stimulated emission, cm"1 

Rosseland mean opacity, cm_l

Constant used in heavy atom model = 4/9 7Tv^3

Reflectivity function defined by Eq. (7)

Absorption parameter, cm^/gm

Absorption parameter for bulk material, see Eq. (l), cm2/gm 

Extinction parameter, cm2/gm

Normalization factor for oscillator strength distribution function 
in heavy-atom model

Rosseland mean absorption parameter, cm^/gm 

Scattering parameter, cm^/gm

Planck black-body function, erg/cm-sec or erg/cm--sec-^t 

Velocity of light = 2.9987 x 10^ cm/sec

Constant for oscillator strength distribution function in heavy- 
atom model

Photon energy, ev

Cut-off energy for oscillator strength distribution function in 
heavy-atom model, ev

"Band"oscillator strength distribution function used in heavy-atom 
model

"Continuum" oscillator strength distribution function used in 
heavy-atom model
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LIST OF SYMBOLS (cont'd)

Planck constant, 6.6237 x 10~2^ erg sec

Subscript denoting an ionization species in heavy-atom model 

Quantum number denoting an energy level in heavy-atom model 
Boltzmann constant, 1.3802 x lO"1^ erg/K 

Imaginary part of the refractive index

Number of peaks for oscillator strength distribution function in 
heavy-atom model

Real part of the refractive index

Total oscillator strength used in heavy-atom model 

Complex refractive index = n - i k 

Normal spectral reflectivity

Reflectivity for light with electric vector parallel to the 
plane of incidence

Reflectivity for light with electric vector normal to the plane 
of incidence

Reflectivity for unpolarized light incident at an angle $ 
with respect to the normal to the surface

Particle radius, fj.

Average normal reflectivity

Local average line spacing, cm-1

Temperature, deg K or deg R

Black-body radiating temperature, deg K or deg R

Ionization potential fromjth level in heavy-atom model, ev
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LIST OF SYMBOLS (cont'd)

X Wavelength, fj.

p Density, gm/cm^

Angle between the normal to a surface and the direction of 
propogation of incident light.

cl) Wave number, cm-1

I
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H TABLE I

SELECTED PHYSICAL PROPERTIES OF ELEMENTAL MATERIALS INVESTIGATED

Seed
Material Symbol

Temperatures - Ref. 30
tfess Density 

Ref. 30

Thermal
Neutron
Cross

Section 
Ref. 31 

Barns

Melting Point Boiling Point

Deg K Deg R Deg K Deg R gm/cm3 lb/ft3

Aluminum A1 932 1678 2621 4718 2.70 168 0.230

Cadmium Cd 594 IO69 1043 1877 2.13 133 2550

Carbon C 4200-s 7560-s - - 2.00 125 0.003

Cobalt Co 1768 3182 2528 4550 8.90 555 37-0

Copper Cu 1356 2441 3150 5670 8.92 557 3-69

Gold Au 1336 2405 3120 5616 19-30 1204 98

Hafnium Hf 2250 4050 5960 10728 13-30 830 105

Iridium Ir 2727 4909 4450 8010 22.40 1398 430

Iron Fe 1812 3262 3045 5481 7.86 490 2.53

Molybdenum Mo 2890 5202 5100 9180 10.20 636 2-5

Niobium Nb 2770 4986 5115 9207 8.55 534 1.1

Nickel Ni 1728 3U0 2415 4347 8.90 555 4.6

Palladium Pd 1823 3281 3385 6093 11.97 747 8.0

Platinum Pt 2043 3677 3980 7164 21.45 1338 8.1

Rhenium Re 3453 6215 5915 10647 20.53 1281 84

Rhodium Rh 2239 4030 3940 7092 12.40 774 150

Silicon Si 1683 3029 2890 5202 2.4o 151 0.13

Silver Ag 1234 2221 2436 4385 10.50 655 62

Tantalum Ta 3270 5886 5565 10017 16.60 1036 21.3

Thallium T1 577 1039 1745 3141 11.85 739 3-3

Titanium Ti 1963 3533. 3443 6197 4.50 281 5.6

Tungsten W 3650 6570 5645 10161 19-30 1204 19.2

Uranium U l4o6 2531 4135 7443 18.70 1167 7.68

Vanadium V 2190 3942 3273 5891 5.96 372 5-1

Zirconium Zr 2125 3825 4598 8276 6.4o 398 0.18
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TABLE II

m

INDEX OF FIGURES AND UARL REFERENCES FOR ELEMENTAL MATERIALS INVESTIGATED

Figure numbers refer to current report 
References indicate other UARL reports concerning the listed subjects

I
~n1

Seed
Material Symbol Refractive Index

Extinction or Absorption Parameter
Rosseland Mean 
Opacity Parameter

Normal Reflectivities

Line Spacing
Line

IntensitiesSpherical Particles Thin Plates Spectral Average

Fig. Ref. Fig. Ref. Fig. Fig. Ref. Fig. Fig. Fig. Ref. Fig. Ref.

Aluminum A1 7 17 7 23 27, 28 29
Cadmium Cd 8 15, 16 22 26

Carbon C 7 17 ' 8, 7 23 26, 28
Cobalt Co 7, 8 18 7, 8 23 26 11

Copper Cu 28 29
Gold Au 28 29

Hafnium Hf 8 17 8 22 25 11 11
Iridium Ir 7 17 7 23 27 11

Iron Fe 8 17 8 22 25 38 11 41
Molybdenum Mo 5 7, 8 12, 16, 17 7, 8 22 25 11 11

Niobium Nb 6 13, 17 22 25 29 39 11 44 11
Nickel Ni 8 16 8 22 COCMCM 29

Palladium Pd 7 16 7 22 25 11
Platinum Pt 7 17 7 23 26 11

Rhenium Re 7 7 11
Rhodium Rh 7 7 11

Silicon Si 7 16 7 22 26 38 11 42
Silver Ag 28 29

Tantalum Ta 7 7 11
Thallium Tl 7 14, 16 22 26

Titanium Ti 7, 8 18 7, 8 23 27
Tungsten W 1-4 7, 8 9-11, 16-19 6, 7, 8 21, 22, 23 20 8 24, 28 29 32 11 33,35 11

Uranium U 38 43

Vanadium V 8 18 7, 8 23 27 4o 11 45

Zirconium Zr 8 18 7, 8 23 27 11
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TABLE III

CONSTANTS USED IN HEAVY-ATOM MODEL OSCILLATOR STRENGTH DISTRIBUTION FUNCTION
FOR GASEOUS TUNGSTEN SEEDS

See Eq. (12) and Fig. 3^

i Ionization
Species

Number
of Peaks
mi

Amplitudes* Ionization
Potentials

(ev)
di

ai,7 ai,8 ai,9 ai,IO ai,ll ai,l2 ai,i3

1 W° 18 0.95 1.0 0.92 0.6l O.63 0.88 0.23 7.98 0.001

2 W+ 18 0-95 1.0 0.92 0.6l O.63 0.88 O.23 14.00 0.001

3 W+ + 18 0-95 1.0 0.92 0.61 O.63 0.88 0.23 24.10 0.001

4 W++ + 18 0.95 1.0 0.92 0.6l O.63 0.88 O.23 35-^0 0.001

(* NOTE: Qj, THROUGH ai)6 AND Qj |4 THROUGH ail8=0)

E-910092-7



R
EA

L PAR
T OF 

TH
E REF

R
AC

TI
VE

 INDEX
EFFECT OF WAVELENGTH ON THE REAL PART OF THE THEORETICAL REFRACTIVE INDEX 

OF TUNGSTEN AT TEMPERATURES BETWEEN 1600 AND 2400 DEG K

N - n — I k

to
o0
ro1->i

m

UARL CALCULATED DATA BASED ON THE ANALYTICAL MODEL 
DERIVED FROM EXPERIMENTAL REFRACTIVE INDICES MEASURED 
IN THE VISIBLE REGION (SEE REF. 13 )

2200

WAVELENGTH , X -/x

100,000 50,000 25,000 10,000 5000 2500 1000 500 250 ^

WAVE NUMBER, cu - CM



IM
AG

IN
AR

Y PAR
T O

F TH
E REF

R
AC

TI
VE

 INDEX
EFFECT OF WAVELENGTH ON THE IMAGINARY PART OF THE THEORETICAL REFRACTIVE 

INDEX OF TUNGSTEN AT TEMPERATURES BETWEEN 1600 AND 2400 DEG K

N = n-ik

m

-. OEG

UARL CALCULATED DATA BASED ON THE ANALYTICAL MODEL 
DERIVED FROM EXPERIMENTAL REFRACTIVE INDICES MEASURED 
IN THE VISIBLE REGION (SEE REF. 13 )____________________

WAVELENGTH , X-/i.

100,000 50,000 25,000 10,000 5000 2500 1000 500 250
WAVE NUMBER , cu-CM"

-910092-7 
_____________________________________________________________

. 
FIG

. 2



R
EA

L PAR
T OF

 THE 
R

EF
R

AC
TI

VE
 INDE

X,

COMPARISON OF THE REAL PART OF THE REFRACTIVE INDEX DATA OF 
TUNGSTEN OBTAINED FROM DIFFERENT SOURCES

m

WAVELENGTH, X - /x

100,000 50,000 25,000 10,000 5000 2500
WAVE NUMBER, w -CM'1

1000 500 250

-910092-7
 

FIG
. 3



IM
AG

IN
AR

Y PA
R

T OF
 THE

 REF
R

AC
TI

VE
 INDE

X

COMPARISON OF THE IMAGINARY PART OF THE REFRACTIVE INDEX DATA OF 
TUNGSTEN OBTAINED FROM DIFFERENT SOURCES

100,000 50,000 25,000 10,000 5000 2500 1000 500 250
WAVE NUMBER, w -CM'1

A

E-910092-7 
FIG

.



E - 910092-7 FIG. 5

EFFECT OF WAVELENGTH ON THE REAL AND IMAGINARY 
PARTS OF THE REFRACTIVE INDEX OF MOLYBDENUM

T = 22IOK (3978 R) 
N = n-i k
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EFFECT OF 
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EFFECT OF WAVELENGTH ON THE REAL AND IMAGINARY 
PARTS OF THE REFRACTIVE INDEX OF THALLIUM

T = 300K (540 R) 
N = n -i k

O INDICATES POINTS WHICH WERE OBTAINED FROM REF. 16 
AND WHICH WERE USED IN THE MIE THEORY CALCULATIONS
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E-910092-7 FIG. 8

EFFECT OF WAVELENGTH ON THE REAL AND IMAGINARY 
PARTS OF THE REFRACTIVE INDEX OF CADMIUM

T = 300K (540 R) 
N = n-ik

O INDICATES POINTS WHICH WERE OBTAINED FROM REF. 16 
AND WHICH WERE USED IN THE MIE THEORY CALCULATIONS
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E-910092-7 FIG.
EFFECT OF WAVELENGTH ON THE EXTINCTION AND 

ABSORPTION CHARACTERISTICS OF TUNGSTEN PARTICLES 
AND THIN PLATES AT A TEMPERATURE OF 1600 DEG K
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FIG.10E-910092-7
EFFECT OF TEMPERATURE ON THE EXTINCTION 

ABSORPTION PARAMETERS OF SPHERICAL TUNGSTEN
AND
PARTICLES
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E-910092-7 FIG. I I
COMPARISON OF THE ABSORPTION PARAMETER OF SPHERICAL 
TUNGSTEN PARTICLES BASED ON REFRACTIVE INDEX DATA

FROM DIFFERENT SOURCES

TYPICAL n AND k DATA IN FIGS. 3 AND 4 
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FIG. 12E-910092-7
EFFECT OF WAVELENGTH ON THE EXTINCTION

ABSORPTION PARAMETERS OF SPHERICAL
MOLYBDENUM PARTICLES

AND

---------- EXTINCTION PARAMETER, be
----------  ABSORPTION PARAMETER, bQ
(SCATTERING PARAMETER , bs = be - ba ) 

n AND k DATA FROM FIG. 5
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FIG. 13E-910092-7
EFFECT OF WAVELENGTH ON THE EXTINCTION

ABSORPTION PARAMETERS OF SPHERICAL
NIOBIUM PARTICLES

AND

----------  EXTINCTION PARAMETER, be
---------- ABSORPTION PARAMETER, b0
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T = 2003 K (3605 R) p - 8.55 GM/CM

12,000 10,000 8000
WAVE NUMBER,cu-CM 1

6000
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FIG. 14E-910092-7
EFFECT OF WAVELENGTH ON THE EXTINCTION AND 

P ABSORPTION PARAMETERS OF SPHERICAL
THALLIUM PARTICLES

T

----------  EXTINCTION PARAMETER,
---------- ABSORPTION PARAMETER,

(SCATTERING PARA METER , bs = be 
n AND k DATA FROM FIG. 7 

300 K (540 R )

- bg )

p - 3 68 GM/CM
3

WAVELENGTH, A - ^

100,000 50,000
WAVE NUMBER,oi-CM

35,000
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FI G. I 5E-910092-7
EFFECT OF WAVELENGTH ON THE EXTINCTION

ABSORPTION PARAMETERS OF SPHERICAL
CADMIUM PARTICLES

AND

----------- EXTINCTION PARAMETER, be
-----------ABSORPTION PARAMETER, bQ

(SCATTERING PARAMETER, bs = be-bo) 
n AND k DATA FROM FIG. 8

T - 300 K (540 R ) p = 2.132 GM/CM

6

0:50

WAVELENGTH, \ - ^

WAVE NUMBER, (p -CM
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E -910092-7 FIG. 16
COMPARISON OF THE EFFECT OF WAVELENGTH ON THE ABSORPTION

PARAMETERS OF SPHERICAL CADMIUM, MOLYBDENUM, NICKEL,
PALLADIUM, SILICON, THALLIUM AND TUNGSTEN PARTICLES

MATERIAL TEMPERATURE 
DEG K

n 8. k DATA 
FROM REF.

CADMIUM 300 16
MOLYBDENUM 298 17*
MOLYBDENUM 300 8

NICKEL 300 8
PALLADIUM 298 18

SILICON 300 19, 20,21
THALLIUM 300 16
TUNGSTEN 1 600 13

--- 1------------------ 1------------- 1------------- 1---
250,000 100,000 50,000 25,000

WAVE NUMBER, cu - CM-1

H
10,000
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E-9 10092-7 FIG. 17
COMPARISON OF THE EFFECT OF WAVELENGTH ON THE ABSORPTION J 
PARAMETERS OF SPHERICAL ALUMINUM, CARBON, HAFNIUM, IRIDIUM WP 
IRON, MOLYBDENUM, NIOBIUM, PLATINUM AND TUNGSTEN PARTICLES

R = 0.05 fJ.

0 2 0.4 0.6 0.8 1.0 2.0 4.0 60 8.0 1.0
WAVELENGTH, X —/x

f^^----------- +-- -------- ^-------------- H
50,000 25,000 10,000 5000 2500 1000

WAVE NUMBER, w - CM'1
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E-9 10092- 7 FIG. 18
COMPARISON OF THE EFFECT OF WAVELENGTH ON THE ABSORPTION 

PARAMETERS OF SPHERICAL COBALT, TITANIUM , TUNGSTEN, 
VANADIUM AND ZIRCONIUM PARTICLES

e>
2o
o

Q

trLUh-
LU

<
cr<Q.

g
i-
Q_
cr
o
cn
CD<

R = 0.05 ft

n a k DATA 
FROM REF.

TEMPERATURE 
DEG KMATERIAL

COBALT
TITAMIUM
TUNGSTEN
VANADIUM

ZIRCONIUM

298
300

1600
300
300

WAVELENGTH, X - /j.

I------ 1-------- 1------ 1------1--------1------ 1------ 1-------- 1------ 1
100,000 50,000 20,000 10,000 5000 2000 1000 500 200 100

WAVE NUMBER, w - CM'1
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E- 910092-7 FIG. 19
COMPARISON OF EFFECT OF WAVE NUMBER ON THE ABSORPTION 

PARAMETER OF SPHERICAL TUNGSTEN PARTICLES COMPUTED 
FOR DIFFERENT SETS OF REFRACTIVE INDEX DATA

R : 0 05 M 
p = 19.3 GM/CM3

______ bQ DATA BASED ON n AND k FROM REF. 13 (SEE FIGS. 3 AND 4 )
EXTRAPOLATED FOR w > 1.0 x I05CM'1 ( TOTAL OSCILLATOR STRENGTH~2.0)

---------- bQ DATA BASED ON n AND k FROM REF. 14 (SEE FIGS. 3 AND 4 )
EXTRAPOLATED FOR cu > 2. 5 x I 04CM'' AND FOR ui<4.0xl03 

(TOTAL OSCILLATOR STRENGTH ~ 0 208)

9 90 x 10

WAVE NUMBER, w - CM

L
102 I01 10° .10 1

WAVELENGTH, X - u

i
10
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E- 9 10092-7 FIG 20

^ EFFECT OF TEMPERATURE ON THE ROSSELAND MEAN OPACITY 

PARAMETER OF SPHERICAL TUNGSTEN PARTICLES

R = 0.05 ^
SEE FIG. 19 FOR SPECTRAL ABSORPTION PARAMETERS

1000 2000 3000 4000 5000 6000
TEMPERATURE, T - DEG K

2000 4000 6000 8000 10,000
TEMPERATURE , T - DEG R
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EFFECT OF TEMPERATURE ON THE ABSORPTION PARAMETER OF THIN TUNGSTEN 
PLATES BASED ON REFRACTIVE INDEX DATA FROM DIFFERENT SOURCES

ba = 4 7t k / X

0 O LOro
1

-si

mi

cr^

WAVELENGTH, X -

I----------------^--------------- 1--------------------- i--------------- ^--------------- 1---------------------^--------—----- 1--------------- 1
100,000 50,000 25,000 10,000 5000 2500 1000 500 250^

WAVE NUMBER, cu - CM"1 °
ro
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E- 910092 - 7 FIG. 22
EFFECT OF WAVELENGTH ON THE ABSORPTION PARAMETER 
OF THIN CADMIUM, HAFNIUM, IRON, MOLYBDENUM , NICKEL , 

NIOBIUM, SILICON, THALLIUM AND TUNGSTEN PLATES
MATERIAL TEMPERATURE 

DEG K
nak DATA 
FROM REF.

CADMIUM 300 16
HAFNIUM 300 8

IRON 300 25
MOLYBDENUM 300 17
MOLYBDENUM 300 8*
MOLYBDENUM 2210 1 5**

NICKEL 300 8
NIOBIUM 2003 15

PALLADIUM 298 18
SILICON 300 19,20,21

THALLIUM 300 16
TUNGSTEN 16 00 13

0.04 0.06 008 0 0.2 0.4 0.6 0.8 1.0
WAVELENGTH, X - /z

----^^---------------I—
250,000 100,000 50,000 25,000

WAVE NUMBER, oj - CM'1
10,000 5000
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CD

EFFECT OF WAVELENGTH ON THE ABSORPTION PARAMETER OF THIN ALUMINUM, 
CARBON, COBALT, IRIDIUM, PLATINUM, TITANIUM, TUNGSTEN, VANADIUM

AND ZIRCONIUM PLATES

6

4

2 x I04

b'a= 47rk/\

0.2 0.4 0.6 0.8 1.0 2.0 4.0 6.0 8 0 10 20
WAVELENGTH , A - /x

I----------- 1--------------- 1----------- 1------------ 1--------------- 1----------- 1
50,000 25,000 10,000 5000 2 500 1000 250

WAVE NUMBER, w - CM'1

m
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E- 91009 2 -7

EFFECT
OF

OF WAVELENGTH ON THE NORMAL REFLECTIVITY 
TUNGSTEN BASED ON REFRACTIVE INDEX DATA 

FROM DIFFERENT SOURCES

FIG. 24

CURVE NUMBER TEMPERATURE 
DEG K

n8k DATA 
FROM REF.

1 300 8
2 300 1 4
3 1 600 1 4
4 1 1 00 1 4
5 1600 1 3

(n -l) +k

SEE FIGS. I 82 
FOR nak DATA

IQ-' 2 5 |00 2 5 10l 2
WAVELENGTH, X - /j.

I---------^^^^^^^-------- 1
100,000 50,000 25,000 10,000 5000 2 500 1000 500 250

WAVE NUMBER, oj - CM'1
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E-910092-7 FIG. 25
EFFECT OF WAVELENGTH ON THE NORMAL REFLECTIVITIES OF 

HAFNIUM, IRON, MOLYBDENUM, NIOBIUM AND PALLADIUM

material
TEMPERATURE

DEG K
nak DATA 
FROM REF.

HAFNIUM 300 8
IRON 300 25

MOLYBDENUM 300 8
MOLYBDENUM 300 17*
MOLYBDENUM 22 10 1 5* *

NIOBIUM 2003 15
PALLADIUM 298 18

(m i )2 + k2

0.2 0.4 0 6 0.8
WAVELENGTH, \M

50,000 25,000 10,000 5000
WAVE NUMBER, <xi - CM '
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EFFECT OF WAVELENGTH ON THE NORMAL REFLECTIVITIES OF CADMIUM, 
CARBON, COBALT, PLATINUM, SILICON AND THALLIUM

(n -1)2 + k2

nak DATA 
FROM REF.

TEMPERATURE 
DEG KMATERIAL

CADMIUM
CARBON
COBALT

PLATINUM
SILICON

THALLIUM

2250

0.04 0.06 0.08 0.1 0 2 04 0.6 0.8 1.0 2.0 4.0 6.0 80 10 20 40
WAVELENGTH, X-/a

I----------- 1-------- \-------- 1----------- 1---------1-------- 1----------- 1---------1-------- 1
250,000 100,000 50,000 25,000 10,000 5000 2500 1000 500 2 50

WAVE NUMBER, cu-CM'1

-910092-7
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EFFECT OF WAVELENGTH ON THE NORMAL REFLECTIVITIES OF ALUMINUM, 
IRIDIUM , NICKEL, TITANIUM, VANADIUM AND ZIRCONIUM

(n-l) H-k

n a k DATA 
FROM REF

TEMPERATURE 
DEG KMATERIAL

ALUMINUM
IRIDIUM
NICKEL

TITANIUM

VANADIUM
ZIRCONIUM

2

|-

5

|

10°

|

2 5
WAVELENGTH, \ - /j.

io1 2 5

50,000 25',000 10,000
I 1

5000 2500
WAVE NUMBER, cu - CM~'

|
1000 500

1 o
250 ro

->i

%. t.
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NORMAL SPECTRAL REFLECTIVITIES EMPLOYED IN CALCULATION OF
AVERAGE REFLECTIVITIES

SOLID LINES INDICATE DATA FROM REFERENCE GIVEN IN TABLE BELOW 
DASHED LINES INDICATE EXTRAPOLATED VALUES

SYMBOLS INDICATE WAVELENGTHS USED AS INPUT FOR CALCULATING AVERAGE REFLECTIVITIES (SEE FIG. 29)

m
I

WAVELENGTH, X - /j.
|------------^^^----------- 1---------------- 1----------- ^------------ 1

100,000 50,000 20,000 10,000 5000 2000 1000 500
WAVE NUMBER, cu - CM-1
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EFFECT OF BLACK-BODY RADIATING TEMPERATURE ON AVERAGE 
REFLECTIVITY OF SEVERAL MATERIALS

|q:

R
r\-\Z / /•X = I2/ 'Vo'Wj Bxdk
\=O.I ' X=O.I

NORMAL SPECTRAL REFLECTIVITIES USED AS 
INPUT FOR CALCULATING AVERAGE REFLECTIVITIES 
GIVEN IN FIG. 28

25,00010,0005000
BLACK-BODY RADIATING TEMPERATURE, TBB - DEG R

+
5000 7000 9000 11,000 13,000 15,000 1 7,000

BLACK-BODY RADIATING TEMPERATURE, TBB - DEG K

mi910092 -7
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E - 910092 -7
CORRELATION BETWEEN BOILING-POINT TEMPERATURES AND 

ABSORPTION PARAMETERS OF VARIOUS SPHERICAL 
PARTICLES INVESTIGATED

FIG. 30
THE

R : 0.05 /i.
BOILING POINT TEMPERATURES FROM REF. 30

1000 2000 3000 4000 5000 6000
BOILING-POINT TEMPERATURE, T- DEG K

2000 4000 6000 8000 10,000
BOILING-POINT TEMPERATURE, T - DEG R
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CORRELATION BETWEEN THERMAL NEUTRON CROSS SECTIONS AND THE ABSORPTION 7 
PARAMETERS OF VARIOUS SPHERICAL PARTICLES INVESTIGATED

R ^ 0.05 ^
THERMAL NEUTRON CROSS SECTIONS FROM REF. 31

910092



FIG. 32910092-7
LOCAL AVERAGE SPACING IN 1000 CM INTERVALS 

CALCULATED FROM EXPERIMENTAL LINE STRUCTURES 
OF TUNGSTEN I AND TUNGSTEN H

s
i

NUMBER OF LINES PER 1000 CM "l INTERVAL

I

10,000 20,000 30,000 40,000 50,000 60,000
WAVE NUMBER, oj - CM"1
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RELATIVE TOTAL LINE INTENSITY PER 1000 CM-1 INTERVAL AS A 
FUNCTION OF WAVE NUMBER CALCULATED FROM EXPERIMENTAL LINE 

INTENSITIES OF TUNGSTEN I AND TUNGSTEN II

------------  TUNGSTEN I, REF. 32

-------------TUNGSTEN H, REF. 33

10,000 20,000 40,00030,000 50,000

WAVE NUMBER
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COMPARISON 
IN THE

OF ASSUMED OSCILLATOR STRENGTH DISTRIBUTIONS USED 
HEAVY-ATOM MODEL AS FUNCTIONS OF PHOTON ENERGY

band" distribution 

continuum" distribution

4^ , SEE EQ. (12)

d e
d\c-=-$■ , SEE EO. ( 10)
d e
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Id
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oX El
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z
UJtri-to
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PHOTON ENERGY, E - ARBITRARY UNITS
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o

COMPARISON OF DISTRIBUTION OF RELATIVE TOTAL LINE INTENSITY PER IOOO 
CM"1 INTERVAL CALCULATED FROM EXPERIMENTAL LINE INTENSITIES AND 

CALCULATED SPECTRAL ABSORPTION COEFFICIENT FROM HEAVY-ATOM MODEL

or
o

<>a:UJt-

o
o
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o

trUJ
CL

>-
coz.
UJh-

UJz

<f-
o

cc
UJ

o
o
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ccUJCL
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z

UJ

<I-
o

u.
o

UJ

1<>

X<5

50h-<x1x><UJX

UJ
ocj
z
o
I-
0.or
oCOCD<

20
£1X><UJX

o

----  CALCULATED FROM EXPERIMENTAL INTENSITY DATA FOR TUNGSTEN I
AT 5100 K, I ATM - (REF. 32)

O
□

CALCULATED ABSORPTION COEFFICIENT DATA AT 6000 K , I ATM

CALCULATED ABSORPTION COEFFICIENTS BASED ON "CONTINUUM" TYPE , dic/de, SEE EQ. (10) 

CALCULATED ABSORPTION COEFFICIENTS BASED ON " BAND " TYPE, , SEE EQ. (12)

WAVE NUMBER , tu - CM -I

t.

m
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E -910092 -7 FIG. 36

COMPARISON OF THE EFFECT OF WAVE NUMBER ON THE SPECTRAL 
ABSORPTION COEFFICIENT OF TUNGSTEN GAS FOR DIFFERENT 

OSCILLATOR STRENGTH DISTRIBUTIONS USED IN HEAVY-ATOM MODEL

TUNGSTEN PRESSURE 1.0 ATM

BAND" OSCILLATOR STRENGTH DISTRIBUTION 
------------------- "CONTINUUM" OSCILLATOR STRENGTH DISTRIBUTION } SEE FIG 35
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E -910092-7 FIG. 37

COMPARISON OF THE EFFECT OF TEMPERATURE ON THE 
ROSSELAND MEAN OPACITY OF TUNGSTEN GAS FOR 

DIFFERENT OSCILLATOR STRENGTH DISTRIBUTIONS 
USED IN THE HEAVY-ATOM MODEL

" BAND" OSCILLATOR STRENGTH DISTRIBUTION ,$EE F|GS

N JCONTINUUM " OSCILLATOR STRENGTH DISTRIBUTION J 35 ft 36

•>
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E -910092-7 FIG. 38

LOCAL AVERAGE SPACING IN IOOO CM"1 INTERVALS FROM 

EXPERIMENTAL LINE STRUCTURES OF IRON I, 
SILICON X AND URANIUM I

NUMBER OF LINES PER IOOO CM-1 INTERVAL

i
O

I
CO
00~
<>cn

i
<_>

ooo

(S>

o<CLCO REF 32RON X NO LINES REPORTED IN THE 
INDICATED WAVE NUMBER INTERVALREF. 34o SILICON I 

x URANIUM X, REF. 35

60,00050,00040,00030,00020,00010,000
WAVE
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E - 910092-7 FIG. 39

LOCAL AVERAGE SPACING IN IOOO CM"1 INTERVALS

FROM EXPERIMENTAL LINE STRUCTURES OF 
NIOBIUM I AND NIOBIUM H

REF. 36

NUMBER OF LINES PER IOOO CM'1 INTERVAL

I * 'I

50,00040,00020,000 30,000

WAVE NUMBER, cu-CM

10,000
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E- 910092-7 FIG. 40
LOCAL AVERAGE SPACING IN IOOO CM”' INTERVALS 

FROM EXPERIMENTAL LINE STRUCTURES OF 
VANADIUM I AND VANADIUM It
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RELATIVE TOTAL LINE INTENSITY PER IOOO CM'1 INTERVAL AS A FUNCTION

OF WAVE NUMBER CALCULATED FROM EXPERIMENTAL LINE INTENSITIES
OF IRON I

£cc
UJ

REF 32
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RELATIVE TOTAL LINE INTENSITY PER IOOO CM"' INTERVAL AS A FUNCTION 
OF WAVE NUMBER CALCULATED FROM EXPERIMENTAL LINE INTENSITIES

OF SILICON I
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RELATIVE TOTAL LINE INTENSITY PER IOOO CM"1 INTERVAL AS A FUNCTION

OF WAVE NUMBER CALCULATED FROM EXPERIMENTAL LINE INTENSITIES
OF URANIUM I

%
CL

REF 35

10,000 20,000 30,000 40,000
WAVE NUMBER
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RELATIVE TOTAL LINE INTENSITY PER IOOO CM'1 INTERVAL AS A FUNCTION 
OF WAVE NUMBER CALCULATED FROM EXPERIMENTAL LINE INTENSITIES

OF NIOBIUM I AND NIOBIUM H

£
CL

REF. 36

rdbium: li"
NIOBIUM :j;

50,00030,000 40,00010,000 20,000
WAVE NUMBER , cu - CM
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RELATiVE TOTAL LINE INTENSITY PER IOOO CM-1 INTERVAL AS A
FUNCTION OF WAVE NUMBER CALCULATED FROM EXPERIMENTAL

LINE INTENSITIES OF VANADIUM I AND VANADIUM II
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