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FOREWORD

This is the finai report for a two year research project
NGR-25-001-012 to investigate the optical properties and the
optical constants of water and aqueous 8olutions. The ﬁltimate
objective of the research project was to produce an accurate
tabulation of grapﬁical representatibn of the optical constants
of water and aqueous solutions throughout a broad region of the
electromagnetic spectrum. This report shows we have made signi-~
ficant progress toward fulfillment of that objective. The report
is in four separate parts. The first three parts are manuscripts

of articles submitted to either the Journal of the Optical Society

of America or Applied Optics for review and hopefully for even-

éual publicatiOn. The fourth part is a series 6f graphical pre-

sentations of some optical properties and optical constants in

the infrared for water, heavy water, and 26 aqueous solutions.
We dnvite your cbmments and discussion of the material in-

cluded in the report.

Marvin R. Querry
21 July 1972
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THE REFLECTANCE OF
AQUEQUS. SOLUTIONS

M.R. Querry, R.C. Waring
W.E. Holland and G.M. Hale

INTRODUCTION

This is the final report for a two year research project
to investigate the optical properties and the optical constants
of water and aqueous solutions., The ultimate objective of the
research project was to produce an accurate tabulation of graph-
ical representation of the optical constants of water and aqueous
solutions throughout a broad region of the electromagnetic spec-
trum. This report shows we have made significant progress to-~
ward fulfillment of that objéctive. The report is in four se-
parate parts. The first three pafts are manuscripts of articles

submitted to either the Journal of the Optical Society of America

or Applied Optics for review and hopefully for eventual publica-

tion. The fourth part is a series of graphical presentations of
some optical properties and optical constants oflwater, heavy
water, and 26 aqueous solutions.

Part I is a manuséript entitled '"Optical Constants of Water
in the 200-nm to 200-pm Wavelength Region'". The abstract reads:

Extinction coefficients k(\) for water at 25°C

were determined through a broad spectral region by



manually smoothing a point by point graph of k(X) versus
wavelength A which was plotted for data obtained from a
review of the scientific literature on the optical con-
stants of water. Absorption bands representing k(A) were
postulated where data were not available in the vacuum
ultraviolet and soft x~-ray regions. A subtractive
Kramers-Kronig analysis of the combined postulated and
smoothed portions of the k(A)-spectrum provided‘the in~
dex of refraction n(X) for the Séectral region 200 mm <
A < 200 um.

Part II is a manuscript entitled "Kramers-Kronig analysis
of Relative Reflectance Spectra Measured at an Oblique Angle."
The abstract reads:

Relative specular reflectance R is defined as

R = Rs/Rw’ where R.S and RW are absolute reflectances
of a sample material s and a material w for which the
index of refraction n and the extinction coefficient
kw are known quantities. An algorithm was developed
for computing ns'and kS from the sample's R-spectrum
measured for radiant flux polarized perpendicular to
the plane of incidence and reflected at oblique angle
8. Kramers~Kronig analysis of the.R-spectrum provides
A¢ the difference between phase shifts for electro-
magnetic waves reflected at the surfaces of materials
s and w, Real and imaginary parts of a Fresnel équa—
tion for relative reflectivity provides equations for
computing n_ and‘ks when 8, A¢, n s and kw'gre known
quantities. Optical constants for aqueous solutions
containing NaCl were computed in this manner; distilled

water was the reflectance standard.



Part III is a manuscript entitled '"The Influence of Temper-
ature on the Spectrum of Water'". The abstract reads::

The normal-incidence spectral reflectance of

water at 5°C, 27°C, and 70°C has been measured in

the spectral region between 5000 and 350 cm-l.

From the measured values of spectral reflectance
we have determined the optical constants n and ng
by Kramers-Kronig methods. The band strengths

SB = ni(v)dv and band widths have been determined
for the absorption bénds near 3400 cm—l, 1640 cm_l,

and 600 cm._l at each temperature. A similar study
of deuterium oxide at 27°C has been conducted for

purposes of comparison.

Part IV is a seriés of graphical presentations of abso-
lute reflectance, phase shifts, index of refraction, and ex-
tinction coefficients for water, heavy water, and 26 aqueous
solutions. The measurements of absolute reflectance were
supplied by Dr. Dudley Williams of Kansas State University.
The reflectance was measured at near normal incidence through
the spectral region 5,000 cm—l to 300 cm-l. We made a Kramers-
Kronig analysis of the reflectance spectra in order to deter-
mine the phase-shift for electromagnetic waves reflected at
the surface of the water and the aqueous solutions. We then
determined the index of refraction and the extinction coeffi-
cients by use of the computed phase-shifts and measured values

for reflectance. A full analysis of all the data presented in



Part IV will probably take aBout two more years. Several manu-
scripts should result from these future investigations. The
manuscripts also will be forwarded to the NASA when they are
submitted for publication.

Additionally, the report contains as an appendix a compre-
hensive list of lasing organic dyes and the conditions under which
they lase. The list is based on a critical review of the scien-
tific literature which was conducted by Mr. Wayne Holland of our
staff, We have found the list of dye helpful in our work with the
organic-dye-laser spectrophotometer that was described in the
first annual report for this program of research. We include the

list here in the hope that it will be helpful to others.



PART I

Optical Constants of Water in the

%
200-nnm to 200-um Wavelength Region

George M. Hale and Marvin R. Querry
Department of Physics

University of Missouri, Kansas City 64110

Extinction coefficients k(L) for water at 25°C were deter-
mined through a broad spectral region by.manually smoothing a
point by point graph of k(\) versus wavelength A which was
plotted for data obfained from a review of the scientific lit-
erature on the optical constants of water. Absorption bands
representing k(A) were postulated where data were not available
in the vacuum ultraviolet and soft x-ray regions. A substractive
Kramers-Kronig analysis of the combined postulated and smoothed
portions of the k(A)-spectrum provided the index of refraction

n(A) for the spectral region 200 nm < A < 200 um.




I. INTRODUCTION

The index of refraction n(A) and the extinction coefficient
k()) of water are respectively the real and imaginary parts of
its spectral complex refractive index fi = n -~ ik, where X is the
wavelength of an electromagnetic wave in vacuum and i =’(-1)%.
The quantities n(X) and k{A) are called optical constants. They
#fé'physical parameters that together with the complex Fresnel
eéuations and the generalized Fresnel equations provide the basis
for computing the optical properties of water. In recent years
knowledge of the optical properties of water has been of greater
interest because of its application in (1) computing radiation
transport through atmospheres cohtaining water droplets and other
aerosols or through oceans containing hydrosols, (2) development
of optical remote sensing instruments for measuring the chemical
and thermal quality ér turbidity of environmental waters and-for
measuring the water content of soils, (3) computing the optical
propefties of plant leaves, and (4) investigations of the optical
properties and optical constants of aqueous solutions.

In 1968 Irvine and Pollacky/

published results from a critical
review of the existing literature on the optical properties of
water for the 0.2-200-um wavelength region. They tabulated mea-

sured values of both k(X) and the Lambert absorption coefficient

a(d) = 4nk(A)/A from about thirty different papers appearing in



the scientific literature. Next, using the only four reports on
measurements of the reflectance of. water that were available at
that time, they tabulated values for the reflectance R(\) measured
at near normal incidence for a free water surface. The tabulated
values for k(1) and the generalized Fresnel reflectance equation
for R(A), i.e. the Cauchy equation, then provided values for n(l)ﬁ.f
Zolotarev gglgl;g/ in 1969 reported values for the optical
constants of water throughout the spectral region l—-lO6 pm. They
determined both k(A) gnd n(}) from their measurements of o(A) and
R(\) for water at 25°C in the 2-50-um region and measurements of
internal reflectance spectra in the 2-10-um region. Their mea-
surements and reliable data from thirteen other papers in the
scientific literature provided values of k(A) throughout the.spec-
tral region 1-—106 uﬁ. Values of n(i) were thén obtained from a

Kramers-Kronig (¥-K) analysis of the k(XA)-spectrum:

2)\2 @
n(A) = 1 + _° S _lik_)__d}‘_ . (1)
° T aal-ad |

For making the integration indicated by Eq. (1) a model absorp-

tion band with central position at 100 nm was constructed for k(A) in

in the ultraviolet region. The band was reported to have no siy-

nificant affect on calculated values of n(A) for A > 1 um.
'Zolotareviggigi. noted discrepancies in the 20-50-pym region be-

tween their values‘for n(\) and those reported by Irvine and

Pollack. They noted that in the 6.5-9-um region the values of




k(A) measured by Pointier and Dechambenoyé/ were 307% smaller than
their measured values for that quantity, and also that values for
both n(A\) and k(X)) at the infrared ktand centers were in disagree-
ment with those measured by Pointier and Dechambenoy.

Since Zolotarev et al. completed their investigation of the
optical constants of water in 1968 at least nine other papersﬁz;é/
appearing in the literature have reported measurements of the op-
tical properties of water in the vacuum ultraviolet, visible, in~
frared, or microwave spectral regions. Of particular interest are
the careful measurements reported by Robertson and Williamsgj for
a(A) in the 2.5-38.4-um ;egion, and the measurements of reflectance
and subsequent computations of n(A) and k(A) feported by Painter
gg'glugllg/ and Kerr gg_él}éf for which, when combined, extend
through the 80-300-nm region of the vacuum ultraviolet.

For three reasons; (1) because a current knowledge of the op-
tical constants of water is essential to our investigations of

14,15
14,15/ (2) because of the discrepancies between

aqueous solutions,
values reported for both n(A) and k(A), and (3) because of the
additional measurements of these quantities in the inffared and
ultraviolet regions that have been reported since 1968; we felt
a need at this time for an updated review of the literature on
the optical constants of waté}. From the scientific literature we

compiled and then point by point manually plotted graphs of mea-

sured values for k() verses A through the microwave, far infrared,



infrared, visible, x-ray, and part of the ultraviolet reglons of
the electromagnetic spectrum. A smooth continuous curve consid-
ered to be a mutually consistent fit to the best data for k(A)

and to be representative of k(A) for water at 25°C was drawn
manually through the plotted points. Two absorption bands

each of adjustable height and width were postulated for k(i) in
the vacuum ultraviolet and soft x-ray regions where data were not
avallable from the literature. A subtractive Kramers-Kronig (K-K)
analysis of the combined postulated and smoothed portions of the
k(\)-spectrum then provided values of n()) for the spectral re-

gion 200 nm < A < 200 um.



II. ACQUISiTION OF DATA

A search was made for literature reporting measurements of
the electromagnetic absorption characteristics of iiquid water
in any spectral region. A total of 58 articles and booksl:lgllé:ég/
were selected from the literature of the past 81 years. The
selected references were examined individually for specific or
tabulated values of the éxtinction coefficient k(A). Often the
informafion was presented in graphical form. In most cases the
absorption characteristics were e#pressed as Lambert absorption
coefficient a()); as molecular absorption coefficient g(x)m =
a(2)/(2.3026C) where C is the concentration of the substance in
units of moles/liter; as absorption index K(A) = k(A)/n()); as
real gr(x) = 2n(A)k(A) and imaginary gi(x) = n(k)z - k(k)2 parts
of the complex dielectric constant; or as mass absorption coeffi-
cient (u/p) where p is the linear absorption coefficient and p is

the mass per unit volume. In the x-ray region k()) for water was

determined by use of the relation

= 2e B ) - 8.
k() = 22 [ o.111(p)m + 0.889 (p>o)\ p] , (2)

where 0.111 and 0.889 are respectively the fractional masses of
hydrogen and oxygen present in a water molecule, (“/p)HA and
(p/p)oA are respectively the mass gbsorption coefficients of hydro-

gen and oxygen for x rays'of wavelength A, and (o/p) = 0.2 cmz/g

10



is the mass scattering coefficient calculated according to the
classical Thompson theory for x-ray scattering by atoms of low
atomic number. The density p w;s 1 g/cm3. A listing of all ac-
cumulated values for k(A) ordered with respect to increasing A

was provided by an IBM 360/50 comé;ter. In many cases significant
discrepancies were noted between vélues of k(A) at the samé A but
obtained from different references. All pd%pts in the listing
then were plotted manually on graphs of.kfgélﬁersus A. The best
visual fit to the plotted data for k(\) was obtained by manually
drawing a smooth curve through the points whiie weighting the
curve in favor of data reported by some authors-and data for water
at 25°C. Two postulated absorption bands of Gaussian shape were
constructed for k(1) in thé soft x-ray and vacuum ultraviolet re-
gions where data were mnot available from the literature. The final
values for k(1) are éhown graphically in Figs. 1-5 and in Table I

are tabulated at selected positions between 200 nm and 200 um.

11




III,

DISCUSSION OF GRAPHS FOR k(XA) vs. A

AQ

Figure 1, Graph 0 - 0.5 2: The smooth curve shown in

this graph was based on values for absorption coefficients

of water for x-rays and y-rays as reported by AllengZ/.

Figure 1, Graph 0 - 55 R: The smooth solid-line curve

shown in this graph was based on values for the absorp-
tion coefficlents of x-rays and Y-rays as reported by

27/

Allen™™ for the 0.25 - 0.7-% region, and on Eq. (2) and
values for the mass absorption coefficients taken from
reference 52 for the 0.71 - 2.5 R region and from

51/ ? .
Engstrom™—" for the 5 - 22-A region. The smooth dashed--
line curve was the short wavelength side of an absorption

band postulated for k(}) in the soft x~ray region.

Figure 1, Graph 0 - 2000 &

1. Spectral region 22 - 849 2: Data for this region

were not available from the literature. The dashed-line
curve for k(A) in this region was postulated in a very
subjective manner. The curve was made Gaussian shaped
between 850 R and about 300 K. The peak in the curve
at about 80 & was added in order to coﬁtinuously joip
the solid-line curve ending at 22 X'witﬁ the Gaussian

shaped curve at about 300 2.

12



2. Spectral region 849 - 1250 R: The only data available

for this region were those of Kerr_gg_gl;g/ Their values
for k()) were calculated by K-K analysis of reflectance
data for water at 1°C. For A > 1250 2 their values of
k(X) are greater than thése reported by other investiga-
tors. Therefore, we chose for this region the similar
shaped but smaller-in-magnitude dashed-line curve which .
was thought to represent k()) for water at 25°C.

3. Spectral region 1250 - 2000 R: The solid-line curve
9,10/

was based on.data from Painter et al. and data from
references 42, 44, 46, 47, and 49. Bééause the curve is
rapidly rising in the 1,700 - 1,850-X.region, individual
values of k(A) read from this curve are subject to a sig-

nificant amount of error.

Figure 2, Graph 180 - 1,000 nm: The smooth solid-line

curve was based mostly on values of k()) from references
11, 16, 17, 18, 19, 31, 34, and 40. Notable exceptions
to the curve selected for k(A) are data of Lenoble and

, 31/ - , . 11/
Saint-Guilly——" (LSG) and of Tyler, Smith, and Wilson—
(TSW). The paper by TSW was a recent one predicting the
optical properties of clear natural water. Data reported
by LSG, when cdmpared to our curve, are lower for X < 370

nm and are greater for A > 370 nm. At 400 nm, values of

k(X) from LSG were significantly greater than values of

13



k(A) from Clarke and Jamesﬁg/ (CJ) and from several of
the other references. Data from CJ suggested a more
highly structured curve for k(i) thén the one we con-
structed in the 380-580-mm region, but data from the
other references supported the selected curve. Sulli-
vanlg/ provided a consistent set of data for k())
throughout the region 580-790 nm. The structure of

our curve for k(A), however, departed slightly from that
isuggested By Sullivan's data in the region of the maxi-
mum for k(l)vat about 760 nm. In the 800-1,000 nm re-
gion the curve for k(i) was based primarily on data

34/

from Curcio and Petty™ and Kondrat'yevlgl. Values
for k(A) reported by Bayly, Kartha, and Stevensgé/
seemed to be consistently too large.

Figure 3, Graph 0.95-2.6 ﬁm: The smooth solid-line curve

for k(A) was based on data from refereﬁces 1-7, 16, 17;
19, 20, 23, 25, 28, 34, 39, 53, and 54. In the 0.95-

2.0-ym region the primary references were Kondrat'yevlg/,

Curcio and Pettyéi/ and Zolotarev EE_élfg/ In the 2.0-
2.6~ym region Centeno's data were in poor agreemeﬁt with
data from several of the other references. The small

shoulder band at 2.5 um originally reported by Collinsgg/

and recently commented on by Robertson and'Williamsé/ was

included in our curve for k(i).

14



Figure 4, Graph 2.,5-18.5 ym: The smooth solid-line curve

for k(1) was based on data from references 1-7, 17, 19,
23, 25, 26, 28, 29, 38, and 54. The better data .seemed

to be those of Robertson and Williamsé/ and Zolotarev

et al.zj The maximum value of k(1), k(i7,2 ﬁm) = 0.430,

for the libration band was estimated in both position
and magnitude from data of Hale, Querry, Rusk, and
Wiliiamsl/. Values of k(A) from Irvine and Pollackl/
agree fairly well with the curve selected through this

spectral region.

Figure 5, Graph 10 - 100 pm: Data through this spectral

region were selected from references 1--7, 17, 19, 22, 24,
28, 29, 50, and 54. Many discrepancies existed between
values for k(\) reported by different investigators.
Data from Rusk, Williams, and Querryé/ (RWQ) seemed to
assign values for k() that were too large; this was
attributed to an inefficient polarizer for A 2 20 um.
Data from Robertson and Williamsé/ (ROW) seemed to
assign values for k(i) that were too small; as ngted

in the original paper this was perhaps due in part to
scattered radiant flux that remained undetected. Tem~
perature influences the shape and position of the
libration band as indicated by Hale‘gg_gl-l/ and by

Pointier and Dechambendyé/ (PD, 1966). Temperature of

15



H.

et al.=

the water was not indicated by ROW. Our smooth curve for
k(A) was based on a median estimate between ROW and PD;

the estimate coincides very well with data from Zolotarev

et alug/. In the 58-84-um .region the curve for -k(X)

follows closely data from Draegert et al.zg/, Zolotarev
2/ . 1/ ~
and. Irvine and Pollack=". Above 84 ym the curve

was primarily based on data from Zolotarev et al.

Figure 5, Graph 50-100 um: Data from Chamberlain,

Chantry, and Gebbiegl/ and from Zolotarev et al.g/ were
used for k(A) in this spectral region.

Figure 5, Graph 0-10 cm: Data .from Rabinovich and

Melent'yevlé/ (RBM) and from Zolotarev et al.g/ were

used for k(A) in this spectral region.

Figure 5, Graph 0-1.0 meter: (curve begins at 10 cm).

The solid-line curve was a smooth fit to scattered data
points seclected from references 2 and 37. There were
probably some regions of absorption that were not shown

in the final curve.

16




IV. 1INDEX OF REFRACTION

.Values of the index of refraction n(}) for the spectral
region 200 nm to 200 um were computed by applying a subiractive
Kramers-Kronig analysiségLég/ (SKK) to the continuous spectrum

for k(1) shown in Figs. 1-5. Accordingly, the index of refrac-

tion n(Ao) at wavelength Ao is

2 2 {0
[2“1 - A Ak(A) dA
m

—— ].(3)

22
Oy =AD07 =20 |

= +. 1 .

‘n(AO) n(kl) Prin
whereln(Al) is a known value for the index of refraction at

and Prin. denotes the Cauchy principal value of

1
the integral. We chose the valueég/ n(Al) = n(589.3 nmm) = 1.3325.

wavelength A

The integral was evaluated by use of Simpson's rule nuperical
approximation in the 0-1-M region and by use of énalytical methods
with k(x) = k(1) throughout the 1M < X < = spectral region. The
resultant values for n()) are given in Table I and are shown
graphically by the solid-line curves in Fig. 6.

The influence of the shape and height of the postulated
ultraviolet and soft x-ray bands for k()A) on calculated values
for n()\) was investigated in four different ways. First, the
SKK analysis was made with a straight line for k()) between the
ends of the solid-line curves at 22 & and 1,250 2. At 400 nm
this gave n = 1.3558 as compared with 1.343 from Irvine and

Pollackl/ and at 2 um 1.2947 as compared with 1.304 and 1.302

17



1/

from Irvine and Pollack™ and Zolotarev gg_gixg/ respectively.
Second, the SKK analysis was made for k = 1.55 x 10_3 throughout
the 50-1,200 R region and then a straight line joining k = 1.55
X 10—.3 at 1,200 R to the end of the solid-line curve at 1,250 2.
This gave n = 1.336 at 400 nm, and n = 1.309 at 2 um. Third,
the SKK analysis was made with the curve marked KHW joined smoothly
to the dashed-line curve. This gave n = 1.3449 at 350 nm as com-
pared with 1.349 from Irvine and Pollackl/. Fourth, the effect
of the amplitude of the curve for k(X) at about 880 R was deter-
mined.by raising only the peak value of the dashed-line curve to
that for the KHW curve while other parté of the dashed-line curve
remained fixed. This changed n at 200 nm from 1.39254 to 1.3957.
The final valués for n(\) were obtained by applying the SKK aéély—
sls to the continuous curve described in Section III of this paper.
Valueé of n(}) from references 1, 2, 5 and 8 are compared
 graphically in Fig. 6 with n(}) obtained during the present inves-
tigation. In the 0.2-0.6-um region n(A) from the present work
are less than those from Irvine and Pollackl/ (I1P) and from Kerr

/

g,
et a1.§- (KHW) . f&n part this is attributed to the influence of

the curve postulated for k(A) in the ultraviolet on results of

the SKK analysi; in the 0.2-0.6~um region. Additional investigé— 2
tions of the height, width, and shape of the vacuum—ultraviole; ' "
absorption bandfare needed in the future in order to resolve |

v ! n
these discrepancies. In the 1.0-6.0-pm region n(A) from IP and

18



from Rusk, Williams, and Querryél (RWQ) are slightly lower than
n(A) determined during the present investigation. The maximum
and minimum values of n()) in the region of the water band cen-
tered at 2.95 pm are respectively less than and greater than
values for similar quantities from IP and from Zolotarev g£~§l:g/
(ZMA). Values of n()A) from ZMA and RWQ are in best agreement with
n{}) from the present investigations in the regions 3.1~6.0 pm and
7.5-9.0 um respectively, Values of n()) from reference 2 (ZMA)
for the 10-200-pm region are in good general agreement while those
from reference 1(IP) do not_agfee with n(}) determined during the
present investigations; We feel the values from reference 1 are
in error in the long wavelength region.

We repeat the encouragementl/ that authors in the future
present their data in tabular form because many of the.graphs
- were very difficult fo read accurately.

We thank Miss Sue Riley for assisting with the plotting and
reading of the graphs, Mrs. Marie Light for typing the manuscript,
and the staff of Linda Kall Library of Science and.Technology,

Kansas City, Missouri for their cooperation during the survey of

the scientific literature.
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FIGURE CAPTIONS

Figure 1. Extinction coefficients of water for the 0-2,000 2
spectral region. Notation and curves are described in the text.
Figure 2. Extinction coefficients of water for the 200-1,000-nm
spectral region., Notation and curves are described in the text.
Figure 3., Extinction coefficients of water for the 0,95-2.6-um
spectral region. Curves are deséribed in the text.

Figure 4. Extinction coefficients of water for the 2.5-18.5-um
spectral region. Curves are described in the text.

Figure 5. Extinction coefficlents of water for the 10-106-um
spectral region. Notation and curves are described in the text.
Figure 6. Index of refraction of water for the spectral regions
0.2~-200 um, Descriptions of the curves and the symbols are pre-

sented in the text.
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TABLE I.

_ A(um)
0.200
0.225
0.250
0.275
0.300
0.325
0.350
0.375
0.400
0.425
0.450
0.475
0.500
0.525
0.550
0.575
0.600
0.625
0.650

0.675

Optical Constants of Water

k()

1.1 x 10

4.9 x 10

3.35

2.35

1.6 x 10

1.08

6.5 x 10

3.5 x 10

1.86

1.3 x 10

1.02
9.35
1.00
1.32
1.96
3.60
1.09
1.39
1.64

2.23

7
8

x 10“8

X 10-.8

8

x 1078

9
9

X 10-9

9

X 10“9

x 10710

X 10—9

X 10-9
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n(})
1.396
1.373
1.362
1.354
1.349
1.346
1.343
1.341
1.339
1.338
1.337 -
1.336
1.335
1.334
1.333
1.333
1.332
1.332
1.331

1.331



A (um)
0.700
0.725
0.750
0.775
0.800
0.825
0.850
0.875
0.900
0.925
0.950
0.975
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.65

2.70

k()
3.35 x 10~
9.15 x 10
1.56 x 10
1.48 x 10
1.25 x 10
1.82 x 10
2.93 x 10
3.91 x 10
4.86 x 10
1.06 x 10
2.93 x 10
3.48 x 10~
2.89 x 10
9.89 x 10
1.38 x 10
8.55 x 10~

1.15 x 1074

1.1 x 1073

2.89 x 10°%

9.56 x 10~ %

3.17 x 1072

6.7 x 107

0.019
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TABLE I (continued)

n(})
1.331
1.330
1.330
1,330
1.329
1.329
1.329
1.328
1.328
1.328
1,327
1.327
1.327
1.324
1,321
l1.3l7
1,312
1.306
1.296
1.279
1.242
1,219

1.188



A (um)
2.75
2.80
2.85
2,90
2.95
3.00
3.05
3,10
3.15
3.20
3.25
3.30
3.35
3.40
3.45
3,50
3.6
3.7
3.8
3.9

4.1

: 402

k(})
0.059
0.115
0.185
0.268
0.298
0.272
0.240
0.192
0.135
0.0924
0.0610
0.0368
0.0261
0.0195
0.0132
0.0094
0.00515
0.00360
0.00340
0.00380
0.00460
0.00562
0.00688

3

TABLE I (continued)

n{})
1.157
1,142
1.149
1.201
1.292
1.371
1.426
1,467
1.483

1.478

-1.467

1.450
1,432
1,420
1.410
1.400
1.385
1.374
1.364
1.357
1.351
1.346

1.342



A (um)
403
4.4

4.5

4.7

4.9
5.0
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
6.0

6.1

6‘3
6.4

6.5

k(})
0.00845
0.0103
0.0134
0.0147
0.0157
0.0150
0.0137
0.0124
0.0111
0.0101

0.0098

0.0103

0.0116
0.0142
0.0203
0.0330
0.0622
0.107

0.131

0.0880
0.0570
0.0449

0.0392
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TABLE I (continued)

n(})
1.338
1.334
1.332
1.330
1.330
1.330
1.328
1.325
1.322
1.317
1.312
1.305
1.298
1.289
1.277
1.262
1.248
1.265
1.319
1.363
1.357
1.347

1.339



AQum)
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5

7.6

7.9
8.0
8.2
8.4
8.6
8.8
9.0
9.2
9.4

9.6

k()
0.0356
0.0337
0.0327
0.0322
0.0320
0.0320
0.0321
0.0322
0.0324
0.0326
0.0328
0.0331
0.0335
0.0339
0.0343
0.0351
0.0361
0.0372
0.0385
0.0399
0.0415
0.0433

0.0454
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"TABLE I (continucd)

n(})
1.334
1.329
1.324
1.321
1.317
1.314
1.312
1.309
1.307
1.304
1.302
1.299
1.297
1.294
1.291
1.286
1.281

1.275

1.269

1.262
1.255
1.247

1.239



TABLE I (continued)

A(pm) k(}) n(})
9.8 0.0479 1.229
10.0 0.0508 1.218
10.5 0.0662 1.185
11.0 0.0968 1.153
11.5 0.142 1.126
12.0 0.199 1.111
12.5 0.259 1.123
13.0 0.305 1.146
13.5 0343 1.177
14.0 0.370 1.210
14.5 0.388 1.241
15.0 0.402 1.270
15.5 0.414 1.297
16.0 0.422 1.325
16.5 0.428 1.351
17.0 0.429 1.376
17.5 0.429 1.401
18.0 0.426 ~ 1.423
18.5 0.421 1.443
19.0 0.414 1.461
19.5 . 0.404 1.476
20.0 0.393 A 1.480
21.0 0.382 1.487
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A (um)
22
23
24
25
26
27
28
29
30
32
34
36
38
40
42
- b4
- 46
48
50
60
70
80

90

k(})

0.373
0.367
0.361
0.356
0.350
0.344
0.338
0.333
0.328
0.324
0.329
0.343
0.361
0.385
0.409
0.436
0.462
0.488
0.514
0.587
0.576

0.547

0.536
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TABLE 1 (continued)

n(})
1.500
1.511
1.521
1.531
1.539
1:545
1.549
1.551
1.551"
1.546
1.536
1.527
1.522

1.519

'1.522

1.530
1.541
1.555
1.587
1.703
1.821
1.886

1.924



TABLE I (continued)

A(um) k() n(\)
100 0.532 1.957
110 0.531 1.966
120 0.526 2.004
130 0.514 2.036
140 0.500 2.056
150 0.495 2.069
160 | 0.496 2.081
170 0.497 | 2.094
180 0.499 2.107
190 0.501 2.119
200 0.504 2.130
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PART 1I

Kramers-Kronig Analysis of Relative
Reflectance Spectra Measured at

an Oblique Angle*+

George M. Hale, Wayne E. Holland and Marvin R. Querry
Department of Physics

University of Missouri - Kansas City 64110

Relative specular reflectance R is defined as R = Rs/Rw’
where Rs and R.w are absolute reflectances of a sample material s
and a materlal w for which the index of refractlon n and the cox-
tinction coefficient kw are known quantities. An algorithm was
developed for computing n; and ks from the sample's Rrgpectrum
measured for radiant flux polarized perpendicular to the plane of
incidence and reflected at oblique angle 6. Kfamers—Kronig analy-
sis of the R-spectrum provides A¢ the difference between phase
shifts for electrom#gnetic waves reflected at the surfaces of mat-
erials s and w. Real and imaginary parts of a Fresnel equation
for relative reflectivity provides equations for computing n, and
ks when 08, Ad, n and kw are known quantities. Optical constants
for aqueous solutions containing NaCl were computed invthis manner;

distilled water was the reflectance standard.
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I. INTRODUCTION

Robinson;l/ in 1952, was the first to apply what is now
known as the Kramers-~Kronig (K-K) analysis to a reflectance spec-
trum obtained for infrared radiant flux nearly normaliy'iﬁcident
on a bulk sample. The K-K analysis was used to determine ¢ (),
the phase-shifts produced when monochromatic waves of wavelength
A were partially reflected from the surface of the sample. The
Fresnel reflectivity equation for the case of normal incidence,
the measured reflectance, and ¢(\) then provided Robinson with
adequate information for computing both n the real and k the
'imaginary parts of the complex refractive index of the sample.
Since 1952 there have been many other discussions and applica-

2/

tions of the K~K analysis— of reflectance spectra measured at

nearly normal incidence. In 1965 Roesslergf extended the appli-
cability of the K-K analysis by presenting an algorithm for
computing ¢(}) and ﬁ and k from a reflectance spectrum obtained
for radiant flux that was linearly polarized with the electric
field intenslty vector perpendicular to the plane of incidence
and was specularly reflected at an oblique angle 0° < 6 < 90°.
Then in 1967 Berremanﬁ/ further extended the applicability of
the K-K analysis by presenting an algorithm for coméuting the

phase shifts and n and k from a reflectance spectrum obtained

for radiant flux that was linearly polarized either parallel or
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perpendicular to the plane of incidence and was specularly re-
flected at an oblique angle.

Querry 25_32,2/ recently investigated aqueous solutions by
applying a K-K analysis to relative reflectance spectra that were
obtained for infrared radiant flux that was linearly polarized
perpendicular to the plane of incidence and was specularly re-
flected at 8 = 70.03°, The K-K analysis of the relative reflec-
tance spectra provided the difference 8¢ (1) = ¢(A)S - ¢(>\)w in
phase-shifts ¢(A)s and ¢(A)w for monochromatic waves of wave-
length A reflected at the surface of the aqueous solution s and
at the surface of distilled water w which was used as the re-
flectance standard. In this paper the applicability of the K-K
analysis for computing A¢(A) from a relative ¥eflectance spec-
trum is further e#tended to include an algorithm for computing
the optical constants n and ks of the sample when A¢(A), 6, and
the optical constants of the standard reflector are all known
quantities., The algorithm is applicable to reflectance spectra
obtained for perpendicularly ?olarized radiant flux specularly
reflected at angles 0°.§ 8 < 90°. As an illustrative example
the algorithm was used to successfully compute.the optical con-
stants of aqueous solutions containing NaCl. Dietilled water

was the standard reflector.
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II. THE ALGORITHM

Consider plane electromagnetic waves prdpagating in vacuum
or air to be incident at an angle 6 relative to the normal of
a plane, infinite, smooth surface of a conduétiné naterial me-
dium s that is linear, homogeneous, isotropic, and nonmagnetic.
The Fresnel equation for the absolute complex reflectivity
pse-i¢5 of medium s for waves linearly polarized perpendicular

to the plane of incidence is

-i¢ Q. - iP_ - cos8

s
p_e s = R ] . (l) '
5 QS 1PS + cosb ‘

where p 1s the modulus of the reflectivity, ¢ is the wave's phase
shift caused by the reflection, and Qs and PB are parameters that
are expressed in terms of 6 and the material's index of refrac-

tion ng and extinctlon coefficient ks as

: i
1 e
n2 - k2 - sin26 + [(n2 - k2 - sin26)2 + 4n2k2]2
q = ] s s s s's (2)
s 2
P_ = nk /Q_. , (3)
The index of refraction is expressed in terms of 6, PS and Qs as
. ' . ;/ -
Q% - 2% + sin0 + [(Q% - P? + sin%e)? + 4Q%P2)E ) %
: s s 5 s s’ s

The extinction coefficient is given by Eq. (3). The phase shift

¢ (1) may be determined from a K-K analysis of an absolute, spec~
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, 3
ular, reflectance spectrum for the materlal;—/

2 ranlp ()]
$(A) = Prin. — f Sdax o, (5)

Az - Az
o

o

where A is the wavelength, Prin. denotes the Cauchy principal

n X

value of the integral, and Q(A)s = R(A) ° where R(A)S is the mea-

sured specular reflectance for perpendicularly polarized waves,
The complex felative reflectivity pe—iA¢ of the medium s
relative to a second medium w for which n, and k.w are known can
be written in two ways for the case of perpendicular polarization

p

pe-iA¢ = _S e—i<¢s—¢w) ) (6)
P
w
~inp (QS - iPS - cosf) (Qw - iPw + cosf) -
b @, - i+ cos8) (Qq_ - iP_ - coso)

I
The ratio pS/pw R

where R is the reflectance of medium s
measured relative to the reflectance of medium w. The difference
in phase shifts A¢ for waves reflected from media s and w is pro-

vided by a K-K analysis of the relative reflectance spectrum

[R“ a . (8)

Ay = b -4 = Prin.'n—"j‘
(o]

The quantities Qw and Pw can be calculated by use of expressions
similar to Egqs. (2) and (3). A

Separating Eq. (6) into real and imaginary parts and then
solving the two resultant equations provide expressions for com-

puting QS and Ps
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QS = (A - B) cosf
A+ B - C cosAd - D sinA¢
P (D cosA¢p - C sinA%) cosH

s = A+ B - C coshp - D sind¢

2
w

where A (Qw - cose)2 + P
2 2
B R[(Qw - cosb)” + Pw]

o
2R2(Q§ + Pé - cosze)

(@]
I

%
4LR“P cos0,
w

(]
i

The optical constants ng and kS are determined next by use of

Eqs. (4) and (3).

(9)

(10)

(11)

(12)

(13)

(14)

The algorithm is easily checked for correctness by assuming

that media 8 and w are the same. The relative reflectance would

be R(A) = 1 for all A and subsequently Eq. (8) shows that A¢ = O

for all A, In this case Egs. (9) - (14) reduce to QS'= Qw and

PS = Pw which is consistent with the assumption that media s and

w are the same.
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III. ILLUSTRATIVE EXAMPLE

The relative reflectance spectra and absolute reflectance
spectra in the 0.4 - 20-ym wavelength region for 1M, 3M, and 5M
aqueous solutions of NaCl are shown in Figures 1 and 2. The
specularly reflected radiant flux was linearly polarized perpen-
dicular to the plane of incidence., The angle of incidence was
70.03° + 0.23°. Distilled water was the standard reflector.
The experimental methods for measuring relative reflectance were
described in a previous paper.;’i

The K-K analysis indicated by Eq. (8) requires a knowledge'
of the relative reflectance R(A) for all A. Because the relative
reflectance data were only for the 0.4 - 20—um{region we assumed
the relative reflectances were R(0.4 um) and R(20 um) throughout
the A < 0.4 ym and A > 20 um regions respeétively. - The inte-
gration was made with numerical Simpson's rule techniques in the
0.4-20-ym region and analytically in the other fegions. The para—-
meters Qw ahd Pw were determined by use of the optical constants
n, and kw of distilled watergl and equations similar to Eqs. (2)
and (3). Next, the parameters QS and PS were calculated by use of
Eqs. (9) - (14). And finally, the optical constants n and ks of
the aqueous solutions were determined by use ofiEqs. (4) and (3).
The values for n, and ks for the 2-20-um region are shown graphi-

cally in Figure 3. The optical constants computed in this manner
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were generally in three significant digit agreement with optical
constants previously obtained for the same solutions by KK-analysis
of the absolute reflectance spectraéj shown in Figs. 1 and 2.

A numerical investigation of the propagation of experimental
errors through the algorithm was made for typical expepimental
uncertainties AR = 0, + 0.01R; 48 = 0, + 0.23°; Anw =0, + 0.01 n_
and Akw = 0, + 0.01 kw. As an example, the optical constants for
the 3 solution were n_ = 1.254 + 0.012 and kS = 0.046 + 0.001
~at A = 10.05 um and n_ = 1.408 + 0.013 and ks = 0.260 + 0.005
at A = 3.00 ym. The values for n and ks’ and their uncertain-
ties are respectively the average and one standard deviation for
individual values of ng and kS that were computed for each of the

81 possible different combinations of AR, A6, Anw, and Akw.
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IV. CONCLUSIONS

Before applying the K~K analysis to an absolute reflectance
spectrum it is necessary, by either mathematicalg/ or semi-
empiricalé/ methods, to extend the spectrum beyond the.wavelength
reéions where data were obtained experimentally. The algorithm
presented in this paper has the principal advantage that physical
models afe not needed to extend relative reflectance data in
order to apply the K~K analysis. By choosing-a reflectance stan-~
dard having optical properties somewhat similar to those of the
sample, the relative reflectance will be constant throughout
broad spectral regions, such as through the visible region shown
in Fig. 1 for the NaCl solutions. The mathematical integration
required by the K-K analysis, Eqs. (5) and (8), therefore is
more easily applied to relative reflectance data because the re-
lative reflectance more frequently can be assumed to Be constant
throughout spectral regions where it is difficult to obtain ex-

perimental data.
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FIGURE CAPTIONS

Figure 1. Measured relative reflectances and computed absolute
reflectances in the 0.4-2.0-um wavelength region for 1M, 3IM, and

5M aqueous solutiomns of NaClL The angle of incidence was 70.03° +
0.23°. Distilled water was the reflectance standard. The radiant
flux was linearly polarized perpendicular to the plane of incidence.
Standard deviations in measured reflectances were about 1%. The

relative reflectance of distilled watexr is 1.0 at all wavelengths.

Figure 2. Measured relative reflectances and computed absolute
reflectances in the 2.0-20-pm wavelength region for 1M, 3M, and

5M aqueous solutions of NaCl. The angle of incidence was 70.03° +
0.23°, Distilled water was the reflectance standard. The radiant
flux was linearly polarized perpendicular to the plane of incidence.
Standard deviations in measured reflectances were about 17%. The

relative reflectance of distilled water is 1.0 at all wavelengths.

Figure 3. Optical constants in the 2.0-20-ym wavelength region for

1M, 3M, and 5M aqueous solutions of NaCl.
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PART III

*
The Influence of Temperature on the Spectrum of Water

G. Michael Hale and Marvin R. Querry
Department of Physics

University of Missouri--Kansas City, Kansas City, Missouri 64110
AND

Alvin N. Rusk and Dudley Williams
Department of Physics
Kansas State University, Manhattan, Kansas 66502

Abstract

The normal-incidence spectral reflectance of water at 50C,
27OC, and 70°C has been measured in the spectral region between
5000 and 350 cm-l. From the measured values of spectral reflec-
tance we have determined the optical constants n, and n, by
Kramers-Kronig methods. The band strengths SB = ni(v)dv and
band widths have been determined for the absorption bands near
3400 cm—l, 1640 cm-l, and 600 cm-1 at each temperature. A
similar study of deuterium oxide at 27°C has been conducted for

purposes of comparison.
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The infrared spectrum of water at ambient temperatures has been the
subject of numerous investigations. Irvine and Pollack1 made a critical
survey of work on the subject and emphasized the desirability of further
quantitative studies of transmission and reflection with the purpose of ob-
taining more precise values of the real n and imaginary n, parts of the
refractive index in the infrared. Several such quantitative studies have
recently been reported.2-6

Because tﬁe intermolecular structure of water varies with temperature,
changes in the infrared spectrum with temperature are to be expected.
Draegert gg.gl7 have observed shifts of major band positioqs in the fér in-
frared and have compared their results with similar studies in the near

infrared.e’9 10,11

Falk and Ford have also made studies of band positions as
a function of temperature and have summarized other recent work on the |
subject.

The purpose of the present study was to determine the influence of tem-
perature on the optical constants n, and ni. In view of the difficultieé
involved in measuring the Lambert absorption coefficient a(v) in spectral
regions of strong absorption, we have employed reflection methods. From our

measured values of normal-incidence reflectance R(v) we have determined

nr(v) and ni(v) = Ao (v)/4T by Kramers-Kronig techniques.

EXPERIMENTAL RESULTS
The laboratory procedures employed are essentially the same as those
used in our earlier study,5 in which we measured near-normal reflectance at
a free water surface in air. The measured spectral reflectance cﬁrves for

water samples at 5°C, 27°C, and 70°C are shown in Fig. 1; the sample
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temperatures were mainfained to within * 1°¢ by appropriate thermal baths.
The ;urves shown in Fig. 1 are smoothed curves based on numerous spectral
scans. We believe that the spectral reflectance curve for water at 27°C,
which is supported by more measurements than the other curves, gives abso-
lute fractional reflectance to within % 1 percent over most of the spectral
range but may involve slightly larger uncertainties at the lowest frequen-
cles. The corresponding uncertainties in the measured fractional reflec~-
tance for water at 5°C may be as large as * 2 percent, because fewer meas-
urements were made.

Unusual difficulties were encountered in establishing the spectral re-
flectance curves for water at 70°C,‘at which temperature the wvapor pressure
is so great that the level of the reflecting surface can change appreciably
during a spectral run as a result of evaporation; although we achicved some
compensation by addifion to the sample at appropriate intervals, evapora-
tion doubtless contributed to the scatter of data points. More serious dif-
ficulties were encountered in spectral regions where water vapor has strong
absorption bands, since the quantity of water vapor in the reflectometer
path was greater for the 70°C water sample than for the reference mirror.
This led to possibly spurious results in the vicinity of the strong v, water
vapor band near 1625 cm_l; the additional absorption in the sample beam
probably reduces the height of the reflectance peak near 1600 cm-1 in Fig. 1
and may account in part for the subsequeﬁt extremely rapid decrease and the -
adjacent flat portion of the reflectance curve between 1540 and 1400 cm_l.

The presence of additional water vapor did not produce noticeable effects in

/ -
the vicinity of the Vq fupéamental water vapor band near 3700 cm 1 but did
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contribute to the scatter of data points in the low-frequency range where
the pure rotational lines of water vapor occur. Except for the regions just
noted we believe that the uncertainties in measured reflectance amount to

only * 2 percent.

KRAMERS~KRONIG ANALYSIS
We used the Kramers-Kronig theorem for phase-shift dispersion analysis
of reflectance data in order to obtain n_ and n, from our measured reflec-
tances. According to this K-K theorem, if the modulus p(v) = [R (v)]% of
the complex reflectivity p(v)ei¢(v) is known for all frequencies v, then the

phase ¢(vo) at v is given by the expression

2v L (V)
(v ) = —2 A gy (1)
(o] m o v 2_\)2
o

where o(v) and ¢(v) must satisfy conditions that allow contour integration
in the complex plane. Although the value of ¢(vo) in Eq. (1) is most
strongly influenced by values of p(v) in the immediate vicinity of vo,
values of p(v) for all frequencies must be known if the K-K theorem is to be
applied with rigor.

Because our own reflectance measurements were limited to the range 5000
to 360 cm—l, it was necessary to make assumptions regarding values of R(v)
outside this range. Fortunately, values of R(v) outside our range can be
generated from values of n and n, tabulated by earlier investigators; we
used the optical constants published by Zolatarév 35_31,3 which cover the
entire spectral range from the ultraviolet to the radio region. The gener-
ated values of R(v) were adjusted to provide a smooth fit with our own data

at 5000 and 360 cm-l. We assumed that the reflectance of water for all
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frequencies above 10,000 cm“l was constant and equal to the reflectance at
10,000 cm_l; this eliminated the remote ultraviole%p bands from the
integral. Similarly, we assumed that the reflectance of water at extremely
low frequencies was equal to its reflectance at 0.37 cm—l, thereby elimin-
ating the effects of absorption bands at lower radio frequencies.

On the basis of the resulting values of p(v), we performed the integra-
tion (1) by techniques involving Simpson's rule. The wave-number interval
for the numerical integration was 10 cm-'1 except in the vicinity of the
singularity at v=vo, where it was reduced to approximately Q;Qﬂl cm_l.

Phase shifts ¢(vo) were obtained in this manner at 10 cm-1 intervals in the
range 5000 to 350 cm_l. From the tabulated values ¢ and the measured values
of R,.the optical constants can be obtained from thé Fresnel equation for

normal incidence with the results:

- 2R1/2 éos¢) (2)

3
]

a - R)/(l + R2

(-2R sing)/(l + R - 2R? coso) - (3)

]

4
where the positive sign is taken for the square root. The resulting values
of n, and n, in the 5000 - 350 cm_1 region for water at 27°C were compared
in detail with our earlier values5 oBtaingd by a different method. Over
most of this spectral range there was such close agreement that we con-
cluded that no significant error 1s introduced by reasonable assumptions
regarding reflectance outside the range actually covered in our experi-
mental work. In view of this result, we used the same set of generated
values with a smooth fit to our measured values of R(v) at SOC and 700C.

The use of these generated values for v<350 c:m—1 may have introduced some

uncertainties in the values of n. and nj computed for the lowest frequencies
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'ﬂcdveredfinienrﬁexperinental work; because‘the'abecrpticn-ﬁorlv<§56lcnf¥'isj‘
"influencen,hy temperature change.7.'
' The:uncertainties in the ve;ues;of nr”and»ni_were'eetimated b;taSSun;‘ L
- ing-nncertainties‘of'nne:tqtthree-percent in'neaSured reflectance'ﬁi"On the
ah{ibesisquﬁe;one:nercent{uﬁcertainty in*R,,bnth'nf and'ni.are:in'generéi ac-

“Tféﬁfété‘torthreeieignificant'figures where thé first digit to the left of the

':Adecimal-noint is regarded as a significant figure; for example;‘nrﬂ= 1.32 -

,and”ni‘=50;26}< By:randomly"varying R by one to three percent during suc-.

cessive;numerical integrations of (1) we estimate the uncertainty in ¢ to be
O 003 rad This'resnlt'leade-to an uncertainty of +.1 perCent nr'eXCept'

in the v1c1nity of atmospheric water ‘vapor - and carbon dioxide bands wh'ere."j

e ek aie ee . PR

he uncertalnty is 2 percent The correspondlng uncertalntles 1n n1 range
L . l”
. from ti3 percent at the centcr of the strong absorptlon ‘band. near 600 .cm”

“to * 5. percent:at the*center-cfjthe band near 3400 cm-l,.and‘to‘still

"largerffractional.nncertaintiesﬂfor.still-smallerLvalueS'of'ni.ﬂﬁFdr”veiﬁes'j"

-

ferred.

- of n;<0.1, values of,ni'based;on transmission meesurementé are to be pre-

We note that these estimates of uncertainty are‘heeed'primerily on the
random'scatter'of data pointe for R and do notxincludevsystematic errors
.such as those: noted earlier in connection with the measured reflectance of
7Q°C water in the vicinity of water vapor bands.

* RESULTS

Our values of the'refractive,index .. are shown' in Fig..2. Tempera-

ture change produces little change in n, in the 5000 - 4100 cm__1 range but

/

produces'prondunced changes in the vicinity of the strong 3400 cm
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absorption band, where temperature increase is accompanied by a decrease in
the diffcrence between n and n ., and a slight increase in the dif-
r ma r min
ference between the frequencies at which these limiting values occur. The
o o} s .
curves for water at 5 C and 27 C are barely distinguishable for most of the
-1 ‘ . .
range between 2800 and 250 c¢cm = except near the absorption bands; in the

vicinity of the 1640 cm_1 band n - is greater for 27°C water

r max r ﬁin
than for SOC water and nr min is lower for the SOC water in the vicinity of
850 cm—l. The n_ values for 70°C water are lower than those for the other
samples at nearly all frequencies below 3200 cm--l except in the range be-
tween 1000 and 800 cm_l; the steeply rising portion of the n_ curve for 70°¢C
water is shifted to lower frequencies in the range 800 to 400 cm-l. Be-
cause of the effect of overlapping absorption by water vapor, we can draw
few valid conclusions regarding n values for 70°C water in the vicinity of
1625 cm T.

The present values of ni, sometimes called the extinction coefficient,
are pl?tted in Fig. 3. As indicated earlier, values of n, based on re-
flectance measurements become subject to progressively larger uncertainties
as ni decreases; we have therefore plotted ni values for only the 27°C
sample in the frequency ranges 5000 to 3800 cm—l and 2800 to 1850 cm_l,
since the percentage uncertainties for n, at the other temperatures are
greater. We note that the .values of n, in the range 1500 to 1000 cm—1 are
also subject to large uncertainties.

The major absorption band in the vicinity of 3406 cm—1 is a complex

band usually attributed to the monomeric fundamentals vy and v3; it also

includes contributions from 2v2 and probably from 2v2 + Vs where Vr is the
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hindered-translation band respdnsible for absorption near 175 cm_1 in the
far infrared.7 With dincreasing temperature the maximum of this v1,2 band
shifts to higher frequencies and the value of n, at the maximum decreases.
Although the band appears to become narrower with increasing temperature,
its full width TI' at half-height actually shows little charge.

In making estimates of band strengtﬁ, the integral | a(v)dv is
frequently employed; however, the Lambert absorption coefficient o(v) is
actually proportional to the product13 of the square of the matrix element
for the transition and the frequency v. In view of the inclusion of v in
a(v), the integral a(v)dQ as a measure of band strength leads ;q'mis—
leading results when the strengths of bands in widely different sﬁectral
regions are to be compared. We have therefore used the definition
SB = ni(v)dv for comparing band strengths; since ni(v) is proportional to
a(v)/v, we have eliminated the influence of v and can therefore compare the
strengths of bands in differént regions. The strength of the v1,2 band de-
creases with increasing temperature.

The absorption band néar 1640 cm-'l is usually attributed to the mono-
meric fundamental Vg We note from Fig. 3 that the band maximum does not
change appreciably with temperature; the v, band remains narrow at all
temperatures covered in the present work. Because the band strength is
small and because the band appears as a shoulder on ; rising n, background,
it is difficult to determine SB. "The height of the v, peak above the
background appears to increase with increasing temperature; although this

can be interpreted as evidence for an increase in SB’ the actual maximum

values of n, do not change monotonically with temperature. We also recall
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that excess water vapor in the sample beam introduces added uncertainties in
our results for water at 70°C.

The large absorption band in the low frequency region in Fig. 3 is
usually attributed to hindered rotation or libration of monomeric units in

the fields of their neighbors. The librational band v_ is the strongest

L
band in the spectral range covered in the present work; although the Lambert
coefficient is larger for the vy 3‘band, the central frequency of V19 is

B ] b4

Although the maximum value of n, for the v

nearly five times that of v 1

L
band shows little change with temperature, the band maximum shifts to lower
frequencies with increasing temperature. Because the librational band'ex-
tends well.beyond the frequency range of our present measurements, we cannot
determine the total band strength SB; however, we can determine ni(v)dv
from the high-fréquency band limit to the band maximum. On thé possibly
crude assumption that 123 is symmetrical, we can set SB equal to twice

the measured integral; since the hindered translational band Vp appears as

a shoulder7 on the low-frequency wing of Vs it would have been necessary

to make questionable assumptions regarding the contours of v, even if our

-

present study had included the entire band.

For purposes of comparison, we have obtained reflection data for D20
at 27°C in the 5000 - 350 cm—1 region., Over much of the high-frequency
portion of this range the reflectance of D20 differed but little from that
of H20. In Fig. 4 we summarize our results for the portion of the D20
spectrum that includes its v1’3, Vos and VL bands. We note that the re-
sults are in general comparable with those obtained for H20. However, the

,
three absorption bands in the n, plot are narrower for DZO than for HZO'

i
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The maximum value of n, for DZO is significantly smaller for the Vi3 band
?

but is approximately equal to that for HZO in the Vq and 23 bands. All D20

bands appear, c¢f course, at lower frequencies.

DISCUSSION OF RESULTS
The results of the present study in the vicinity of the characteristic
.bands are presented in the tables. Table I summarizes oﬁr results for the
refractive index n. for the bands designated in the first column. The
second column in the table gives the minimum values of N oin which occurs at

the frequency Yoin listed in the third column; the fourth and fifth columns,

i

respectively, give corresponding values of n.  and v . The sixth
T max max

column gives An_ = n -n and the seventh column lists values of
r T max r min
Av = v - v
min max
For H20 the Vi 3 band An decreases and Av increases with increasing
?

temperature; the values in the table thus give a quantitative measure of the
brogdening and flattening of feature in the n, curves in Fig, 2. For the

vy band of HZO’ An shows a slight increase with temperature and Av shows
little change; we recall, however, that An is small for v, and represents
the difference between 1érger quantities that are subject to uncertainties
so large that no significance can be attached to the.yariation in An with

temperature. For the H20 librational band v_ our data are incomplete, since

L

the values of n and v were not clearly established; the numbers
T max max
given in parenthesis in Table I assume that the final low-frequency data

points actually give the values of n and v . For D0 at 27°C, the
. T max max 2 }

values of An for the Vi3 and Vo bands are approximately the same as the
’

corresponding values for HZO; however, for both bands the values of Av are
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smaller for D20.

Table II summarizes our results for the extinction coefficient n, for
the characteristic bands listed in column one. Columns two and three give,
respectively, the maximum values Nk observed at frequency Voax The

fourth column gives the band strength S_ and the fifth columns gives the

B
band-width parameter I', which represents the full width of the bapd at half
maximum. We shall consider first the H20 bands.

The v1,3 band maximum shifts to higher frequencies with increasing
temperature; this result is in agreement with the results obtained in trans-
mission studies. The values of N, oox and SB for the Vl,3 band clearly de-
crease with increasing temperature; however, the band-width T does not
change appreciably with temperature. For v2, the frequency vmax does not
change with temperaturé; because this weak band is superposed‘bn a back-
ground of absorption, we can draw no firm conclusions regarding SB and the
values listed in the table répresent a range of values based on various
assumptions regarding the background; similarly, tﬂé values of T given in
the table, which appear to show a narrowing of the band with increasing
temperature, are open to question. For the 1ibrational band vL, the value
of n shows little change with temperature; the band center frequency

1 max

Voax decreases with increasing temperature as noted in earlier transmission

studies.7 Recalling that our values of SB and T are based on the assumption

of a symmetrical band, we note that SB shows little change and that I may
increase slightly with increasing temperature.
. o .
In comparing D201and H20 at 27 C, we note that Ny oy 1S slightly

smaller for the vl’3 band of DZO; for v, and Vi the values of n, max
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for HZO and'D20 are not significantly different. The valucscﬁSSB and T are
. considerably smaller for each D20 band than for the corresponding H20 band.
In comparing Fig. 3 with Table II, we note that there is absorption in
the spectral region between v, and vLAthat is not clearly associated with
either of these bands. Although the values of n, throughout this interband
region are less than 0.10 and therefore subjett to large uncertainties,
there is significant integrated absorption ni(v)dv in this inter-band
region. The measured value of ni(v)dv for the interband region for HZO
is 35 em L at 5°C, 31 em L at 27°C, and 17 em © &t 70°¢; for D,0 at 27%,
the corresponding value is 22 cmnl. In every case the value of ni(v)dv is
greater than the value of SB for the sharp vy band. Curnutte and his
colleagues15 have recently.interpreted the inter- and intra-molecular
spectrum of water by means of a normal-coordinate analysis of a model in
which the H20 monomer is hydrogen-bonded to its four nearest neighbors.

Curnutte suggests that the absorption in our interband region may be due to

overtones and combinations of vL and vT.
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Table I Refractive Index nr

Band n . VI n
¥ nmin min T max
o}
HZO at 5°¢C
v 1.104 3560 em & 1.501
1,3
v, 1.246 1680 1.338
v, 1.086 845 (1.544)
H,0 at 27°%¢
v 1.119 3590 em ©  1.484
1,3
v, 1.232 1680 1.349
v 1.116 840 (1.553)
H,0 at 70°¢c
v 1.126 3620 cm ¥ 1.440
1,3
vé 1.218 1680 1.338
v 1.113 840 -
D,0 at 27°¢
v 1.125 2680 cm T 1.482
,3
v, 1.218 1230 1.332
v, 1.090 630 -—
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max

3155 cm.-1

1585

(330)

3150 cm T

. 1600

(330)

3150 cm

1590

2350 cm

1180

1

An

0.397

0.092

(0.458)

0.365

0.117

(0.437)

" 0.314

0.120

0.357

0.114

Av

405 cm
95

(515)

440 cm

80

(510)

470

90

330 cm

50



Table IT Extinction Cocfficients ni

B =
and n, max Vmax SB J ni(v)dv
HZO at SOC
v, 4 0.316 3380 cm T 125 em L
v, 0.109 1640 8 - 15
*
v, 0.438 590 232
H,0 at 27°%
Y, 4 0.297 3395 cm 1 122 em L
v, 0.137 . 1650 13 - 18
*
vy 0.443 580 240
H,0 at 70°C
% 5 0.236 3650 cn 92 en
v, 0.107 1640 7-9
: %
v 0.430 510 230
D,0 at 27°%
v 5 0.267 2490 cm T 76 cm L
v, 0.119 1200 5-8
%
v, 0.452 460 150

370 cm
120

*
500

390 em
110

*
500

380 cm
80

*
540

280 em
70

*
300

* _ ,
These values are based on the assumption that the band is symmetrical

about vpax.
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LEGENDS FOR FIGURES

Fig. 1 Normal-incidence spectral reflectance of water. The light, contin-
o . .
uous curve gives the reflectance at 5 C; the heavy, continuous curve gives

the reflectance at 27°C; and the dotted curve gives the reflectance at 70°%C.

Fig. 2 The real part n of the refractive index of water as a function of
frequency. The values of n_ at SOC, 27°C, and 70°C are given by the light

continuous, the heavy continuous, and the dotted curves, respectively.

Fig. 3 The imaginary part n, of the refractive index of water, sometimes
called the extinction coefficient, is plotted as a function of frequency.
The values of n, at SOC, 270C, and 70°C are given by the light continuous,
the heavy continuous, and the dotted curves, respectively.

o
Fig. 4 The optical constants of D,0 at 27 C. The upper panel gives the

2
normal-incidence spectral reflectance. The center panel gives the real part
n, of the refractive index as a function of frequency. The lower panel

gives the extinction coefficient n, as a function of frequency.
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PART IV

REFLECTANCE AND OPTICAL CONSTANTS IN THE
INFRARED FOR 26 AQUEOUS SOLUTIONS
INTRODUCTION:

In this part of the report we present in graphical form
absolute reflectance, phase shifts, index of refraction, and
extinction coefficients for water, heavy water, and 26 aqueous
solutions. The measurements of absolute reflectance were made
by Dr. Paul Rhine and supplied to us by Dr. Dudley Williams of
Kansas Stafe University. The reflectance was measured at near
normal incidence through the spectral region 5,000 cm—l to 300
cm . We made a Kramérs—Kronig analysis of the reflectance
spectra in order to determine tﬁe phase~shift for electromagnetic
waves reflected at the surface of the water and the aqueous solu-
tions. We then determined the indek of refraction and the extinc-
tion coefficients by use of the computed phase-shifts and mea-
sured values for reflectance. A full analysis of all the data
presented in Part IV will probably take about two more years.
Several manuscripts should result from these future investigations.
The manuscripts. also will be forwarded to the NASA when they are
submitted for publication. .

The methods for measuring reflectance and computing optical

constants were presented in Part III of this report.
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Figure 1.

Figure 2,

Figure 3.

Figure 4,

Figure 5.

FIGURE CAPTIONS

The absolute reflectance at near normal incidence for
water and D20 are represented by graphs having ID
symbols nos. 1 and 2 respectively. The spectral re-

gion is 5,000 cm_1 to 2,600 cm_1 wave. numbers.

The absolute reflectance at near normal incidence for
water and DZO are represented by graphs having ID
symbols nos. 1 and 2 respectively. The spectral re-

gion is 2,600 cm_l to 300 cm-'l wave numbers.

The phase-shift for electromagnetic waves reflected
at near normal incidence for water and DZO are repre—
sented by graphs having ID symbols no. 1 and 2 respec-

tively. The spectral region is 5,000 cm._l to 2,600

cm 1 wave numbers. The phase-shifts were computed by

using the Kramers-Kronig analysis.

The phase-shift for electromagnetic waves reflected

at near normal incidence for water and D20 are repre-

sented by graphs having ID symbols no. 1 and 2 respec-
tively. The spectral region is 2,600 cm“l to 300 cm-1
wave numbers. The phase-shfits were computed by using

the Kramers-Kronig analysis.

The index of refraction for water and D20 are repre-
sented by graphs having ID symbols no. 1 and 2 respec-
tively. The spectral region is 5,000 cm-—l to 2,600

cm wave numbers.
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Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

The index of refraction for water and D20 are repre-
sented by graphs having ID symbols no. 1 and 2 respec-~
tively. The spectral region is 2,600 e’ to 300 emt

wave numbers.

The extinction coefficient for water and D20 are re-
presented by graphs having ID symbols no. 1 and 2
respectively. The spectral region is 5,000 cm—l-to

2,600 cm—l wave numbers.

The extinction coefficient for water and D,0 are re-
presented by graphs having ID symbols no. 1 and 2
respectively. The spectral region is 2,600 cm_l to

300 cm—l wave numbers.

The absolute reflectance at near normal incidence for
water and 2M, 4M, and 6M aqueous solution of KI are
represented by graphs having ID symbols no. 1~4 re-
spectively. The spectral region is 5,000 cm--1 to

2,600 cm_1 wave numbers.

The absolute reflectance at near normal incidence for
water and 2M, 4M, and 6M aqueous solution of KI are
represented by graphs having ID symbols 1-~4 respec~
tively. The spectral region is 2,600 cm—'1 to 300 cm—l

wave numbers.

The phase-shift for electromagnetic waves reflected at
near normal incidence for water and 2M, 4M, and 6M
aqueous solutions of KI are represented by graphs having
ID symbols no. 1-4 respectively. The spectral region ié
5,000 cm T

were computed by using the Kramers~Kronig analysis.

to 2,600 cxn—l wave numbers. The phase-shifts
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Figure 12,

Figure 13.

Figure 14.

Figure 15.

Figure 16,

Figure 17,

The phase-shift for electromagnetic waves reflected at
near normal iﬁcidence for water and 2M, 4M, and 6M
aquéous solutions of KI are represented by graphs having
ID symbols no. 1-4 respectively. The spectral region is
2,600 cm—1 to 300 cm_l wave numbers. The phase-shifts

were computed by using the Kramers~Kronig analysis.

The index of refraction for water and 2M, 4M, and 6M
aqueous solutions of KI are represented by graphs
having ID symbols no. 1-4 respectively. The spectral

region is 5,000 cm-'1 to 2,600 cm—l wave numbers.

The index of refraction for water and 2M, 4M, and 6M
aqueous solutions of KI are represented by graphs
having ID symbols no. 1-4 respectively. The spectral

L to 300 cm—l wave numbers.

region is 2,600 cm
The extinction coefficient for water and 2M, 4M, and
6M aqueous - solutions of KI are represented by graphs
having ID symbols no. 1-4 respectively. The spectral

region is 5,000 cm-l to 2,600 cm—1 wave numbers.

The extinction coefficient for water and 2M, 4M, and
6M aqueous solutions of KI are represented by graphs
having ID symbols no. 1-4 respectively. The spectral

region is 2,600 cm_l to 300 cm_1 wave numbers.

The absolute reflectance of water and 4M aqueous solu-
tions of NaBr, LiBr, and KBr are represented by graphs
having ID symbols no. 1-4 respectively. The spectral

reglon is 5,000 cm—1 to 2,600 cm—1 wave numbers.

77



Figure 18.

Figure 19.

. Figure 20.

Figure 21.

Figure 22.

The absolute reflectance of water and 4M aqueous solu-
tions of NaBr, LiBr, and KBr are represented by graphs
having ID symbols no. 1-4 respectively. The spectral

region is 2,600 cm-_1 to 300 cm-1 wave numbers.

The phase-shift for electromagnetic waves reflected
at near normal incidence for water and 4M aqueous
solutions—;f NaBr, LiBr, and KBr are represented by
graphs having ID symbols no. 1-4 respectively. The
spectral region is 5,000 cm"l to 2,600 cm--l wave
numbers., The phase-shifts were computed by using

the Kramers-Kronig analysis.

The phase-shift for electromagnetic waves reflected
at near normal incidence for water and 4M aqueous
solutions of NaBr, LiBr, and KBr are represented by
graphs having ID symbols no. 1-4 respectively. The
spectral region is 2,600 cmnl to 300 cm_l wave
numbers. '~ The phase-shifts were computed by using

the Kramers-Kronig analysis.

The index of refraction for water and 4M aqueous solu-
tions of NaBr, LiBr, and KBr are represented by graphs
having ID symbols no. 1-4 respectively. The spectral

region is 5,000 cm—1 to 2,600 cm—l wave numbers.

The index of refraction for water and 4M aqueous solu-
tions of NaBr, LiBr, and KBr are representéd by graphs
having ID symbols no. 1-4 respectively. The spectral

region is 2,600 cm._l to 300 cm“l wave numbers.
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Figure 23.

Figure 24,

Figure 25.

Figure 26.

Figure 27.

The extinction coefficient for water and 4M aqueous
solutions of NaBr, LiBr, and KBr are represented by
graphs having ID symbols no. 1-4 respectively. The
spectral region is 5,000 cm_1 to 2,600 cm—1 wave

numbers.

The extinction coefficient for water and 4M aqueous
solutions of NaBr, LiBr, and KBr are represented by
graphs having ID symbols no. 1-4 respectively. The
spectral region is 2,600 cm—1 to 300 cm—l wave

numbers.

The absolute reflectance at near normal incidence for

water and 2M, 4M, 8M, and 16M aqueous solutions of NaOH
are represented by graphs having ID symbols no. 1-5 re-
spectively. The spectral region is 5,000 cm'-1 to 2,600

cm wave numbers.

The absolute reflectance at near normal incidence for
water and 2M, 4M, 8M, and 16M aqueous solutions of NaOH
are represented by graphs having ID symbols no. 1-5 re~-
spectively. The spectral region is 2,600 cm_l to 300

cm wave numbers.

The phase-shift for electromagnetic waves reflected at
near normal incidence for water and 2M, 4M, 8M, and 16M
aqueous solutions of NaOH are represented by graphs
having ID symbols no. 1-5 respectively. The spectral
region is 5,000 cm._l to 2,600 cm"1 wave numbers. The
phase-shifts were computed by using the Kramers-Kronig

analysis.
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Figure 28. The phase-shift for electromagnetic waves reflected at

Figure

Figure

Figure

Figure

Figure

29.

30.

31.

32.

33.

near normal incidence for water and 2M, 4M, 84, and 16M
aqueous solutions of NaOH are represented by graphs
having ID symbols no. 1-5 respectively. The spectral
region is 2,600 cm—l to 300 cm—'l wave numbers. The
phase-shifts were computed by using the Kramers-Kronig

analysis.

The index of refraction for water and 2M, 4M, 8M, and
16M aqueous solutions of NaOH are represented by graphs
having ID symbols no. 1-5 respectively. The spectral

region is 5,000 em ! to 2,600 cm™ ! wave numbers.

The index of refraction for water and 2M, 4M, 8M, and

16M aqueous solutions of NaOH are represented by graphs
having ID symbols no. 1-5 respectively. The spectral

region is 2,600 em ' to 300 em ! wave numbers.

The extinction coefficient for water and 2M, 4M, 8M,
and 16M aqueous solutions of NaOH are represented by
graphs having ID symbols no. 1-5 respectively. The

spectral region is 5,000 cm_l to 2,600 cm-_l wave numbers.

The extinction coefficient for water and 2M, 4M, 8M,
and 16M aqueous solutions of NaOH are represented by
graphs having ID symbols no. 1-5 respectively. The
spectral region is 2,600 cm—1 to 300 cm_1 wave numbers.
The absolute reflectance at near normal incidence for
water and ZM, 4, 81, and 16M aqueous solutions of KOH
are represented by graphs having ID symbols 1-5 respec-
tively. The spectral region is 5,000 cm_1 to 2,600 cmml

wave numbers.

80



Figure 34.

Figure 35.

Figure 36.

Figure 37.

Figure 38.

The absolute reflectance at near normal incidence for

water and 2M, 4M, 8M, and 16M aqueous solutions of KOH
are represented by graphs having ID symbols 1-5 respec-
tively. The spectral region is 5,000 cm—'l to 2,600 cm—'l

wave numbers.

The phase-~shift for_electromagnetic waves reflected at
near normal incidence for water and 2M, 4M, 8M, and 16M.
aqueous solutions of KOH are represented by graphs
having ID symbols 1-5 respectively. The spectral region
is 5,000 cm—1 to 2,600 cm-1 wave numbers. The phase-
shifts were computed by using the Kramers-Kronig analy-

sis.

The phase-shift for electromagnetic waves reflected at
near normal incidence for water and 2M, 4M, 8M, and 16M
aqueous solutions of KOH are represented by graphs

having ID symbols 1-5 respectively. The spectral region
is 2,600 en ! to 300 cm™! wave numbers. The phase-shifts

were computed by using the Kramers-Kronig analysis.

The index of refraction for water and 2M, 4M, 8M, and
16M aqueous solutions of KOH are represented by graphs
having ID symbols 1-5 respectively. The spectral re-

gion is 5,000 cm-l to 2,600 cm—l wave numbers.

The index of refraction for water and 2M, 4M, 8M, and
16M aqueous solutions of KOH are represented by graphs
having ID symbols 1-5 respectively. The spectral re-

gion is 2,600 cm—1 to 300 cm—l wave numbers.
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Figure

Figure 40.

Figure

Figure

Figure

39.

41.

42.

43.

The extinction coefficient for water and 2M, 4M, 8M,
and 16M aqueous solutions of KOH are represented by
graphs having ID symbols 1-5 respectively. The spec-

tral region is 5,000 cm-l to 2,600 cm_l wave numbers.

The extinction coefficient for water and 2M, 4M, 8M,
and 16M aqueous solutions of KOH are represented by
graphs having ID symbols 1-5 respectively. The spec-

tral region is 2,600 cm_1 to 300 cm—1 wave numbers.

The absolute reflectance at near normal incidence for

water and 2M, 4M, 8M, and 12M aqueous solutions of HC1

.are represented by graphs having ID symbols 1-5 respec-

1

tively. The spectral region is 5,000 em — to 2,600 cm—l

wave numbers.

The absolute reflectance at near normal incidence for

water and 2M, 4M, 8M, and 12M aqueous solutions of HCl
are represented by graphs having ID symbols 1-5 respec-
tively. The spectral region is 2,600 cm - to 300 cm *

wave numbers.

The phase—shift for electromagnetic waves reflected at
near normal incidence for water and M, 4M, 8M, and 12M
aqueous solutions of HCl1 are represented by graphs
having ID symbols 1-5 respectively. ‘The spectral region
is 5,000 cm“l to 2,600 cm“l wave numbers. The phase-
shifts were computed by use of the Kramers-Kronig analy-

sis.
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Figure 44,

Figure 45,

Figure 46,

Figure 47.

Figure 48,

Figure 49,

The phase-shift for electromagnetic waves reflected at
near normal incidence for water and 2M, 4M, 8M, and 12M
aqueous solutions of HCl are represented by graphs
having ID symbols 1-5 respectively. The spectral region
is 2,600 cmnl to 300 cm—l wave numbers. The phase-

shifts were computed by use of the Kramers-Kronig analy-

sis.

The index of refraction for water and 2M, 4M, 84, and
12M aqueous solutions of HCl are represented by graphs
having ID symbols no. 1-5 respectively. The spectral

region is 5,000 cm_l to 2,600 cm_l wave numbers.

The index of refraction for water and 2M, 4M, 8M, and
12M aqueous solutions of HCl are represented by graphs
having ID symbols no. 1-5 respectively. The spectral

region is 2,600 ém-l to 300 cm-l wave numbers.

The extinction coefficient for water and 2M, 4M, 8M,

and 12M aqueous solutions of HC1l are represented by

- graphs having ID symbols no. 1-5 respectively. The

spectral region is 5,000 cm—; to 2,600 cm--1 wave numbers.

The extinction coefficient for water and M, 4M, 8M,
and 12M aqueous solutions of HCl are represented by
graphs having ID symbols no. 1-5 respectively. The

spectral region is 2,600 cm—1 to 300 cm—l wave numbers.

The absolute reflectance at near normal incidence for
water and 2, 4M, 8M, and .12M aqueous solutions of KF
are represented by graphs having ID symbols no. 1-5
respectively. The spectral region is 5,000 cm—l to

2,600 cm“l wave numbers.
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Figure 50.

Figure 51.

Figure 52.

Figure 53.

Figure 54.

The absolute reflectance at near normal incidence for
water and 2M, 4M, 8M, and 12M aqueous solutions of KF
are represented by graphs having ID symbols no. 1-5
respectively. The spectral region is 2,600 cm“1 to

300 cm—1 wave numbers.

The phase-shift for electromagnetic waves reflected at
near normal incidence from water and 2M, 4M, 8M, and
12M aqueous solutions of KF are represented by graphs
having ID symbols no. 1-5 respectively. The spectral
region is 5,000 cm_1 to 2,600 cm—1 wave numbers. The
phase-shifts were computed by using the Kramers-Kronig

analysis.

The phase-shift for electromagnetic waves reflected at
near normal incidence from water and 2M, 4M, 8M, and
12M aqueous solutions of KF are represented by graphs
having IDbsymbols no. 1—5 respectively. The spectral
region is 2,600 cm—l to 300 cm—l wave numbers. The
phase~-shifts were computed by using the Kramers-Kronig

analysis.

The index of refraction for water and 2M, 4M, 84, and
12M aqueous solutions of KF are represented by graphs
having ID'éymbols no. 1-5 respectively. The spectral
region is 5,000 cm—1 to 2,600 cm_1 wave numbers.

The index of refraction for water and 2M, 4M, 8M, and
12M aqueous solutions of KF are represented by graphs
having ID symbols no. 1-5 respectively. The spectral

region is 2,600 cm_l to 300 cm_1 wave numbers.
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Figure 55. The extinction coefficient for water and 2M, 4M, 8M,

Figure

Figure

Figure

Figure

56.

57.

58.

59.

and 12M aqueous solutions of KF are represented by
graphs having ID symbols no. 1-5 respectively. The
spectral region is 5,000 cm—l to 2,600 cm—l wave
numbers.

The extinction coefficient for water and 2M, 4M, 8M,
and 12M aqueous solutions of KF are represented by
graphs having ID symbols no. 1-5 respectively. The

spectral region is 2,600 cm—l to 300 cm—l‘wave numbers.

The absolute reflectance at near normal incidence for
water and 4M aqueous solutions of KBr, KF, KCl, and KI
are represented by graphs having symbols no. 1-5 re-
spectively. The spectral region is 5,000 cmml to

2,600 cm"1 wave numbers.

The absolute reflectance at near normal incidence for
water and 4M aqueous solutions of KBr, KF, KCl, and KI
are represented by graphs having symbols no. 1-5 re-
spectively. The spectral region is 2,600 cm'-l to

300 c:m—l wave numbers.

The phase-shift for electromagnetic waﬁes reflected at
near normal incidence for water and 4M aqueous solu-
tions of KBr, KF, KCL, and KI are represented by graphs
having ID symbols no. 1-5 respectively. The spectral
region is-5,000 cm—l to 2,600 cm_l wave numbers. The
phase-shifts were computed by using the Kramers-Kronig

analysis.
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Figure 60. The phase-shift for electromagnetic waves reflected at

Figure

Figure

Figure

Figure

61.

62.

63.

64.

near normal incidence for water and 4M aqueous solu-~
tions of KBr, KF, KCl, and KI are represented by graphs
having ID symbols no. 1-5 respectively. The spectral
region is 2,600 cm_1 to 300 cm—l wave numbers. The
phase-shifts were computed by using the Kramers—Kronig

analysis.

The index of refraction for water and 4M aqueous solu-
tions of KBr, KF, KCl, and KI are represented by graphs
having ID symbols no. 1-5 respectively. The spectral

region is 5,000 cm.-l to 2,600 cm—1 wave numbers.

The index of refraction for water and 4M aqueous solu-~
tions of KBr, KF, KCl, and KI are represented by graphs
having ID symbols no. 1-5 respectively. The spectral

-region is 2,600 cm_l to 300 cm“l wave numbers.

The extinction coefficient for water and 4M aqueous

solutions of KBr, KF, KCl, and KI afe represented by
graphs having ID symbols no. 1-5 respectively. The

spectral region is 5,000 cm-1 to 2,600 gm—l wave

numbers.

The extinction coefficient for water and 4M aqueous
solutions of KBr, KF, KCl, and KI are represented by
graphs having ID symbols no. 1-5 respectively. The

spectral region is 2,600 cm_l to 300 c:m—l wave numbers.
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Figure 33
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APPENDIX
LIST OF LASING ORGAMNIC DYES
Compiled by Wayne E. Holland

Department of Physics
University of Missouri-Kansas City

Definitions of Symbols:

. Name = name of organic dye

]

Ref. number given to reference from which information was
obtained; see list of references aé end of table,
Pumping:= F = flash lamp

Nd = neodynium laser

2nd = 2nd harmonic from Nd laser -

3nd = 3rd harmonic from Nd laser

4nd = 4th harmonic from Nd laser

R = ruby laser

o
=
i

2nd harmonic from ruby laser
N = nitrogen laser
Solvent: W = wéter
M = methanol
E = ethanol
DMF = dimethyl formamide
DMSO = dimethyl sulfoxide

T toluene

I

isoamyl alcohol
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D = dioxane

B = benzene

S = sulfuric acid

G = glycerol

A = acetone

P = pyridine

C = cyclohexane

PMM = polymethylmethaérylate
A

M

e

Rahge = spectral range of tunability or spectral band width

]

wavelength of maximum laser intensity

central wavelength of laser spectral band

in Angstrom units.
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