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As in Sec. III we suppose that unpolarized light

is incident at an angle 8 to the z axis and is scat-
tered by an angle y. As before, the scattering is
assumed to take place in a plane including the z axis
which makes an angle Q with the direction of the
magnetic field (see Fig. 2). Averaging over both
polarization directions of the incident and scattered
light gives
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and D is obtained from C by replacing s by c. In
these formulas we have

f, =tan8, fan=tan(8+y), s, =sin8,

Summarizing we might say that a magnetic field
applied perpendicularly to the cholesteric axis leads
to the following changes in the light scattering prop-
erties:

(i) The peaks in the intensity are displaced owing
to the change in pitch.

(ii) Even with the Born approximation, peaks
appear at the higher-order Bragg angles (we expect
this to be true also for the viscous-splay mode to
higher order in the field). This effect is due to the
higher harmonics of the helical structure.

(iii) The q dependence of the linewidth is altered
in a very sensitive way and in fact now exhibits a
gaplike structure. Note that the pitch for the two
curves in Fig. 1 has changed by only about 1%.

(iv) The angular dependence of the scattered
intensities becomes more complex.

Measurements of the predicted effects should lead
to valuable information about the elastic constants
and viscosities of cholesteric liquid crystals.
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Narrow-beam mass-attenuation coefficients were measured for air, neon, argon, krypton,
and xenon. Radioisotope sources were used to provide photons whose energies were 4. 508,
5.895, 9.243, 27. 380, 44. 229, 88. 09, and 145.43 keV. Experimental errors were less than

2% for all measurements. The experimental results are compared with theoretical predic-
tions of the attenuation coefficients.

I. INTRODUCTION

In the energy region of 1-20 keV, extensive mea-
surements have been made of the attenuation coef-
ficients of neon and argon. ' Above 20 keV, very

few experimental results are available. ' For
photon energies greater than 3 keV, relatively few
attenuation coefficients have been measured for
air, ' ' krypton, ""and xenon. ' Rau and Fano'
suggest that irregularities in photon cross sections
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are likely to occur with the interpolation of these
cross sections with respect to Z for the noble gases.
In an attempt to improve the present knowledge of
gas photon cross sections, an experiment was
designed wherein the narrow-beam mass-attenua-
tion coefficients of air, neon, argon, krypton, and
xenon would be measured with an accuracy of
+ 1-2%%uo at seven energies between 4. 5 and 145 keV.

The narrow. -beam mass-attenuation coeff icient
p/p, with units of cm /g, is defined by the relation

I/I =e ~" /
0

where I/Io is the gas transmissivity and x is the
sample thickness in g/cm .

II. APPARATUS

The experimental arrangement is shown schemat-
ically in Fig. 1. Since the measured mass-at-
tenuation coefficients ranged through four orders
of magnitude, many different sample lengths and
sample densities were required. Sample lengths
10-733 cm and sample pressures 30-3600 Torr
were used. The solid angle subtended by the detec-
tor at the source varied between 7&&10 and 1.5
F10 ~ sr.

The gas chamber shown in Fig. 1 was made from
sections of brass pipe which were 5&-in. i. d. &&5—,'-
in. o. d. Several 1-, 2-, and 4-ft lengths of this
pipe were equipped with 0-ringed end flanges
which could be bolted together to provide the needed
gas sample length. The pipes were cleaned and
leak checked prior to use.

From one to three collimators were spaced at
equal intervals between the source and the detector
to minimize scattering from the walls of the pipe
and from the gas. The collimators were made
from Pb sufficiently thick to stop virtually all of
the source radiation. The collimator apertures
were in every case slightly larger than the cone
subtended by the detector at the source. The num-
ber of collimators was determined by the sample
length. Longer sample lengths were used with the
higher-energy photon sources. Thus in the energy
region where scattering is more important, more
collimation was used.

One of the 2-ft sections of pipe was equipped with
gas-handling and gas-sampling apparatus. Experi-
ments involving sample lengths of less than 2 ft
were performed by placing the source, detector,
and collimator on a track inside the gas-handling
section of pipe. A large mechanical pump was
used to evacuate the chamber. The vacuum condi-
tion was read on a thermocouple vacuum gauge.
All vacuum counts were taken at pressures of less
than 5&&10 3 Torr.

Gas pressures of less than 1 atm were measured
with a closed-end Hg manometer and cathetometer.
The accuracy of these measurements was +0. 3Torr.

The detection of photons and the techniques em-
ployed in maintaining acceptable spectral purity
were different for the different photon sources.
Each source-detector arrangement will be dis-
cussed separately below in the order of increasing
photon energy. These discussions are summarized
in Table I.

A. Vanadium 49

'V decays 10(P/q of the time by electron capture
to the ground state of 'Ti with a half-life of 330
days. ' The weighted mean of the energies of the
resulting Ti Ke, and Kn2 x rays is 4. 508 keV."
The difference between the Kn, and Kn2 energies
is negligible in a l%%uo measurement of an attenuation
coefficient. Thus, in the experiments reported
in this paper the Kn lines are treated as a single
line whose energy is the intensity weighted mean
of the Ka, and K@2 energies. The weighted means
of the KP energies is 4. 931 keV. " The Ti Ka-to-
KP intensity ratio is 9. 1. There is no element
which has a K absorption edge between the Ti Ka
and KP lines. Since the two sets of lines could not
be resolved adequately with available detectors, it
was necessary to employ an I, edge filter to increase
the Kn-to-KP intensity ratio. Both the I D and Liras
edges of iodine fall between the Ti Kn and KP en-

Be WINDOW

COUNTER

II

FILTER TO VACUUM
PUMP

FIG. 1. Schematic diagram of typical experimental
arrangement.

Pressures greater than 1 atm were measured with
a Heise Bourdon tube pressure gauge whose accu-
racy was +5 Torr. Room-air (and thus sample}
temperature was measured with a Hg thermometer
which was checked against two %feather Bureau
secondary standard thermometers. The accuracy
of the temperature measurements was +0. 2 C.
Sample temperatures ranged from 21 to 27 C.
Measurements of sample lengths greater than 60
cm were made with a steel tape whose accuracy
was checked with a precision cathetometer. The
accuracy of these measurements was +0. 5 mm.
The shorter lengths were set with metal measuring
bars whose lengths were known with an accuracy of
+0. 03 mm. Source and detector end corrections
were known to within +0. 25 mm.

III. SOURCES AND DETECTORS
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ergies. A KP filter was fabricated by depositing
about 2 mg/cm' of KI on a 0.001-in. -thick Be foil.
The filtered Kn-to-KP ratio of 30 was measured
with a Si(Li) spectrometer and was checked period-
ically by measuring the transmissivity of the filter.
There were no detectable iodine L radiations pres-
ent. For all the gases except xenon the correction
to p/p due to the presence of the Ti KP x rays was
about 0. 8%%. Since the L,«edge of Xe falls between
the Ka and KP lines of Ti, the effect of the Ti KP
radiation on the Xe measurements was critical.
This effect was decreased by using Xe as an addi-
tional KP filter for the Ti radiation and by calculat-
ing p/p for Xe from count rates measured with
two different pressures of Xe in the gas chamber.
The resulting Ko.-to-KP ratio for the Xe measure-
ment was 70 and the spectral impurity correction
factor was 0. 989.

The source consisted of 200 p.Ci of carrier-free
solid 49V mounted in a brass holder. The active
material was covered with a layer of 0. 0002-in. -
thick Dupont "Kapton. " Attenuation of the photons

by this plastic film was negligible. The KI filter
was mounted over the brass source holder. The
diameter of the "V source was -', in.

The detector used in the V experiments was a
Harshaw Chemical Company "premium low-energy-
type SHG" NaI (Tl) counter. The crystal was ~z in.
thick &&» in. in diam. It was covered by a 0.005-
in. -thick Be foil. The observed peak-to-valley
ratio for the 4. 508-keV x-ray photopeak was 15.
A S-in. -diam Pb collimator was placed over the
detector window. The diameter of the second col-
limator (which for this series of experiments was
locat:ed one-third the distance from the source to
the detector) was —,

' in. These collimators were
cut from 0.017-in. Pb foil. Source-detector dis-
tances of 10-15 cm and gas pressures of 30-700
Torr were used.

B. Iron 55

'Fe decays by electron capture to the ground
state of "Mn with the emission of the character-
istic Mn x rays. The half-life of "Fe is 2. 6
years. ' The weighted mean of the Mn KQ., and

Kn2 energies is 5. 895 keV." The Kp mean energy
is 6.492 keV. The Mn Kn-to-KP intensity ratio"
is 8.4. Chromium is the only element whose K
edge" (5. 989 keV) lies between the Kn and KP ener-
gies of Mn. A Cr foil 0. 0005 in. thick was used
as a filter for the Mn KP x rays. The filtered
Ko.-to-KP ratio was -400 as measured with a Si(Li)
spectrometer. %'eak Cr fluorescent x rays were
observed. Their intensity was also lower than the
Mn Kn intensity by a factor of 400. No corrections
to the measured attenuation coefficients were re-
quired by the presence of these spectral impurities.

The ' Fe source strength was about 100 p.Ci.

The material was obtained in the form of a liquid
which was placed in a S-in. -diam&&» -in. -deep de-
pression in a disk of tantalum metal. The liquid
carrier (dilute HCl) was then evaporated, leaving
the 'Fe deposited in the source holder. The Cr
filter was mounted on the holder over the S-in. -
diam source.

The detector, geometry, and gas pressures for
the "Fe experiments were the same as those used
in the 4 V experiments described previously.
Longer gas lengths (10-50 cm) were used.

C. Germanium 71

'Ge decays by electron capture to the ground
state of "Ga with the emission of the characteris-
tic Ga x rays. The half-life of "Ge is 11.4 days. '
This is the shortest half-life of any of the sources
used in these experiments. Because of the source
strength and the data-taking sequence (to be dis-
cussed later) no corrections to the data due to the
short half-life were required. The weighted mean
of the Ga Kn, and Kn~ energies is 9. 243 keV."
The weighted mean of the KP energies is 10.263
keV. The K absorption edge of zinc (9.859 keV)
is between the Kn and KP energies of Ga. A Zn
foil whose thickness was 0. 0015 in. was used as a
filter for the Ga KP x rays. The Kn-to-KP inten-
sity ratio of the filtered source was -300 as mea-
sured with a Si(Li) spectrometer Fluo. rescent
x rays from the Zn filter were detected. Their
intensity was about ~zoo times that of the Ga Ko.
x ray. No corrections to the measured attenuation
coefficients were required due to spectral im-
purities.

The 7'Ge source strength was 15 mCi upon re-
ceipt from the isotope vendor. The high specific
activity solid material was mounted in a brass
source holder which was covered with the 0. 0015-
in. -thick Fn KP filter. The diameter of the 'Ge
source was 8 in.

The detector for the "Ge experiments was the
same as that used in the 4 V and "Fe experiments.
The experimental geometry was slightly different
in that longer source-detector distances (10-90 cm)
and higher gas pressures (100-1800 Torr) were
used.

D. Iodine 125

I decays by electron capture to the first excited
state (85. 48 keV) of '"Te with the emission of the
characteristic Te x rays. The Te decays by y-ray
emission ')% of the time. The half-life of '3'I is
60 days. ' The weighted mean of the Te Ko., and
K+2 energies is 27. 380 keV." The weighted mean
of the Kp energies is 31.128 keV. These three
photon lines (x rays and y ray) were well resolved
with a Ge(Li) spectrometer. The count rate in the
pulse-height spectrum dropped to background be-
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tween the photopeaks. This detector was used in
making the attenuation-coefficient measurements
with the ' 'I source. A single-channel analyzer
was adjusted tightly on the Te Kn photopeak. The
count rates thus measured contained negligible con-
tributions from the two higher-energy peaks due
to the detector resolution, and to the lack of Comp-
ton scattering in Ge at 35 keV.

The carrier-free solid ' 'I source had a strength
of 30 mCi. It was mounted in a brass source holder
which was sealed with a thin plastic window. The
diameter of the ' 'I source was —,

' in.
The experimental geometry used with this source

involved source-detector distances 122-183 cm.
The 1-cm-diam detector was mounted outside the
gas chamber which it viewed through a 0. 010-in. -
thick Be foil. One 4-in. -diam collimator was used
with all source-detector distances. A —,'-in. Pb
collimator was mounted over the detector. Gas
pressures of 108-2600 Torr were used in this series
of measurements.

E. Dysprosium &59

"'Dy decays by electron capture to "Tb. 74%%uo

of the decays go directly to the ground state, 26%%up

to the first excited state at 58 keV, and a negligible
fraction to higher states in "Tb. 4%%uo of the '"Dy
disintegrations result in 58-keV "Tb y rays. The
half-life of "Dy is 144 days. " The weighted mean
of the Tb Kn, and Kna x-ray energies is 44. 229
keV. ' The mean KP energy is 50. 650 keV. The
x rays and y ray were well resolved with a Ge(Li)
spectrometer; the count rate in the pulse-height
spectrum dropped to background between the photo-
peaks. The Ge(Li) detector was used in measuring
the gas attenuation coefficients with the "Dy
source. A single-channel analyzer was adjusted
on the Tb Kn photopeak. The count rates thus
measured contained negligible contributions from
the two higher-energy peaks due to the detector

resolution and to the lack of Compton scattering
in Ge at 58 keV.

The high-specific-activity solid "Dy source had
a strength of 30 mCi. It was mounted in a brass
source holder which was sealed with a thin plastic
window. The source diameter was 8 in.

The experimental geometry used with "
Dy in-

volved source-detector distances ranging from 91
to 366 cm. The 1-cm-diam detector was mounted
outside the gas chamber which it viewed through
a 0. 010-in. -thick Be foil. One or two collimators
—,'in. in diam were used to prevent the scattering
of photons into the detector by the gas and by the
walls of the chamber. Gas pressures of 75-3100
Torr were used in these measurements.

F. Cadmium 109

Cd decays by electron capture to the 40-sec
isomeric first excited state of ' Ag. ' This state
deexcites B%%uo of the time by y-ray emission. The
energy of this y ray has recently been determined
to be 88. 09 keV, '6 slightly above the Pb K edge. "
The half-life of ' Cd is 453 days. " A NaI counter
was used in the ' Cd experiments. It contained
a 1 —,'-in. -diamx —,'-in. -thick Nal(T1) crystal mounted
on a 2-in. -diam photomultiplier tube. The resolu-
tion of the counter was 14%% full width at half-maxi-
mum (FwtVHM) at 88 keV. A single-channel analyzer
was adjusted on the photopeak of the 88-keV y ray.

The Ag x rays emitted by the ' Cd source were
20 times more intense than the y rays which were
used in the attenuation-coefficient measurements.
For the shorter sample lengths (&400 cm) used
with Ar, Kr, and Xe, the count rates were suffi-
ciently high so that the pile-up of Ag x rays in the
NaI counter was non-negligible. In order to elim-
inate this problem, a molybdenum filter whose
thickness was 0. 015 in. was placed over the ' Cd
source. This filter removed essentially all the
Ag x rays while passing over half of the y rays.

TABLE I. Summary of source-dectector parameters.

Energy
(keV)

4. 508
5.895
9.243

27. 380

44. 229

88.09
145.43

Source and source
strength (mCi)

4 V —0.2
"Fe-0.1
"Ge —15
f251 30

'"Dy-30

'"Cd-100
'Ce —30

Half-life

330 days
2. 6 yr

11.4 days
60 days

144 days

453 days
33 days

Detector

NaI
NaI
NaI
Ge(Li)

Ge(Li)

Nal
NaI

Method of discriminating
against spectral
impurities

KI KP filter
Cr KP filter
Zn EP filter
single-channel analyzer
adjusted on resolved Kn
pho topeak
single-channel analyzer
adjusted on resolved E n
photopeak
Mo filter for Ag x rays
Mo filter for P particles
and Pr x rays
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For the longer sample length (733 cm) used in the
air and neon measurements, a 0. 005-in. -thick Mo
filter was used.

The ' Cd source contained 100 mCi of high-
specific-activity solid material mounted in a brass
source holder. The source diameter was 4 in.
It was covered with a thin plastic film.

The ' Cd experiments utilized source-detector
distances of 60-733 cm. The detector end of the
gas chamber contained a ~s-in. -thick Al window
over which was mounted a 14-in. -diam collimator
made of 8-in. -thick Pb for the longer sample
lengths. For the shorter distances, a —,'-in. -diam
detector collimator was used. One to three other
collimators were placed at equal intervals along the
length of the chamber. Their aperture diameters
were slightly larger than the cone subtended by
the detector at the source. Ga,s pressures ranged
from 800-3600 Torr.

G. Cerium 141

' 'Ce p decays to '"Pr with a half-life of 33
days. 70%%uo of the P's go to the first excited state
in '"Pr at' 145.43 keV and 30%%uo go to the ground
state. 48%%uo of the '"Ce P decays" lead to the pro-
duction of 145.43-keV ' 'Pr y rays. These y rays
were used in the present gas attenuation-coefficient
measurements. To prevent possible difficulties
caused by Pr x rays and P particles (0. 581-MeV
end-point energy) a 0. 005-in. -thick molybdenum
filter was placed over the ' 'Ce source. This filter
absorbed all of the P's, most of the x rays, and
5%%uo of the y rays. The photon spectrum emitted by
the ' 'Ce source was studied with a Ge(Li) spectro-
meter. The ' Ce y ray at 166 keV was detectable
with an intensity of & 1% that of the 145-keV y ray.
A single-channel analyzer, set tightly on the 145-
keV photopeak, prevented these higher-energy y
rays from contributing to the present measure-
ments.

The detector, experimental geometry, and gas
pressures were the same as those used in the
' 9Cd experiments discussed above. The ' 'Ce
source contained 30 mCi of high-specific-activity
solid material mounted in a brass holder. The
source diameter was 8 in. It was sealed with a
0. 001-in. -thick brass foil.

IV. SAMPLES

Samples of "research grade" noble gases were
purchased commercially. Quantitative analyses
performed by the vendor indicated that the gases
had the following purities: neon, 99.9', argon,
99. 999%%uo, krypton, 99. 995%%uo, and xenon, 99. 995/0.
Mass-spectrometric analyses of samples of the
gases taken during these experiments revealed that
most of the gases contained less than 100 ppm of
impurities. The only exception was krypton which

contained 0.01-0. 03%%up of xenon. A few of the sam-
ples contained detectable quantities of air. None
of the noble gases contained sufficient impurities
to necessitate corrections to the measured attenua-
tion coefficients.

The measurement of the air attenuation coeffi-
cient at 4. 508 keV made use of atmospheric air.
As duscussed in Ref. 10, no impurity corrections
were required in this measuremeht. The higher-
energy air measurements required pressures
greater than 1 atm. Pressurized bottles of air
were acquired from a local diver's supply vendor.
Air processed for this purpose is filtered in order
to remove moisture and oil vapors. Mass-spectro-
metric analyses of air samples taken from the
diver's bottles revealed that the relative quantities
of the major constituents of the compressed air
were the same as those of atmospheric air.
There were no detectable impurities present in
the bottles of compressed air. As a final check on
the air purity, the experiment reported in Ref. 10
was repeated using compressed air. The measured
attenuation coefficient of air at 5. 895 keV using the
compressed air was 24. 50 cm /g compared with
24. 55+ 0. 25 cm /g reported in Ref. 10, well within
quoted experimental errors. The errors introduced
into the present measurements due to the composi-
tion and purity of the compressed air were neglig-
ible.

In order to calculate the mass attenuation coeffi-
cient from the measured count rates, the gas sam-
ple thickness in g/cm' is required. This thickness
is the product of the sample length and density.
The gas density was obtained by applying pressure
and temperature corrections to handbook' values
of the STP densities. These corrections were
applied assuming the validity of the perfect gas
law as follows:

p = po (P/Po) 273. 15/(273. 15+T), (2)

V. EXPERIMENTAL PROCEDURE

In addition to the sample thickness, other quan-
tities required for the calculation of p, /p are the
unattenuated photon beam intensity, the attenuated
photon beam intensity, and the background count
rate. Unattenuated count rates varied from 30

where p is the density of the gas at the pressure
P and temperature T ('C). Po is atmospheric
pressure (760 Torr), and po is the density of the
gas at standard temperature and pressure. The
values of po used in analyzing the data were
0. 89990&&10 ' g/cm3 for neon, 1.7837x10 3 g/cm'
for argon, 3. 733X10 ' g/cm' for krypton, 5. 887
&& 10 3 g/cm3 for xenon, and 1.2929 x 10 ~ g/cm3 for
air. For the pressures and temperatures used in
these experiments, the error introduced by assum-
ing the validity of the perfect-gas law was negligible.
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( V source at 15 cm) to 5000 counts/sec ("Ge
source at 10 cm). Dead time in the NaI counter
was shown to be negligible for these count rates.
Except for the Xe measurement at 4. 5 keV all un-
attenuated count rates were measured with the gas-
chamber pressure below 5&&10 Torr. Background
count rates were measured by placing a Pb plate
over the source. For most of the experiments,
the background count rate was much less than 1%
of the unattenuated count rate. The only exceptions
were the air, neon, and argon measurements made
with the ' 'Ce source, where the background count
rates were between 1% and 3% of the unattenuated
count rates.

Counting times, depending upon the count rate,
varied from 100 to 2000 sec. For each data point,
counts were taken in the following sequence: back-
ground, five vacuum counts, background, five sam-
ple counts, background, five sample counts, back-
ground, five vacuum counts, background. All of the
counting times were the same during a given sequence.
During each sample count the sample pressure and
temperature were measured. Sufficient counts
were taken during most of the experiments so that
the value of p. /p calculated from each individual
sample count contained a statistical error of 1%
or less. The above data taking sequence was
carried out from three to five times for each gas-
energy experiment. Between these sequences the
sample length and/or sample pressure were
changed. Whenever possible, transmissivities of
0. 5 or less were used. Constraints imposed by
maximum sample length and pressure, however,
made this impossible for some of the experiments.

VI. DATA ANALYSIS

From the data taken in the above-mentioned
sequence, the measured values of p/p were calcu-
lated as follows:

—ln(I /I, )
(3)

p pl
where p/p is the mass attenuation coefficient in
cm'/g, I is the attenuated count rate, Io is the un-
attenuated count rate, p is the sample density in
g/cm', and l is the sample length in cm. Io is
the mean of five vacuum counts from which was
subtracted the mean of the background counts taken
before and after the vacuum counts. I is a single
sample count from which was subtracted the mean
of the background counts taken before and after the
set of five sample counts containing I. p was cal-
culated from Eq. (2) using the values of P and T
measured during the sample count I. The value of
Io used in Eq. (3) was the one measured nearest in
time to the value of I being used. Thus in the data-
taking sequence the first measure of Io was used
with the first five values of I, etc.

A single sequence of counts resulted in ten mea-

The total photon cross sections of air, Ne, Ar,
Kr, and Xe were calculated at the energies for
which the measurements were made. The composi-
tion of air was assumed to be 75. 5-wt. % N2, 23. 2-
wt. %%uoO 2, an d 1. 3-wt. %Ar . In thisenergyregion,
the total cross section, (p/p), in cm /g, is given
by

(PIP) t=(P/P), +(Alp);+(P/P), , (4)

where (p/p), is the photoelectric cross section,
(p. /p); is the total incoherent cross section for a
bound electron, and (p./p), is the coherent scatter-
ing cross section. Each of these cross sections
was calculated separately, using what are consid-
ered to be the best experimental and theoretical
data and calculational methods currently available.

The photoelectric cross sections were computed
by a modified version of the Brysk- Zerby method, '
which uses bound-state wave functions and potentials
from a relativistic Dirac-Slater self-consistent-

surements of p, /p. Because of the data-taking se-
quence, errors due to source decay tend to cancel.
The only source whose decay rate could have intro-
duced error was 'Ge. This source was sufficiently
strong so that a single data sequence required less
than an hour, during which time the error in p/p
due to the linear approximation to the source decay
rate was negligible.

The only deviation in the data-taking and data-
analysis procedures occurred in the xenon experi-
ment at 4. 5 keV. In this instance Xe gas was used
as an additional KP filter. The unattenuated count
rate Io was measured with a pressure of 35 Torr
of Xe in the gas chamber. The Xe pressure was
increased before the attenuated count rate was
measured. The value of p used in Eq. (3) was cal-
culated from Eq. (2), where P was the increase in
pressure between the two count-rate measurements.

The results obtained at 4. 508 keV were the only
ones to which corrections due to spectral impurities
were applied. For the air, Ne, Ar, and Kr experi-
ments, the measured Kn/KP intensity ratio of the
filtered V source was 30. For the Xe measure-
ment, the ratio was 70. Using the compiled atten-
uation coefficients from Ref. 15, factors were cal-
culated by which the measured coefficients were
multiplied to correct for the presence of the KP
radiation. This factor was I.0081 for air, I.0078
for Ne, 1.0085 for Ar, 1.0077 for Kr, and 0. 989
for Xe. The corrections are small and are not
sensitive to an accurate determination of the Kn/
KP intensity ratio.

No corrections were made to any of the results
due to the presence of sample impurities. In every
case such corrections would have amounted to
less than 0. 1% of the measured values of p./p.

VII. THEORETICAL CALCULATIONS
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TABLE II. Measured attenuation coefficients in cm /g.
Energy

0 eV)

4. 508
5.895
9.243

27. 380
44. 229
88.09

145.43

Air

54. 0 +0.9
24. 55 +0.25
6.34 +0.08
0.406 +0.005
0.227+ 0.003
0.160 + 0.002
0.137+0, 002

Ne

125
57.0 +0.7
15.0 +0.2
0.713+0.008
0.296+0.003
0.169+ 0.002
0.138+0.002

Ar

558 +8
274 +3
79.7 +1.0
3.46 +0.04
0.936 +0.012
0.237 + 0.003
0.146 + 0.002

466 +8
227 k3
66.0 +0.8
23. 9 +0.3
6.26 a 0.07
0.992 +0.012
0.315+ 0.004

Xe

278 +5
672 +8
210 +3
11.25 + 0.13
17.2 +0.2
2. 79 +0.03
0.763 + 0.010

~see Ref. 10.

HQZ

[li n(1 —cos8) I'

n'(1 —cos8) '
1+cos'8 +

1 (1, 8} &iq, Z)

(5)

by numerical integration over the scattering angle
8. In (5), n = he, /m, c' and ro is the classical elec-
tron radius. d(p/p}«/dQ is the differential form
of the Klein-¹ishina equation, which gives the prob-
ability that the photon is deflected at a given angle
and transfers momentum to the electron as if it
were free. S(q, Z) is the incoherent scattering func-
tion which gives the probability that an atom will be
raised to an ionized or excited state when the photon
imparts recoil momentum q to an atomic electron.
The incoherent scattering functions'used for the
spherically symmetric free atoms are those calcu-
lated by Cromer and Mann, ~' which were computed
with Hartree-Fock wave functions using all exchange
terms. For the aspherical free atoms, the incoher-
ent scattering factors calculated by Cromer~6 were
used. These scattering factors were also computed
with Hartree-Fock wave functions using all exchange

field program. The wave functions used in the
present calculations differ slightly from those de-
scribed in Ref. 20 because of an improved treat-
ment of the Slater exchange term. ' A further
modification of the Brysk- Zerby method includes
the use of experimentally determined values of
electron binding energies in these calculations,
rather than computed energy eigenvalues. The
derivation of the photoelectric cross section is
given by Rakavy and Ron, and details of the numer-
ical methods used are given in a technical report.
in the present calculations, the photoelectric cross
section of each electron subshell was computed and

the contributions of all subshells were summed to
give the total cross section at each energy.

The total incoherent cross section for bound

electrons, (p, /p);, was calculated from

d(p/p); d(p. /p)K„S(
dQ dQ

terms.
The coherent-scattering cross section (p. /p),

was calculated from

d(p/p). ». ' =-,ro(l+cos 8}F (q, Z} (6)

Possible sources of error in the experimental
measurements include the following: (a) counting

TABLE III. Calculated attenuation coefficients in cm'/g-

Energy
g eV)

Air Ne Ar Kr Xe

4 508
5.895
9.243

27.380
44. 229
88. 09

145 43

52. 74
23.80

G. 253
0 4056
0. 2269
0, 1607
0.1368

122.7
55.93
14.72

0 7155
0. 2988
0. 1694
0.1383

555 5
271.3
78.09
3.454
0.9408
0.2388
0.1452

445 0
216.9
63.98
23.75
6.331
0.9822
0.3142

272. 5
663.3
206. 6
11.27
17.50
2.793
0 7655

by numerical integration over the scattering angle
8. In (6), ro is the classical electron radius, and

E(q, Z) is the form factor which gives the probabil-
ity that the recoil momentum q is transferred to the
Z electrons with no energy absorption. The form
factors used in these calculations were computed
by Cromer. ~'

VIII. RESULTS

The results of the experimental measurements
are listed in Table II. The quoted errors include
random errors due to counting statistics and esti-
mates of other possible random and systematic
errors. Each coefficient is the mean of from 30
to 50 individual measurements. Most of the coef-
ficients were measured at more than one sample
pressure and length. There were no differences
in the values of the measured coefficients which
could be attributed to these changes in geometry
and sample thickness.

The results of the theoretical calculations are
presented in Table III. The agreement between the
experimental results and the theoretical predictions
is considered to be good.

IX. ERRORS
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statistics, (b) beam-intensity measurements, (c)
pressure, temperature, and length measurements,
(d) gas purity, (e) photon beam spectral purity,
and (f) finite geometry. These errors and esti-
mates of their magnitude will be discussed sepa-
rately.

a. Counting statistics. Sufficient counts were
taken in all of the experiments to assure that the
random error due to counting statistics was less
than 0. 5%. Each coefficient is the mean of 30 to
50 individual measurements. The standard devia-
tion for a single measurement was approximately
l%%uo for most of the experiments. In the air and neon

experiments at 88 and 145 keV, the transmissivities
were high and the standard deviation for a single
measurement ran as high as 1. 5%. For all of the
experiments, however, the standard deviation of
the mean (o/N'~') was less than 0. 5%.

b. Beam-intensity measurements. Systematic
errors in count-rate measurements cancel since
count rates enter only as a ratio [Eq. {2)]. Errors
in iL/p due to source decay and electronic variations
are negligible (&0. 1%) due primarily to the data-
taking sequence used in the measurements.

c. Pressure, temperature, and length measure-
ments. For most of the measurements, errors in

g/p due to errors in P T Lmeas-ure-ments, were
negligible. For experiments involving low pres-
sure and short sample lengths, systematic errors
in ij, /p could have been as high as 1%, due to com-
bined pressures and length measurements. Error
in p, /p due to temperature measurement was neg-
ligible.

d. Gas Purity Errors in .p/p due to sample im-
purities were less than 0. 1% for all of the measure-
ments.

e. Photon beam sPectra/ Purity. The only photon

source whose spectrum contained appreciable im-

purities was the V source. A small correction
was applied to the measured coefficients to remove

the effect of the Ti KP x rays. The effect of spec-
tral impurities on the measured attenuation coef-
ficients was less than +0. 2%.

f. Finite geometry. Small-angle scattering of

photons into the detector, and miltiple Compton

scattering by the chamber walls, collimators, and

gas would tend to lower the measured attenuation
coefficients. For the higher- energy measurements,
where this effect could be non-negligible, the beam

geometry was much tighter and the number of col-
limators was larger. Because of the narrow-beam

geometry used in these experiments, errors in the

measured values of p/p due to finite geometry were
& 0. 05'%%uo and were neglected.

An estimate of the combined errors is listed in
Table II with the measured coefficients. They
vary from 1'%%uo for most of the measurements to
nearly 2%% for the low-energy high-Z experiments.

The accuracy of the calculational methods was
investigated by comparing computed total cross
sections with an extensive set of measured cross
sections. ' The comparison was made for 24
elements with atomic numbers ranging from 4
through 94 over the energy region of 25 keV to 1.6
MeV. The calculated cross sections typically
agree to better than 2%%up with the experimental
values. Based on this comparison, the accuracy
of the calculated cross sections reported here is
estimated to be +2%%uo.
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Liquid crystals are considered as gases of long barlike molecules. Variables describing
the position and orientation of individual molecules are introduced. These are used to arrive
at a microscopic definition of the order in liquid crystals in terms of a symmetric traceless
tensor. The Frank and Leslie-Erickson directors are shown to be equivalent to the unit eigen-
vector associated with the largest eigenvalue of this symmetric traceless tensor. Attention is
then restricted to nematics. It is shown that the Frank free energy gives a valid description of
equilibrium properties of nematics to order p'H /pkTm, where y' is the anisotropic magnetic
susceptibility, H the external magnetic field, p the mass density, T the temperature, k the
Boltzmann constant, and m the molecular mass. Microscopic justification is given for the
linearized Leslie-Ericksen hydrodynamic theory for nematics. A microscopic response- func-
tion description of nematics is then presented, and contact is made between the general fre-
quency- and wave-number-dependent response functions and those calculated from the phenome-
nological hydrodynamic theory. Applications to light scattering and nuclear magnetic reso-
nance are considered. 1/T~ calculated here differs from that calculated from the Pincus theory

by a factor of S, where S is the parameter measuring the degree of nematic ordex.

I. INTRODUCTION

The liquid-crystalline state of matter is a state
intermediate between a solid crystal and a liquid. '
This state of matter has been the subject of much
research since its discovery by the Austrianbotanist
Reinitzer at the end of the last century. Early ex-
periments showed that certain organic crystals when

melted produced a liquid of turbid appearance which

upon further heating underwent another transition to
an isotropic transparent liquid. This turbid- appear-
ing state was soon shown to have anisotropic optical,
electrical, and magnetic properties and was named
the liquid-crystalline state by Lehman. This state,
though anisotropic, still flowed like a liquid. Fur-
thermore, x-ray experiments indicated a random
arrangement of the centers of mass of the molecules
in the liquid. " Later, experiments were able to
link the observed anisotropies with alignment along
a certain direction of the long molecules which com-
pose the liquid crystal. In 1922 Friedel distin-
guished the following subclasses of the liquid-crys-
talline state according to the properties of single-
crystal samples:

Nematic state. The centers of mass of the elon-
gated molecules are randomly oriented but their long
axes are oriented along a specific direction. There
is rotational invariance about the direction of align-

ment [Fig. 1(a)].
Smectic state. The centers of mass of the molecules

are arranged in parallel equidistant planes. Motion
of the centers of mass in each plane is allowed. The
long axes of the molecules are aligned along a spe-
cific direction [Fig. 1(b)].

Cholesteric state. A subclass of the nematic state
in which the direction of orientation rotates in a
screwlike motion [Fig. 1(c)].

In order to describe deformations in liquid crys-
tals, Frank and later Ericksen following an idea
of Oseen introduced at each, point in space a phe:-
nomenological unit vector n&(r) describing the orien-
tation of the molecules at that point. Frank then
discussed the possible functional dependence of the
free energy on n, (r) and its first spatial derivative
subject to the condition that n&(r) and —n&(r) be equiv-
alent configurations. He found that the free energy
in a nematic could be expressed as

I" = 2 f d r/K»(V n) +ffz3[n. (Vx n)] +K~s[nx(Vx n)]

—(K~p+K,4)[(V n) —V,n~V, n, p, (1.1)

where K$g +gp K33 and K&4 are elastic constants.
The first term in this equation, in the language of
Frank, gives the energy associated with splay [Fig.
2(a) ], the second that associated with torsion, and

the third that associated with flexion [Fig. 2(c)].


