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An energy-dispersive X-ray diffractometer using a solid-state detector is constructed for the determination

of the liquid structure.
the s-value and a wider measurable s-region.

It has two merits over the usual angle-dispersive diffractometer, .., a higher resolution of
The procedure of the data analysis and the results for liquid CCl,

are described. The absorption correction is important in the reflection method. By taking advantage of the
energy-dispersive method, it is shown that liquid CCl, has a long-range correlation at room temperature.

The intensity measurement of X-rays by using a
solid-state detector (SSD), since it was introduced by
Giessen and Gordon,!) has been used in various experi-
ments on X-ray scattering, for example, the Compton
profile,? diffractometry for a single crystal® or for a
powdered sample,? and the determination of the
anomalous scattering factor at energies near the absorp-
tion edge.®» However, the X-ray diffraction of liquids
has scarcely been studied by means of the energy-dis-
persive method with the SSD.®

The energy-dispersive method in X-ray diffraction is
carried out by using white X-rays as the primary beam
and the SSD for the energy analysis of the scattered
X-rays. In other words, a parameter in the diffraction
of a liquid, s=4w sin 0/4 (A: wavelength, 20: scattering
angle), i.e. the scattering vector, is determined mainly
by measuring A, while only 6 is changed in the tradi-
tional angle-dispersive method.

Energy-dispersive diffractometry has the following
merits in comparison with the angle-dispersive one:

(I) A higher resolution of the s-value can be
obtained. The resolution of the s-value is determined
by two factors, as is shown by the following relation;

As/s = AEJ/E + cot §-A6. (1)

The first term on the right side of Eq. 1 indicates the
energy resolution, which is determined by that of the
SSD and which varies with the energy.”? The second
term, the angular resolution, is determined by the beam
divergence in a collimator system. A small beam
divergence is achieved without increasing the time of
measurement, since the integrated intensity of the
white X-ray radiations is much stronger than that of a
characteristic X-ray radiation. Though the diffraction
pattern of a liquid forms diffuse halos, a high resolution
of the s-value is essential if we are to investigate the
presence of a long-range correlation.

(2) The fluctuation in the primary beam intensity
does not influence the scattering intensity, since scattered
photons corresponding to the various s-values are
collected simultaneously. This is effective in getting
relative-intensity curves with high precision.

(3) It is possible to expand the observable region
of the s-values. This diminishes the termination error
in the Fourier transformation, since the diffraction
intensities can be measured from small to large s-values.

* Present address: The Institute for Solid State Physics,
The University of Tokyo, Roppongi, Minato-ku, Tokyo 106.

(4) The design of the diffractometer is simple,
because no scanning mechanism is necessary. Acces-
sories such as sample holders for high and low tempera-
tures can be mounted easily.

A vertical goniometer is adopted in the present
experiment instead of the usual horizontal one, though
this selection is not necessarily related to energy-
dispersive diffractometry. In the horizontal goniometer,
the free surface of a liquid is measured and an X-ray
tube and a detector are moved simultaneously on the
vertical plane. On the other hand, in the vertical
goniometer an X-ray tube or a detector travels on the
horizontal plane around the sample; hence, the mecha-
nism of the apparatus is simplified. In addition, the
vertical goniometer system makes it possible to measure
both reflection and transmission intensities.  This
expands the measurable region of s, especially to very
small s-values.

However, there are some demerits and difficulties in
the energy-dispersive method:

(1) When a liquid specimen includes such elements
as heavy metal ions, the fluorescent X-ray emissions
disturb the intensity curve.

(2) The absorption and Compton corrections may
introduce a significant error.

(3) The intensity curves obtained at different
scattering angles must be connected adequately.

The difficulties arising from (2) and (3) were resolved
as will be described below.

The present paper will describe the construction of an
energy-dispersive diffractometer for liquids. The
procedure of the data analysis applied to liquid CCl,
at room temperature will also be described.

Construction of the Apparatus

The experimental arrangement is shown in Fig. 1.

Goniometer. An X-ray tube can be rotated
around the vertical axis of a goniometer, which has a
0-20 scanning system. An SSD with a heavy cryostat
is fixed. The movable range of the tube is from —20
to 100° in 20. When the white X-ray radiations from a
tungsten tube are used at the target voltage of 45 kV,
the scattering intensity is obtained over the range from
s=0.15 to 30 A-1,

X-Ray Source. A fine-focus Phillips tube with a
tungsten target is used, because strong white X-rays
can be obtained without any disturbance by charac-
teristic X-rays. Although radiations from the tungsten
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Fig. 1. Shematic diagram of the experimental appara- 1 ]
tus. The arrangement for the reflection method is R
shown. Fig. 3. Sample holder (a) for the transmission method

tube have the L radiations in the 8—11 keV region
(A=1.2—1.4 A), as shown in Fig. 5, they do not disturb
the present measurements. A high-voltage power sup-
ply for X-rays of the Rigaku Denki Co. was used. The
stability of the high voltage is better than 0.19,. The
X-ray tube was usually operated at 45 kV and 20 mA.
However, in the energy-dispersive method it is necessary
to measure the spectrum of the incident beam by means
of the voltage and collimating system used for the
measurement of the intensity scattered from the sample.
Since the 20 mA beam is too strong for the direct-beam
measurement, we modified the power supply system so
as to operate it in the microampere region.

Detecting  System. The scattered X-rays were
analyzed by means of a Si(Li) detector made by the
JEOL Co., Tokyo. The energy resolution of the detector
AE is 200 eV FWHM at 21.99 keV (Ag Ko,), and AE(E
isless than 19, in the energy region used in this apparatus
(£=12—32 keV). It is connected to a linear amplifier
(NAIG D-130) and a multichannel pulse-height
analyzer (MCA) with 1024 channels (Canberra Model
8100). The gain of the linear amplifier was set so that
the energy width per channel of the MCA was about
40 eV.

= —— =y
e - =
L1 1
0 50 mm
Fig. 2. Collimator. It is 180 mm long and has three

apertures with diameter of 1 or 2 mm. Apertures are
made of W or Pb.

Collimator. The resolution in the s-value is
determined by two factors, as shown by Eq. 1. The
second term of Eq. 1, in which Af is the beam divergence,
is determined by the design of the collimator system.
In this respect it is desirable to use a collimator of an
appreciable length and a small diameter. However,
this induces a decrease in the X-ray intensities. An
optimum condition was realized by keeping the first
term in Eq. 1 a little smaller than the second term. We
made a couple of collimators 180 mm in length and 1 or

and (b), (c) for the reflection method. (A) sample,
(B) Myler film or Be plate, (C) stainless steel ring to
determine the thickness of sample (0.5 mm in thick-
ness), (D) rubber ring to seal, (E) stainless steel plate
to set the holder to the goniometer, (F) ditch to expand
the observable region of the scattering angle, (G) glass
plate, (H) O-ring.

2 mm in diameter, as is shown in Fig. 2. Three stages
of collimating apertures were effective in getting a
well-collimated X-ray beam. If two stages of collimating
apertures are used for the measurement; not only is
the beam divergence increased, but also a significant
error is introduced into the absorption correction in the
reflection method, as will be described later. In this
system, Af is 0.3 or 0.6°. The latter value, 0.6°, is
used only at large scattering angles, which correspond
to small cot 0 values.

Sample Holder. The sample holders are shown
in Fig. 3. Figure 3(a) illustrates a sample holder for
the transmission method, which is used for the measure-
ments at small scattering angles. Myler films (20 pm
thick) or Be thin plates (0.2 mm thick) were used for
the window of the sample holder. The window was
sealed with epoxide resin, which is not insoluble in the
CCl, sample. For other organic liquid samples, the
window was made by welding the Be plate with a Cu
block by diffusion bonding in a vacuum oven. A
sample holder for the reflection method is shown in
Figs. 3(b) and (c).

Measurements of CCl,

Carbon tetrachloride is one of the simplest molecules
which are liquid at room temperature, and so it has
been studied well.8-1) Therefore, it was selected as a
suitable sample for the first experiment with this
apparatus. The carbon tetrachloride molecule has a
nearly spherical electron cloud and has no heavy atoms
to disturb the energy distribution curve by fluorescent
X-rays in the energy-dispersive measurements.

In order to obtain the relation of the energy vs. the
channel number in the MCA, the fluorescent X-rays
from Ba, Ag, Mo, and Cu were measured. The results
are shown in Fig. 4. The channel numbers of these
peaks in the MCA were fitted to the energies of the
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Fig. 6. Scattered intensities from liquid CCl, at room temperature. (a) 20=3°, (b) 20=6°, (c) 20=35°,
(d) 26=80°; (a), (b) transmission method, (c), (d) reflection method.
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corresponding characteristic X-ray radiations by using
a table by Bearden.'® Since the doublets of Cu Ka,
Mo Ko, and Ag Ko can not be separated by the SSD,
the weighted mean energy of Koy, and Ko, was used.
The radiations of Ko, Kff, in Ba and KB, in Mo and Ag
were also used for the calibration. A linear relation be-
tween the energy and the channel number was obtained.

The observed energy distribution curve of the incident
beam is shown in Fig. 5. This spectrum was obtained
from the tungsten target operated at 45 kV and 10 pA.

X-Rays scattered from liquid CCl, were collected at
the scattering angles of 20=1.5, 3, 6, 18, 35, 56, and
80°. The specimen was held at room temperature.
The data for 20=1.5, 3, 6, and 18° were measured
by means of the transmission method. The reflection
method was applied to 20=35, 56, and 80°. The
setting of 20=1.5, 3, 6, 18, 35, 56, and 80° made
it possible to measure s=0.15—0.41, 0.30—0.83,
0.56—1.86, 1.75—4.91, 3.78—9.45, 5.90—14.8, and
8.08—23.0 A1 respectively. The measuring time at
each scattering angle was 5 X 10¢—103 s, and more than
4000 counts per channel were obtained. The diffraction
patterns collected in the MCA are shown in Fig. 6.
The s=0.30—0.82 A-1 region, 260=3°, is shown in Fig.
6(a), where no halo due to interference between atoms
appears. In Fig. 6(b), 20=6°, the peak at s=1.2 A-1
indicates the first halo due to interference. Figures 6(c)
and (d) show the diffraction patterns obtained at 20=
35 and 80° respectively; we can see several halos
whose amplitudes gradually decrease as the s-value
increases.

The scattering from the Myler film or the Be thin
plate of the window of the sample holder was also
measured. This curve was denoted as I,,. The magnitude
of I, was about 5%, of the total scattering intensity from
liquid CCl,.

Data Analysis

Smoothing and Normalization. Smoothing was done
by adding the counts collected in each group of five
channels, because the resolution of the SSD is about
200 eV and the linear amplifier was so set that the
energy width for each channel in the MCA was about
40 eV. The counts at each point after smoothing were
more than 2 X 104, which were sufficient to diminish the
statistical random error. Each scattering intensity from
which the intensity, I, was subtracted was divided by
the energy distribution curve of the incident beam
(normalization).

Absorption Correction. The most important correc-
tion in energy-dispersive diffractometry of liquids is the
absorption correction, because the linear absorption
coefficient, x4, changes with the energy of the X-rays
and the effect of the path length in scattering must also
be taken into account.

We checked whether or not the calculated values of u
agreed with the observed ones. The value of u was
calculated as follows

ulo =7+ o, @)
where p is the density of the liquid, 7 is the photo-electric
absorption and ¢ is the absorption due to the Compton
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effect. The empirical relation of 7 is given by

T = Cid — DI, 3)
where A is the X-ray wavelength in A and where C and D
are constants characteristic of atoms. These constants
are tabulated in the International Tables. The C’s
for carbon and chlorine are 1.22 and 33.4 respectively,
and the D’s are 0.0142 and 3.03 respectively.’® The
absorption due to the Compton effect was given by
Klein and Nishina'¥) as

_ 2met [1+°‘ {2(1+°‘) ~1m (1+2cx)}

mc* a? 14 2a
1 143«

b +2¢) — % 4
20c1n (14 24) (I+2a)2]’ *)

where a=h/mcA and m is the electron rest mass.
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Fig. 7. Calculated and observed linear absorption coef-
ficient, u, of liquid CCl,.

The observed values of # were measured from the
trasmittance of the sample at §=0°. The observed and
calculated values are shown in Fig. 7. A good agreement
was obtained except in the high-energy region, where
the latter values are somewhat smaller than the former.
The observed values were used for the data analysis.

The path length in the case of the transmission method
can be estimated easily as shown in Fig. 8(a), because
the 0-20 scanning system has been used in this experi-
ment. The path length is given by ¢-sec 0, where ¢ is the
thickness of the sample. The absorbed intensity, I,
is given by

I’ = Iexp (—utsec@), (5)
where I is the intensity without absorption.

In the reflection method, the absorption correction is
complicated, because the path length differs depending
on the position at which the X-ray is scattered, as
shown in Fig. 8(b). The absorbed intensity in the
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Fig. 8. Path length for the absorption correction.
(a) Transmission method. The path length is always
t sec 0 wherever X-rays are scattered. (b) Reflection
method. The path length depends on the position
where X-rays are scattered. The X-rays scattered in
the dotted area reach the detector.

reflection method is given by

2 37/2
I = a—[l—s cos? ¢ exp { —ua(l +sin ¢)/sin 20}d¢],
2 &)+

where a is the beam diameter on the sample. The
derivation of this equation is given in the Appendix.
For the absorption correction, it is important to
estimate the effective value of the beam diameter on the
sample. A criterion for the estimation of the effective
beam diameter is that the background intensity for the
observed intensity curve after the Compton correction
is proportional to the calculated curve of Xn_‘. fu(s)%, where

JSa(s) is the atomic scattering factor for a component
atom, 7, of the molecule. The background intensity
means a monotonically decreasing curve corresponding
to % fus)%. The effective beam diameter was 1.2 times

as large as the diameter of the aperture at 20=35° and
grew a little larger as the scattering angle increased.
The presence of multiple scattering is probably the
reason for the dependence of the effective diameter
on the scattering angles. In this apparatus, each
collimator has three stages of apertures, as shown in
Fig. 2. When each collimator has only two apertures,
the effective value of the beam diameter can not be
obtained. Figure 9 indicates the importance of the
estimation of the effective value of the beam diameter by
showing three curves of I'/a?] in Fig. 6. Curve (a) in
Fig. 9 shows the contribution from the first term in the
brackets. This is the usual absorption correction in the
reflection method for a strong absorption case, in which

** The reflection from the wall of the sample holder is
ignored in Eq. 6. This is justified in the present experiment.
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Fig. 9. Curve (a) (broken line) denotes 7/8u. Curves
(b) (dotted line) and (c) (full line) are
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where ¢ is 1.0 mm in (b) and 1.2 mm in (c).

a is much larger than p-1. Curve (b) shows the result
for a=1 mm, in which a agrees with the diameter of
the apertures. Curve (c) is calculated using the effective
beam diameter on the sample in which ¢=1.2 mm.
We can recognize from Fig. 9 that the second term in
the brackets of Eq. 6 is important for the absorption
correction. The second term becomes more significant
as the X-ray energy increases (i.e. u decreases) and as a
decreases. Therefore, this correction is characteristic of
this energy-dispersive method. The curvature of these
curves influences the background intensity of the
observed intensity curve.

Compton Correction and Absorption Intensity. The
scattered intensity, I(s), after the absorption correction
is given by

1(s) = K[X/a(5)*+ia() +ia(s) +HRI LD/ L(2)], - (7)

where /¢ is the intensity of the Compton scattering, £
is the recoil factor, and K is the conversion factor from
the experimental to absolute intensity (in electron units).
Iy(4) and Iy(A") are the intensities of the incident beam
at the wavelengths of 4 and A’ respectively, and A'—4,
the Compton shift, is given by (4/me) (1 —cos 20). The
first term in Eq. 7 represents the scattering from indi-
vidual atoms. The second term is called the molecular
term, which is the interference from each atom pair
within a molecule. The third term represents the
interference from atom pairs between different
molecules.
The molecular term for CCly is represented by
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M 2
() = B for S0 exp (Lot o)

+ 1272 sin $76;_¢1 exp <_ Bi-c 52)’ (8)

STo1-c1 2
where [;; denotes the root mean-square amplitude due
to the vibration of the atom pair around the mean
internuclear distance, 7;;.  Since i,(s) vanishes at large
s-values, the absolute intensities are obtained by adjust-
ing the experimental intensities to the calculated
intensities, which are obtained by adding the first,
second, and fourth terms of Eq. 7 at large s-values.
In the calculation, the To-c1y Tci-ci, lC-CI, and lCl—Cl
values obtained by gas electron diffraction of CCI,®
were used and the intensities of the Compton scattering
calculated by Cromer'® were employed.

The conversion factor from the experimental to
absolute intensity, K, were easily obtained for 260=35,
56, and 80°; the agreement of the intensity curves in
the overlappmg region was good. In the cases of 20=
1.5, 3, 6, and 18°, an approximation of iy(s)=0 is not
so good. Accordingly, each intensity curve was succes-
sively connected with that of 20 =35° after the absorption

correction. Then, K was obtained for each intensity
curve.
The total coherent intensity

Leo(s) = Zfa()® + iu(s) + ia(s), 9)

was obtained by subtracting the fourth term in I(s)/K
of Eq. 7. The Compton correction was carried out by
using the calculated values reported by Cromer.1%)
Figure 10 shows the observed coherent intensity of
liquid CCl; at room temperature, together with the
calculated value corresponding to independent atoms
of carbon tetrachloride, ; S (8)2
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Fig. 10. Observed total coherent intensity I, for liquid
CCl, at room temperature and calculated one assum-
ing that atoms in CCl, are independent.

The weighted structure function, si(s), of liquid CCl,
is shown in Fig. 11, where i(s)=i,(s)+iy(s) is the
reduced intensity. An electronic pair correlation func-
tion, g.(r), was defined by the Fourier transformation
of si(s);
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Fig. 11. Weighted structure function si(s) for liquid

CCl, at room temperature.
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Fig. 12. Electronic pair correlation function g,(r) for
liquid CCl, at room temperature.

! s}_‘, si(s) sinsreAs + 1, (10)

go(n) = 27rp, }‘_‘,Z 2 50

where p, is the bulk liquid density and Z,, is the atomic
number of a component atom n (Fig. 12). In the
transformation, only the observed values of si(s) were
used throughout the whole region except for s=0.05
and 0.10, at which si(s) were extrapolated. This
extrapolation can not cause any significant error, since
ICo s have a constant value at these positions, as shown
in Fig. 10. The As=0.05 A-! interval and s,,,,=23.0
A-1 were used. This range of s is sufficient to eliminate
the termination error for Fourier transformation.

The electronic pair correlation function calculated
from Eq. 10 is different from the usual pair correlation
function, which corresponds to the distribution of the
nucleus. The former expresses the distribution of the
electron, since, in the present paper, i(s) is z%" fifi(sin 57/
sryexp(—I{;%?/2). 'Therefore, the mean square am-
plitude obtained directly from Fig. 12 includes the
effect of the distribution of the electron cloud. If we try
to obtain the usual pair correlation function, g(r), by
multiplying ('g,fn(s)z)—l, which is a convenient factor
to change from the electron density to the nuclear
density, some errors may be introduced by the correc-
tion.

Results and Discussion

Figure 12 shows that liquid C/Cl, at room temperature
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Fig. 13. Electronic radial distribution function from
which the bulk density was subtracted, 47r2(0,— 0,).

has a long-range correlation. In order to see it more
clearly, the electron radial distribution function from
which the bulk density was subtracted, 4mr?(o.—p,), is
shown in Fig. 13. The peak at 6.3 A corresponds to the
first nearest neighbor molecules, while the three other
peaks, appearing at 11.4, 16.3, and 21.5 A, are due to
interference between molecules. The interference with
the fourth nearest neighbor molecules has a distinct
peak in the radial distribution function.

Though information on the long-range order in the
liquid is confined mainly to the s<2 region of the
weighted structure function, it is clearly recognized
elsewhere. Figure 11 shows that the intensity curve
has a fine structure with a short periodicity at small
s-values.***  The fine structure near the top and
bottom of the halos, such as those at s=3.2 and 4.7 A-1,
was reproducible not only in repeated measurements but
also in measurements at different scattering angles. The
periodicity in this fine structure was 0.2—0.3 A1, which
was larger than the estimated resolution in the s-value
(As=0.14 A-1 at these s-values) in the present experi-
ment. The difference between the collected counts
of the top and the bottom of these small waves was
about 500 counts, more than the statistical radom error
(W/n=170; n=3x109). In the energy-dispersive
method, the scattered intensity is scarcely influenced
by the fluctuation in the incident-beam intensity.
Therefore, the statistical random error given by the
square root of the total counts at each position is the
main origin of the noise. Though attention has not yet
been paid to this fine structure in the liquid structure
analysis, the fine structure may indicate that CCl,
in the liquid phase at room temperature has a long-
range order.

The scattering intensities at small s-values contain in-
formation about the density fluctuation. The decrease in
the total coherent intensity near s=0 shown in Fig. 10
is due to the intermolecular correlation. The fluctuation
in the number density of a liquid can be estimated from
the absolute value of the total coherent intensity at
s=0, which is obtained by extrapolating the observed
intensities. A constant value in the intensity, [ ,, was
obtained at small s-values, as shown in Fig. 10, so that
the extrapolation to s=0 is easy. According to liquid
theory,'"18) the mean square of the fluctuation in the

*** The fine structure at large s-values is random noise,
because the ratio of the reduced intensity i(s) to the total
scattering intensity is small.
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number density is given by

Ny —LNp»)?> = (Nu>fco(0)/(%'nzn)2a (Int
where N, is the number of molecules in a small volume
v, <N,> means the average value of N, I_,(0) is the
total coherent intensity at s=0 in electron units (e.u.),
and Z, is the atomic number. As shown in Fig. 10,
I1.,(0) equals 87 e.u. Hence, <(N,—<N,>)*> was
9.9;x10-% in A units. This means that <(N,—
<N,>)2> becomes unity when » is 1.00x 10t A3, in
which there are 63 molecules, on the average. In other
words, there are 6341 molecules in 1.00x 10¢ A3 and
25242 molecules in 4.00x 10 A3,  Of cource, this
estimation includes some error because the absolute
intensity at small s-values was not measured directly,
but obtained successively from that observed at 260=35°,
This value is, though, in good agreement with the
compressibility of liquid CCly #=10.34x 10~ cm? dyn—1
(at 20 °C).1» The details of the results for liquid CCl,
including the temperature dependence will be reported
elsewhere.20)

Finally, let us compare this apparatus with a usual
angle-dispersive diffractometer.2))  The resolution in
the s-value is given by Eq. 1. The first term of Eq. 1,
AE[E (=~0.01), in this apparatus is much larger than
that in the usual one. On the other hand, the As/s in
the usual apparatus is at least twice as large as that
in the present one, because cotf:-A0<50.01 over the
range from s=1.5 to 30 A-! in this apparatus, since the
collimating system is so designed that the beam diver-
gence, Af, is 0.3 or 0.6°, in contrast to the usual 2—4°,
This difference in As/s is significant, because the perio-
dicities of the fine structures observed in the scattering
intensity value, si(s), As=0.2—0.3 A-1, are about twice
as large as the resolution of this apparatus. Moreover,
these fine structures are hardly influenced at all by the
intensity fluctuation of the primary beam in the present
experimental method.

Diffraction intensities can be obtained over the range
from s=0.15 to 30 A-1 in the present apparatus by
using white X-rays. On the contrary, the intensities
in the usual apparatus are taken s-values from 0.4 to
16 A-1, in which the scattering angle, 20, is varied from
4 to 140° if Mo Ka (4=0.7107 A) is used. Therefore,
the electronic radial distribution function without the
termination error in Fourier transformation can be
obtained with the present apparatus by using only the
observed intensities.

The total time required for collecting the data with
this apparatus is comparable to that with the usual one.
Nevertheless, a higher resolution in s-value and a wider
region of observable intensity can be obtained with this
apparatus.
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Nomura, Rikkyo University, for his collaboration, and

1 In the above discussions, we have done the calculations
considering the atomic distribution, but in the estimation
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n n

nominator.
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Appendix

The derivation of Eq. 6 is as follows. In Fig. 8(b), when
the beam, X, is scattered at the point P, the contribution of
absorption becomes exp(—2uPQ ), where PQ means the
distance between P and Q. Because P can change from the
point Q to R in the case of the X beam, the possible range
of PQ becomes from 0 to (a—x)/sin 20, where x is as is shown
in Fig. 8(b) and varies from 0 to a. The total contribution
of absorption in the X beam is given by

s (a—x)[sin 20

4, = exp (—2uy)dy

= {1l —exp (—2u(a—x)/sin 20)}/2.

The absorption correction for incident and scattered parallel
beams, the diameters of which are equal to a, is given by

P N e

If we put 1—2x/a=sing, we get

2 (3nf2 .
A = 7;‘75 . cos? ¢ [1 —exp{ — pa(l +sin ¢)/sin 20}]d¢
a(n 3nf2 . .

= H[E——S N cos? ¢ exp{ — ua(l+sin ¢)/sin 20}d¢:l.
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