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1. INTRODUCTION

This report deals with a molecular beam scattering experiment, in
which a beam of molecules having a known energy (and waQelength) is
scattered from a crystal surface. As in most scattering experiments,
reflection and diffraction result (Figure 1). The molecular beam is
used because it is very surface sensitive, the molecules interacting
only with surface atoms, thereby giving information about the gas-surface
interaction.

Specifically the system used is a “He beam scattering from a
clean (001) plane of NaF. The sample was kept at room temperature for
most of this study, although some work was done with the sample cooled
to approximately 80°K. The sample is cleaved in a vacuum <10-9 torr to
assure that the surface is clean. Figure 2 is a schematic diagram of
the surface showing the crystallographic directions and the coordinate
system used in this report. The beam has an incident energy of 17.6 mev
which gives a wavelength of 1.08 A. It is fairly monochromatic

(AM/)\ = 0.02) and very well collimated (A8 < 10~° rad).

A. Selective Adsorption

s

One striking feature seen in molecular beam scattering from ionic
crystals is selective adsorption, which occurs when an incoming particle
gets trapped in a potential well with respect to motion perpendicular to
the surface. It manifests itself as sharp minima in the reflected
intensity.

Selective adsorption can be explained with the following equation,

(1)

wvhich comes from the conservation of energy:

toe
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Figure 1. Detector Scans Showing Specular and In-Plane Diffracted
Beams at Fixed Incident Angles. Azimuthal Angle ¢ = 45°.
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= 2
O ¢ T T (1)
where

i = the incident wavevector |,
yt = the part of k parallel to the surface ,
= a reciprocal lattice vector to the (mn) reciprocal
lattice point. ¢ =2m/a (mX + ny) , where
a=1.9175 8 for™NaF , and
€ = |k'|?, k' being the final wavevector component
" perpendicular to the surface.
If the value of € 1is greater than zero, the particle is in an unbound
state. This is a diffracted beam, and is referred to as an "open
channel"; € may take on any positive value allowed by Equation (1).
The selective adsorption bound state occurs if € 1is less than zero, the
so-called "closed channel". In this region, € can assume only discrete
“2

values such that —— €
2Zm n

From Equation (1), it can be seen that if the selective adsorption

is a bound state (negative) energy.

points, the observed minimum positions, are plotted in the kx’ ky

plane, circles will result. These circles will have centers located at
-amn and radii of /’EE-:T:;: .

The selective adsorption points can also be plotted in the 6mn
plane (reciprocal space). Circles will again result certered at -ﬁ,,
with radii of vV k? + en . It should be noted that if € = 0 , such a
plot is just the Ewald sphere in two dimensions. Also, the energy level
circles will intersect the (mn) reciprocal lattice point, corresponding

to the Emn transition taking place.




B. Recent Work: Experimental

The earliest experiments in this field were done over 45 years ago

(2)

by Stern and his co-workers. Their results were limited by the state
of technology at the time, most notably effusion beam sources which had
wide velocity distributions, and vacuum systems working in the 107° torr
range. They did, however, observe some minima which were later explained(3)
as selective adsorption bound states.

Currently, there has been renewed interest in this field due in
part to advances in technology. Nozzle beamsfb) which produce much
narrower velocity distributions than effusive sources, quadrupole mass

(5)

filters, narrow bandwidth velocity selectors, and ultra high vacuum
techniques have all helped to improve experimental results in this field.
At present, there are several groups working on similar experiments (for
a review,see the introduction of Reference 6), as well as on other classes
of matetials.(7)
Most work to date on non-metals has been done on LiF surfaces,
with less on NaF and very little on other alkali halides. Finzel
et al.(s) have looked at reflected and diffracted intensities of H and
D from NaF. They found strong specular reflection, as much as 38% of the
incident intensity, but only weak diffracted intensities, on the order of
one tenth the reflected intensity. They have identified three bound
states for H (-11.8 +0,2, -3.0 +0.2, -0.4 + 0.4 mev) and four for D
(-11.8 0.2, -5.8 +0.2, -1.6 + 3, 0.3 +0.3 mev). Williams et al.‘®
have studied reflected and diffracted intensities of He and Ne from NaF.

They have used different energies and surface temperatures to study the

broadening of diffracted beams due to inelastic collisions. Their work




has yielded two selective adsorption bound state energies for He on NaF.

(6)

Meyers reported three bound states for He on NaF. His work was a
preliminary study done on the same apparatus as the present study, but
before certain improvements to be described below were made.

Stern and his co-workers did some work with He on NaF, and
although they did no calculations, later workers used their data to find
the energy levels. The first attempt to analyze Stern et al's data was
by Lennard-Jones and Devonahite.(3) They identified two bound states.

(o) an again did calculations on Stern et al's

Later Tsuchida and Bledsoe
data and identified three bound states. A summary of the energy values
obtained in the above calculations and the present study is given in

Table 1.

C. Recent Work - Theoretical

The minima which occur in the reflected intensity, i.e., the
selective adsorption bound states, have stirred considerable tneoretical

(2) used a Morse potential and a limited

investigation. Cabrera et al.
number of open channels in their calculation of the scattered intensities.
The Morse potential was used primarily because it can be analytically
solved. However, it does not agree well with recent experimental

(1)

results. Their calculations predicted that selective adsorption‘
should produce maxima in the reflected intensity. Wolken(13) also used
a Morse potential and extended the calculation to include both open and
closed channels. He came to the same conclusion, that maxima should
occur. Both these authors explained the observed minima by postulating

that a particle trapped in the bound state haé a greater chance of

undergoing an inelastic collision, which would scatter it into the




TABLE 1

Energy Level Values for NaF

Present
LJD Tsuchida Bledsoe Williams Meyers Study
8.4 8.3 8.5
3.5 4.8 4.9 4.8 5.0 4.9
1.9 2.0 1.8 1.9 1.8
0.5 0.6

0.003




background and cause a minimum to occur. This explanation has been
generally accepted.

A recent calculation was done by Chow and Thompson.(la) They
used a different potential than other workers, a corrugated hard wall
with attractive square well in front, and a greater number of open and
" closed channels. Their results predicted minima in the reflected
intensity due purely to elastic events. That is, unlike earlier workers,
Chow and Thompson do not have to rely on inelastic events to explain the
experimental results. Another result of their work is their multiple
scattering theory. They predicted that a particle can make a transition
to & bound state, giving a minimum in the reflected intensity, but then
undergo another transition into a diffracted beam, giving a maximum in
that beam. Williams et al.(g) reported seeing maxima in certain
diffraction beams but did not do a detailed study.

LeRoySls) in a recent empirical calculation, found that the
one-sixth power of the bound state energy value was linearly related
to the vibrational quantum number. He also concluded that no unique
form of the potential could be found from this type of experiment. What
could be found, he said, was the well depth, the number of possible bound
states, and the coefficient of the asymptomatically dominant term, the

-3
Z term.
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II. EXPERIMENTAL METHODS

The experimental apparatus has been described earlier (16, 6) so

only changes made during the present study will be discussed.

A. Velocity Stabilization

An early problem encountered was that of velocity stabilization.
Over the time of a data run the beam velocity and therefore the initial
energy was not constant, with changes as much as 2% occurring. These
variations were tracéd to temperature fluctuations of the cooled gas
supply at the nozzle.

To alleviate this problem, a new nozzle assembly was designed
(Figure 3), embodying several improvements over the previous one, namely,
(1) the liquid nitrogen cooling jacket and feed-through are completely
surrounded by vacuum, (2) the feed-throughs are made of thin walled
stainless steel tubing to reduce heat flow, (3) to reduce heat input
by radiation, the cooling jacket is covered with aluminized mylar,

(4) the nozzle support which formerly was a snug-fitting brass collar
approximately 1/2" long has been machined out and replaced with a .05"
thick snug-fitting plastic collar to further reduce heat flow, and

(5) the gravity feed of the liquid nitrogen has been replaced by a mep
that circulates the liquid from a storage dewar through the cooling
jacket.

After the above changes were made, the velocity remained much more
stable. Typically, the change in velocity over a six-hour period of

operation is now only 0.25%. Also, a lower temperature of the He gas

g e
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supply is now possible (78°K compared to 90°K previously) which means

that a slightly longer wavelength of 1.08 X 1s now obtained.

B. Sample Cooling

Preliminary work was done with sample cooling to reduce thermal
vibrations of the atoms. The effect of cooling is to improve surface
features, for example,minima are usually sharper and deeper on a cooled
sample. The sample is held between two copper jaws which have sliding
contacts on them, thermally connecting them to a copper plate. The plate
has a 1liquid nitrogen reservoiron it and flexible cooling lines leading
to the bottom of the scattering chamber. A storage dewar is connected
to the input line and pressurized to circulate liquid nitrogen through
the reservoir. A solenoid valve and timer can be used to pressurize
the storage dewar since it takes about three hours for the sample to

reach its lowest temperature (:80°K).

C. Ti Sublimation Pump Cooling

In order to keep residual gas atoms in the vacuum system from
condensing on the surface and contaminating it, a large cooled area is
needed. For this purpose the cooling jacket of the titanium sublimation
pump, which is normally water cooled, is cooled with liquid nitrogen.
There were some problems with this. The inlet and outlet water pipes
are in the flanges that make the vacuum seal. If these connections are
used for the liquid nitrogen, uneven cooling of the flanges results and
leaks open up. To correct this, another inlet connection was installed
in the center of the cooling jacket ., some distance from the flanges.

Also, the jacket was insulated with several layers of foam rﬁbber up to,

e
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but not including the flanges. With this system the liquid nitrogen
is gravity fed into the center of the jacket. The flanges cool more
uniformly and do not leak, and sufficient cooling takes place to keep

the sample clean.

D. System Alignment

During the course of this study, the entire apparatus was moved to
another building. Due to this moving, the system had to be realigned and
the angular scales recalibrated. The system (Figure 4) consists of two
main sections: (1) the beam formation part including the nozzle, skimmer,
and pinhole which define the beam, and (2) the scattering chamber and
associated vacuum pumps. Each section is on its own frame, the only
connection between them being a flexible bellows. To make each frame
more rigid, several extra braces were added. Fine thread (1/2" - 27)
leveling screws were installed on the beam formation section so that
accurate positioning could be done. Also, to insure that each section
moved independently of the other, a more flexible bellows (bronze instead
of stainless steel) was installed. With the above changes, and using
levels, squares and light beams, the system was aligned so that the
beam axis was perpendicular to the vertical axis of the sample holdff to
about 0.3°). That is, the beam is perpendicular to the axis, about

which the sample rotates for changing the angle of incidence (Figure 5).

E. Angle of Incidence Calibration

For the angle of incidence measurement to be accurate, not only
must the beam be perpendicular to the sample axis of rotation, but it

also must pass through that axis, and the zero rotation position must be
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Figure 5.

Diagram of Sample Movement.

1. Beam Direction.
2. Angle of Incidence Rotation Axis.
3. Azimuthal Angle Rotation Axis.
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known. The beam formation end of the system can be moved via the fine
adjustment screws, which are calibrated. The position can also be
checked by an external micrometer which measures the relative horizontal
position of the collimating pinhole with respect to the scattering chamber.
With the sample pushed back into the holder, the sample holder is rotated
so that its face is parallel to the beam. This is done by placing the
beam in such a position that it is partially blocked by the sample holder
and.the detector is in the beam. The sample holder 1is rotated until
maximum intensity results at the detector. At this point, the beam is
parallel to the sample holder at an incident angle of 90°. The beam is
then slowly moved perpendicular to the sample holder, with intensity
measurements made at various positions, the detector being readjusted
for maximum intensity at each point. The range covered is from full,
unobstructed intensity to almost total blockage by the sample holder.

The sample holder is then rotated 180°, aﬁd the same procedure
is followed, moving the beam in the other direction. Once thkis is done,
the intensity as a function of position is plotted for both cases.
Figure 6 is such a plot. From this, the midpoint between the two sample
holder positions, which is the rotation axis, can be found and the beam
can be placed there. .

It should be noted that all of the calibration was done with the
sample pushed back flush with the holder. This means that the angle of
incidence has been calibrated with respect to the holder - not precisely

the sample.
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F. Azimuthal Angle Calibration

The calibration of the azimuthal angle can be accomplished using

the crystallographic symmetry of the surface. Since it is known that

about certain azimuthal positions the reflected features will be symmetrical,

these positions can be used to accurately calibrate the azimuthal angle
scale. All that is needed is to plot the reflected intensity vs. the
azimuthal angle and then find the symmetry point from the shape of the

graph (Figure 7).

G. Preliminary Adjustments

The procedure for taking data is as follows: the sample is
cleaved in vacuum and then pushed back so that it is flush with the
sample holder, then the sample holder is placed in the 90° incident
angle position, and the detector placed in the direct beam. The sample
is advanced a known amount by means of a spacer placed on the advancing
mechanism. This is done to place the surface in the beam and close to

the axis.

H. Beam Location

The desired beam is then located by the following calculation:
First the beam must be inside the Ewald sphere for the experimental ,
conditions. Once this is determined, the incident K“ wavevector is
drawn so that it terminates at the origin of a Ixiy diagram (Figure 8).
Then i;' , the parallel component of the diffracted beam, is drawn
to the desired diffraction point. The angle between the plane of the

surface and the diffracted beam can be calculated by knowing the length

> > +>
of K;. , and that |k'| = |k| . The height from the plane of the
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Figure 8.

Location of the (m,n) Diffracted Beam Shown in
a Projection onto a Plane Parallel to the
Crystal Surface.
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surface normal and the incident beam can be calculated by knowing the

radius of the detector swing and the angle between K" and i;‘ .

k. Measurement Procedure

Once the desired beam is located, it is followed, usually for
different incident angles at fixed azimuth. As mentioned earlier, the
incidence angle was calibrated with respect to the sample holder. However,
if the cleave is imperfect or if the sample moves in the holder, then the
incident angle with respect to the sample would be wrong. To find the
true angle of incidence, the four-fold symmetry of the surface is used.
Once a feature is located in one azimuth, it can then be located in
three other crystallographically equivalent azimuths (Figure 9). The
apparent incident angles will be differept for the same feature in
different azimuths if the surface is not parallel to the holder, but
the average of these angles should be the correct angle of incidence.

In practice,it was found that two equivalent azimuthal positions, 180°
apart, were often sufficient to fix the incident angle.

This procedure assumes that the beam is hitting the same point
on the sample. In order to insure this,the beam must be hitting the
center of the sample. Since it is already on the rotation axis, to
accomplish this, the sample is pushed out until it completely blocks “the
beam. The beam is then moved above and below the sample. These posi-

tions are noted, and the beam is placed midway between them.
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ITI. EXPERIMENTAL RESULTS

A. Selective Adsorption

The early part of this study was devoted to finding the selective
adsorption bound state energies. As mentioned earlier, data are taken
by recording intensities vs. angle of incidence for the reflected
intensity.

Table 2 contains the data obtained. These values are for the
reflected intensity from a NaF (00l) surface at room temperature.

Table 3 is a summary of the data showing the incident wavevector
magnitude, the incident and azimuthal angles, the position in the kx s
ky plane, and the € value for each miaimum found.

If these points are plotted in kx > ky space, then, according
to Equation (1), circles centered around -Emn should result. Figure 10
is such a plot for the values obtained. The Emn vectors in this case
are E‘. and Eon . The fourth energy level can only be resolved at
azimuthal angles close to zero. That, combined with the fact that the
fourth level is so close to the dissociation limit, is why so few points
can be obtained for it.

From Equation (1), it can be seen that if the data are plotted in
the E plane (reciprocal space) circles will again result, this time
centered about -ill . This is just the two-dimensional representation
of the Ewald sphere diagram. Figure 11 is an Ewald sphere representation

for the deepest energy level.
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Figure 11. Ewald Sphere Diagram for Conditions Giving Selective
Adsorption in the Deepest Energy Level at ¢ = 45°.
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Tﬁis type of representation is quite useful since it displays
several types of information. The points lying inside the Ewald sphere
give the possible diffraction beams. The points lying on the energy-
level circles give the bound-state transitions. (In the case of Figure 11
the (10) and (01) transitions are occurring simultaneously; i.e., they
are degenerate.) Since the incident and azimuthal angles can be obtained
quite easily from this type of diagram, conditions can readily be set up
and tested experimentally. For this purpose,a transparency with the
Ewald sphere and the energy level circles were made and fitted onto a
stationary reciprocal lattice grid.

Table 1 shows the values of the four bound state energy levels
found in this study compared to values others have obtained. If these
values are interpreted according to LeRoy's method, that is, E 1/6 wvs.

n where n 1is proportional to the vibrational quantum number, a
straight line should result. Figure 12 is such a plot, and indeed the
points do fall on a straight line. The error bars are omitted on the
fourth energy level because, due to its small value, they are off the
graph. Further interpretation similar to LeRoy's gives a well depth of
=7.49 mev, a value for c3 (the coefficient of the 2-3 term in the
potential) of -140.43 mev A’ and the total number of bound states as 7.

Using this information, a 12-3 form of the potential was calculated

Figure 13.
B. Diffraction

The second part of this study was devoted to the study of
diffracted beams, specifically,the conditions at which the maxima

predicted by Chow and Thompson occur.
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Data for several diffracted and reflected intensities, as a
function of the incident angle, for an azimuthal angle of 45°, is
contained in Table 4. Figure 14 is a plot of the data. The reflected
intensity shows the selective adsorption bound state minima, and most of
the diffracted beams also show minima at the same incident conditions.
The exception is the (11) beam which shows distinct maxima.

The corresponding Ewald sphere diagram is shown in Figure 15,
using the first energy level as an example. From this diagram, it can
be seen that the bound state transitions to the (01) and (10) points are
degenerate. Since the (Il) beam showed a maximum for these conditions,
then, according to Chow and Thompson, there are possible transitions
from the (01) and (10) bound states to the (Tl) beam, shown as dotted
vectors on Figure 15.

To determine which of these possible tramsitions is taking place,
the (01) and (10) bound state transition degeneracf must be removed. To
accomplish this, the azimuthal angle was moved off the symmetry directio
to 48°, and the splitting of the two transitions for the second level
was observed. Data for the intensity as a function of the incident
angle for the reflected and the (11) beams is contained in Table 5.
Figure 16 is a plot of this data and clearly shows the splitting info
two minima, the one at 53° corresponding to the (10) transition, and the
one at 51° to the (01) transition. The (11) beam shows a maximum for
the (01) transition. Figure 17 is the Ewald sphere diagram for the (01)
transition. This illustrates the transitions taking place, first to the
(01) bound state, then another transition to the (11) beam, since that

beam shows a maximum at these conditions. It can also be concluded that

e

R e

=
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Figure 14. Intensities of Various Diffracted Beams at ¢ = 45°.
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Figure 15. Ewald Sphere Diagram for the Deepest Level (e = 9.33)
at ¢ = 45° Including Possible Transitions from Bound
States to the (T1) Diffracted Beam.
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Figure 16. The Separation of the (01) and (10) Bound State
Transitions for the (0.0) and (I1) Beams at ¢ = 48°.
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Figure 17. Ewald Sphere Diagram for the Second Level (g = 3.51)

at ¢ = 48° 1Including the Transition from the (01)
Bound State to the (T1) Diffracted Beam.
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no transition is taking place from the (10) bound state to the (11) beam
since both the reflected and (Tl) diffracted beams show minima for that
transition.

If the azimuth is rotated to 0° bound state transitions to the (01)
and (01) states of the third and fourth levels will occur near glancing
incidence. Again,to split the degeneracy, the azimuth was set at -1°
and data taken for the (00), (11) and (21) beams (Table 6). This data
is plotted in Figure 18, which shows the splitting of the (0l1) and (01)
bound state transitions for fhe third level. The (01) tramsition, which
occurs at an incident angle of 76°, produces maxima in the (21) and (11)
beams, whereas the (df) transition, which occurs at 73.5°, produces
minima. Figure 19 is the Ewald sphere diagram for the (0l) transition
showing the transitions from the (01) bound state to the (Il) and (21)
beams, both of which exhibit maxima at these conditions. Again,it can
also be concluded that no transitions are taking place from the (01)
bound state to the (El) or (11) beams.

Summing up, several maxima in diffracted beams have been seen.
They have resulted from transitions of the following types: at ¢ = 48°
from (01) to (11) and at ¢ = -1° from (01) to (21) and from (01) to

(11). No diagonal vectors in the second step have been observed.

C. Splitting of Degenerate Levels

The degeneracy of two bound state transitious is seen by the
crossing of circles in the kxky plane as was discussed above. For
example, Figure 10 shows degenerate (01), (10) transitions along the

¢ = 45° line.
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Figure 19. Ewald Sphere Diagram for the Third Level (¢ = 1.08)
at ¢ = -1° Including the Transitions from the (01)
Bound State to the (11) and (21) Diffracted Beams.
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Chow and Thompson have predicted that, in certain cases, the
levcis will split and no longer be degenerate. That is,the curves will
deviate from circles and will not cross. Specifically, they pfedicted
that the (10) and (11) transitions to the deepest level around ¢ = 10°
will show such splitting.

To find such behavior, the sample was cooled to approximately 80°K.
The reflected intensity was scanned for various angles of incidence at
severa} azimuthal angles. Table 7 contains the observed data and
Figure 20 is a plot of that data showing the minima observed.

If the minima points are plotted in the kx s ky plane, a graph
such as Figure 21 results. From Figure 21, it can be seen that the

degeneracy indeed does not occur; that is, the curves do not cross but

remain separate asymptomatically approaching the expected circles.
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Figure 20. Reflected Intensity at Various Azimuthal Angles.




Figure 21. The K K Plot Showing the Expected Paths of the
' (11) ngdy(IO) Bound State Transitions (Solid Lines)
and the Actual Points.
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1)

2)

3)

IV. CONCLUSIONS

The main results of this study are as follows:
Four bound state energy levels for He on the (001) surface of NaF
have been found and values obtained. The first three levels which
had been observed by others are in reasonable agreement with
previously found values. The values fit well the prediction by
LeRoy that the sixth root of the energy is linearly proportional
to the vibrational quantum number.
Several examples of maxima and minima in diffracted beams have been
observed. These observations are consistent with predictions made
by Chow and Thompson, thereby giving evidence that the multiple
scattering effects do occur.
At least one example of a degeneracy splitting has been observed,

which again is consistent with predictions by Chow and Thompson.
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Reflected Intensity Data for Selective Adsorption Energy Levels

TABLE 2

40

5/12

¢ = 45°

1st Level

K= 5.820 A !

1200

600

900

300

Sample Angle (deg)
110
110.5
111
111.5
112
12.5
112.25

110
110.5
111
110.75

110
110.5
111
110.25

110
110.5
111
111.5
112
111.25
111.75

Intensity (mv)

13

e o




TABLE 2 (Continued)

41

5/12 ¢ = 39° 17" Level K= 5.820 A
Sample Angle (deg) Intensity (mv)
1200 116 18
115 12
114.5 17
115.5 11
115.25 11
600 116 16
115.5 16
115 14
114.5 12
114 8.3
113.5 6.2
113 7.1
113.25 6.2
900 115 6.8
114.5 5.8
114 4.5
113.5 3.5
113 3.6
113.25 3.3
300 116 24
115.5 19
115 13
114.5 8.3
114 10
114.25 8.6




TABLE 2 (Continued)

42

5/12 ¢ = 33° 15 Level K=5.820 A~
Sample Angle (deg) Intensity (mv)
1200 119 9.1
118.5 4.4
118 1.3
118.25 5.4
118.75 5.0
600 118 6.7
117.5 5.2
117 3.1
116.5 2.0
116 2.5
116.25 2.2
116.75 2.1
900 118 2.1
117.5 1.5
117 1.7
117.25 1.5
300 119 12
118.5 9.9
118 6.2
117.5 2.2
117 3.4
117.25 2.5
117.75 3.3

L% T1EN




TABLE 2 (Continued)
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5/12 ¢ = 27° 15% Level K = 5.820 A™}
Sample Angle (deg) Intensity (mv)
1200 122 4.2
121.5 10
122.5 2.2
123 8.1
122.25 2.3
122.75 3.5
600 122 3.6
121.5 2.7
121 1.8
120.5 1.0
120 1.0
120.25 .89
119.5 1.8
900 122 1.3
121.5 .85
121 .96
121.25 .84
300 122 6.4
121.5 3.4
121 .76
120.5 1.6
120.75 1.1
121.25 2.4
121 .72




TABLE 2 (Continued)
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st

K= 5,823 A™!

5/17 ¢ = 45° 17" Level
Sample Angle (deg) Intensity (mv)
1200 112 1.6
111.5 2,6
112.5 1.5
113 3.2
600 113 6.3
112.5 5.2
112 3.8
111.5 2.0
111 1.2
110.5 1.4
110 2.2
300 110 3.7
110.5 2.8
111 2.2
111.5 1.6
112 1.9
112.5 3.2
900 112.5 2.4
112 1.5
111.5 1.0
111 1.2
110.5 1.6




TABLE 2 (Continued)

45

st

]
K =5.823 A™!

5/17 ¢ = 39° 17" Level
Sample Angle (deg) Intensity (mv)
900 115.5 3.0
115 2.4
114.5 2.1
114 2.2
113.5 2.5
300 113 4.6
113.5 4.8
114 4.0
114.5 3.6
115 4.1
115.5 5.6
5/17 ¢ = 33° 15% Level K=5.823 A"}
Sample Angle (deg) Intensity (mv)
300 116 37
115.5 4.1
116.5 3.1
117 2.2
117.5 1.6
118 1.7
118.5 2.7
900 118.5 1.7 %
118 1.1
117.5 1.3
117 1.6




TABLE 2 (Continued)

46

5/12 ¢ = 39° 15% Level K= 5,820 A"}
Sample Angle (deg) Intensity (mv)
1200 109 16
108.5 18
109.5 14
110 12
110.5 9.3
111 13
110.75 10
110.25 10
600 110 7.2
109.5 7.3
109 5.2
108.5 5.4
108.75 5.0
900 110 3.2
109.5 2.3
109 2.5
109.25 2.3
300 111 11
110.5 12
110 10
109.5 8.4
109 10
109.25 8.9
109.75 8.7

-



TABLE 2 (Continued)
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st o
3/30 ¢ =0 1°" Level K= 5,794 A™!
Sample Angle (deg) Intensity (mv)
130 107 8.5
106.5 11
106 15
105.5 11
105 2.5
104.5 1.6
104 1.8
104.25 1.7
103.5 2
104.75 1.4
730 106 3.7
105.5 4.4
105 5.2
104.5 3.7
104 1.2
103.5 1
103 1.1
103.75 .98
nd °e
4/30 ¢ = 45° 2"° Level K= 5.818 A™!
Sample Angle (deg) Intensity (mv)
1200 105 40
104.5 30
104 11 2
103.5 6
103 10
103.25 7.3
103.75 6.4
102.5 18
600 101 23
101.5 16
102 9
102.5 6.2
103 18
102.75 10
102.25 5.8




TABLE 2 (Continued)

48

4/117

§ -9

an Level

°—
K= 5,818 A™!

130

730

Sample Angle (deg)
125
124
123.5
123
123.75
122.5
121.5
122

125
124.5
124
123.5
123
122.5
122
121.5

Intensity (mv)
5.3
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TABLE 2 (Continued)
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5/13

e
o 2

¢ = 45°

an Level

(-]
K= 5,821 A"}

1200

600

900

300

Sample Angle (deg)
104
103.5
103
104.5
104,25

103
102.5
102
102.25
102.75

103
102.5
102
103.5
104

104
103.5
103
102.5
102.75

Intensity (mv)
3.1
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TABLE 2 (Continued)

50

5/13

¢ = 39°

nd

2" Level

°--
K= 5.821 A" !

1200

600

900

300

Sample Angle (deg)

106
105.5
106.5
106.25
107

106
105.5
105
104.5
104
104.75

106
105.5
105
104.5
104

106
105.5
105
105.25

Intensity (mv)
3.7
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TABLE 2 (Continued)

51

nd

[]
K=5.821 A}

5/13 ¢ = 27° 2" Level
Sample Angle (deg) Intensity (mv)

1200 111 3.8
110.5 4.8
111.5 3.2
112 4
111.75 3.3

600 111 3.8
110.5 3.1
110 2.3
109.5 2.1
109 2.3
109.75 2

300 111 3.5
110.5 2.7
110 3.2
110.75 2.7




TABLE 2 (Continued)

52

4/17 ¢ = 48° 2™ Level K= 5.818 A™
Sample Angle (deg) Intensity (mv)
600 101 26
101.5 22
102 13
102.5 16
103 28
103.5 25
104 19
104.5 33
1200 104.5 6.1
104 6.4
103.5 5.6
103 4.7
102.5 5.2
102 6.2
102.75 4.8
103.25 5.1
105 6.5
105.5 9.2
104.75 6.0
104.25 6.3
4/30 ¢ = 45° 3% Level K = 5.818
Sample Angle (deg) Intensity (mv)
1200 102 25 .
101.5 30
101 24
100.5 13
100 17
100.25 14
100.75 17
99.5 16
99 14
600 99 15
99.5 14
100 29
99.75 23
99.25 13
98.5 : 18




TABLE 2 (Continued)
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4/17

A9

3rd Level

K = 5,818

130

730

Sample Angle

118
117.5
117
117.25
116.5
116

117.5
117
116.5
116.25
116
115.5

(deg)

Intensity (mv)
7.8

6/30

¢ =0°

3rd Level

.-
K=5.818A"

130

730

Sample Angle

126
125.5
125
124.5
125.25
125.75
126.5
127

126
125.5
125
124.5
124.75
125.25
124

(deg)

Intensity (mv)
4.2
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TABLE 2 (Continued)
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3/20 ¢ =0°

3rd Level

o
K=5.794 A™!

Sample Angle (deg)

730 125.5

125

124.5

124

123.5

123

122.5

130 126
125
124.5
124.75
125.25
125.5
124

Intensity (mv)

4/17 ¢ =9°

th

4" Level

.-
K= 5.818 A™!

Sample Angle (deg)
130 115.5
115
114.5
114
114.25
114.75

730 115
114.75
114.5
114.25
114
113.75
113.5
113.25

Intensity (mv)
4.7
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TABLE 2 (Continued)
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th

K= 5,818 A"}

4/30 ¢ =0° 4 Level
Sample Angle (deg) Intensity (mv)
130 122 7.2
121.5 7.4
121 8
120.5 9.4
120 11
122.5 7
123 9.3
123.5 9
122.25 7.1
122.75 7.6
730 122 4.6
121.5 4.4
121.75 4.4
121 4.2
120.5 4.6
120.75 4.4
121.25 4.3
120 5.0
th °-
3/30 ¢ =0° 4" Level K= 579 A!
Sample Angle (deg) Intensity (mv)
730 122 4.3
121.5 2.8 P
121 2.5
120.5 2.6
120.75 2.5
120 2.8
130 124 3.3
123.5 2.9
123 2.3
122.5 1.7
122 2.2
121.5 2.2




TABLE 3

Summary of Selective Adsorption Data

56

o_ Sample o_
Level Date | k(A™}) ¢ Angle Kes K e(A”?)
gk 3/30 | 5.794 o | 104.25 | 4.643, 0 9.463
s/12 | 5.820 | 45 | 111.2 3.571, 3.571 | 9.006
39 | 114.0 4.031, 3.265 | 9.230
33 | 117.5 4.476, 2.907 | 9.437
27 | 121.2 4.880, 2.487 | 9.338
39 | 109.5 3.859, 3.174 | 9.218
s/17 | 5.823 | 45 | 111.6 3.587, 3.587 | 9.263
39 | 114.4 4.046, 3.277 | 9.442
33 | 117.8 4.489, 2.915 | 9.597
1%% level avg | 9.33 +0.17
2nd 4/3 | s5.818 | 45 | 102.88 | 3.236, 3.236 | 3.19
4/17 | 5.818 | 48 | 104.25 | 3.119, 3.464 | 3.51
48 | 102.63 [ 3.052, 3.390 | 3.63
9 | 123.05 | 5.454, 0.864 | 3.79
s/13 | s.821 | 45 | 103.13 | 3.249, 3.249 | 3.37
39 | 105.08 | 3.664, 2.967 | 3.40
27 | 110.5 4.470, 2.277 | 3.69
an level avg 3.5 +0.21
3td 4/17 | s.818 9 | 116.83 | s.242, 0.830 | 1.18
4/30 | 5.818 0o | 125.38 | 5.603, 0 1.22
45 99.8 3.099, 3.099 | 0.92
3/30 | 5.794 0 | 124.63 | 5.559, 0 1.01
3™ level avg | 1.08 + 014
4th 4/17 | 5.818 9 | 114.35 | 5.163, 0.813 | 0.013
4/30 | s.818 o | 121.75 | 5.493, 0 0.002
4/30 | 5.794 o | 121.78 | 5.471, 0 0.004
4t" Jevel avg |0.006 + 0005




TABLE 4

Intensity Data for Various Diffracted Beams

- []
4/217 (11) Beam ¢ = 45° k=58A"
Sample Angle (deg) Intensity (mv)

112 6.3
111.5 6.7
111 5.5
110.5 4.3
110 3.7
109.5 3.0
109 2.7
112.5 4.4
113 2.6
111.75 6.4
111.25 6.1
108.5 2.5
108 2.2
107.5 2.2
107 2.2
106.5 2.2
106 2.4
105.5 2.8
105 3.6
104.5 6.1
104 9.7
103.5 10.0
103 8.1
103.25 9.5
103.75 10.0
102.5 5.1
102 3.6
101.5 3.1
101 4.1
100.5 7.3
100 7.2
100.25 8.0
99.5 4.9
99 5.9
98.5 5.7
98 5.6
98.75 5.8
99.25 5.6
97.5 5.6
97 5.6
96.5 5.6
96 5.6

s
P2 A




TABLE 4 (Continued)
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12/29/75

(00) Beam ¢ = 45°

[
k = 5.775 A™!

Sample Angle (deg)

125
123
124
126
127
128
129
121
119
117
115
113
111
112
110
109
108
107
106
105
104
103
102
101

0.36
0.60
0.47
0.26
0.17
0.11
0.08
0.80
0.84
0.95
1.27
1.39
0.34
1.15
0.18
0.46
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TABLE 4 (Continued)
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12/29/75 (11) Beam

¢ = 45°

°—
k= 5.775 A"}

Sample Angle (deg)
118
117
116
115
114
113
112
111
110
109
108
107
106
105
104
103
102.5
102
101.5
101
100.5
100

99.5
99
98.5

Intensity (uv)
0.35
0.38
0.40
0.39
0.41
0.40
0.33
0.18
0.31
0.42
0.48
0.51
0.50
0.49
0.42
0.24
0.21
0.28
0.40
0.46
0.46
0.40
0.29
0.28
0.35
0.33
0.31
0.30
0.30
0.29
0.28
0.26
0.30
0.25
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TABLE 4 (Continued)
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12/29/75

(22) Beam

¢ = 45°

(-]
k =5.775 A !

Sample Angle (deg)
115
114
113
112
111
110
109
108
107
106
105
104
103
102
101.5
101
100.5
100

99.5
99
98.5
98
97.5
97
96
95
94
93

Intensity (mv)
0.038
0.038
0.040
0.036
0.028
0.039
0.046
0.052
0.053
0.051
0.052
0.045
0.032
0.039
0.048
0.048
0.049
0.042
0.036
0.039
0.040
0.039
0.038
0.038
0.037
0.034
0.034
0.034




TABLE 4 (Continued)
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1/27/76

(ib) Beam

¢ = 45°

)
k= 5,787 A" !

Sample Angle (deg)
125
120
115
113
112
111
110
108
106
104
103.5
103
102
101
100

99.5
99
98
97

Intensity (mv)
13.2
18,2

13

.
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nmwurmooonvwownes o

1/27/76

(EI) Beam

¢ = 45°

°—
k = 5,787 A™!

Sample Angle (deg)
108
110
111
112
113
115
120
125
106
104
103.5
103
102.5
102
101
100

Intensity (mv)

.
HFUVMAWOROONNNDOVUON

t
4
3
3
2
3
4
3
2
3
3
2
2
3
3
3
3




TABLE 4 (Continued)
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1/27/76 (21) Beam

¢ = 45°

°
k = 5.787 A™!

Sample Angle (deg)
99
98
97
96

Intensity (mv)
3.3
32
3.0
3.0

TR
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TABLE 5

Intensity Data for the Reflected and (11)
Diffracted Beams at ¢ = 48°

°
k= 5.818 A}

April 17 (11) Beam ¢ = 48°

100.5 3
101 4.
101.5 7
102 13
102.5 19
102.75 19
103 15
103.5 7
104 3
- . 104.5 2
105 2
106 2

106 53
105 49
104.5 35
104 22
103.5 26
103.75 23
103 28
102.5 17
102 14 P
101.5 25
101.75 19
102.25 13
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TABLE 6

Intensity Data for the Reflected (11) and
(21) Beams at ¢ = ~1°

64

3/18 (T1) Beam ¢ = -1° 3" Level
Sample Angle (deg) Intensity (mv)
126 14.5
126.5 17.5
127 15.5
127.5 12
128 9.3
125.5 9.7
3/18 (Z1) Bean ¢ = -1° 379 Level
: Sample Angle (deg) Intensity (mv)
128 : 1.1
127 1.3
126 1.35
125 0.95
124 1.0
124.5 0.9
125 1.0
125.5 1.2




TABLE 6 (Continued)
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3/18

(00) Beam

¢ = -1°

3

rd

Level

Sample Angle (deg)
127
128
127.5
126.5
126
125.5
125
124.5
124
123.5
123
122.5
122
121.5
121
120.5
120

Intensity (mv)
22
62
45
26.5
44
62
62
48
25
23.5
28
34
28.5
22
21
19
19




TABLE 7

Reflected Intensity Data for the
(10) and (11) Level Splitting

7/6/176 (00) Beam Sample Cooled to 85°K
Sample Angle (deg) Intensity (mv)

¢ = 13° 108 0.095
107 0.052
106 0.11
106.5 0.054
107.5 0.080
105 0.16
104 0.27
103 0.062
102 0.044
101 0.074
101.5 0.061

¢ = 12° 108 0.11
107 0.091
106 0.050
105 0.13
105.5 0.10
106.5 0.055
104 0.21
103 0.16
102 0.062
101 0.072
100 0.075
102.5 0.060

¢ = 10° 110 0.17
109 0.16
108 0.16
107 0.17
106 0.22
105 0.25
104 0.34
104.5 0.29
105. 0.30
103 0.59
102 0.19
101 0.10




TABLE 7 (Continued)
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7/6/76 (00) Beam Sample Cooled to 85°K
Sample Angle (deg) Intensity (mv)
¢ = 10° 100 0.11 :
99 0.12
98 0.19
100.5 0.10
100.75 0.10
¢ = 8° 107 0.14
106 0.22
105 0.13
104 0.11
103 0.15
103.5 0.12
104.5 0.10
104.25 0.10
102 0.29
101 0.075
100 0.067
99 0.070
98 0.070
99.5 0.066
¢ =6° 110 0.064
109 0.089
108 0.13
107 0.12
106 0.13
105 0.12
104 0.035
103 0.050
104.5 0.040
103.5 0.043
102 0.072
101 0.090
100 0.053
99 0.062
98 0.038
97 0.13
97.5 0.075
98.5 0.060

L




TABLE 7 (Continued)
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7/6/76 (00) Beam Sample Cooled to 85°K
Sample Angle (deg) Intensity (mv)
¢ = 4° 110 0.14
109 0.11
108 0.087
107 0.080
106 0.096
105 0.13
104 0.035
103 0.040
102 0.049
103.5 0.036
104.5 0.053
101 0.091
100 0.082
99 0.056
98 0.064
97 0.13
98.5 0.047
99.5 0.068




6.

10.
11.
12.

13.
14,
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