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and © is the scattering angle of the diffracted peak. Conversely,
this equation can be used to determine the coherence lengths of
crystals, by measuring the FWHM of the peaks diffraction from the

crystal.

5. 2D powder diffraction

For 2D crystals, there is translational symmetry in only 2D, and
hence only the first two of the Laue conditions (the in-plane
components) are uniquely determined. The out of plane component of
the incident wave can take on any value. Therefore, there is a
minimum wave vector (with 1 = 0) which satifies the first two Laue
conditions. All vectors with h and k, specified specified by the Laue
conditions, and with any value 1, will produce diffracted intensity.
The scattered peak has an asymmetric shape, called the Warren
lineshape,® shown shematically in Fig. A.2. The peak abruptly begins
(and is maximum) at the minimum q satifiying the Laue conditions (with
1 ='0), and a has long tail; this is because all wave vectors above
some minimum contribute to the scattering. Instrumental resolution
and finite size effects broaden the both the leading edge and the
tail.

The position of the maximum in the Warren lineshape specifies
the minimﬁm q to scatter, and hence specifies the lattice structure.
It is this minimum wave vector which satisfies the Bragg condition,
and the Laue conditions (with 1 = 0) in 2D. We can also use the shape
of a diffracted peak to determine if the peak results from a 2D or 3D

crystal structure.
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FIG. A.2. Schematic of the Warren lineshape for 2D powder diffraction
peaks.



193
Again, the 2D coherence length of the crystal can be derived
from the width of the diffracted peak. It is slightly modified

fromthe form for 3D peaks. Indeed, it is:”3

B(20) = 2:85, (A.5)

2D

where, again, B is the FWHM of the difrracted peak, and L,; is the

coherence length.

B. Experimental station X18A at the National Synchrotron
Light Source at Brookhaven National

Laboratory

The National Synchrotron Light Source (NSLS) is a broad-band x-
ray source. The synchrotron x-radiation is produced by a beam of
electrons traveling in a circular beam path. The radiation produced
is plane polarized parallel to the floor of the facility. At each
experimental beamline, the x-rays are pickéd off, and passed through
several conditioning stages. These conditioning stages are prescribed’
by the type of experimental work done at each beamline.

Beamline X18A is operated by MATRIX, a consortium of mid-western
universities. It is primarily used for diffuse and surface
scattering, and diffraction.. We used the beam to do x-ray diffraction
experiments. These experiments require that a focussed, monochromatic
beam is incident on the sample. In the folloﬁing, we will explain the
various steps taken to produce such a beam.

We begin at the x-ray source, describing the beamline
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construction to the sample, which is placed inside an experimental
room, called the hutch. Following Fig. A.3, we describe only the most
important features. Others are listed for completeness. Photographs
are included in Fig. A.4, with main features indexed as in Fig. A.3.

A concrete wall (c¢) separates the experimental floor from the
circulating electron beam. Just inside this wall, is a safety shutter
(b), which blocks the x-rays; it is maintained and operated by the
NSLS staff, and actuated in case of emergency. There are also vacuum
valves (a and d) to isolated different parts of the beamline. A Be
window (e) isolates the beamline vacuum from the electron beam vacuum.
The x-ray beam then passes through a water cooled apperture (f), which
determines the maximum incident flux by controlling the acceptance
angle of the radiation from the ring, and which sets the horizontal
divergence of the beam. From here, the beam enters the monochromator
(g). The monochromator is a double crystal Si(11ll) monochromator,
with an energy range of 4-20 keV. The beaﬁ then is focussed by a bent
cylindrical platinum coated aluminum focussing mirror (h). This
decreases the beam size to about 1.5 mm horizontal by 1.0 mm vertical,
and increases the beam brightness by a factor of 10. Next is the
photon shutter (i). This will only open if the experimental hutch has
been properly secured, and will automatically close if emergency
buttons are hit. Incident slits (j) fix the beam size at the sample
(adjustable from zero to the maximum size set by focussing mirrors).
An incident beam flux mgnitor (k) is used to normalize the counting

times for decay of the electron beam, and hence the photon flux.



195

i | °lt a
m 4+ [l h g 1 ISl =
L i Bl S ) I
o) 0
k
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FIG. A.3. Schematic of beamline X18A at NSLS.
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FIG. A.4. Photographs of X18A beamline. Labels defined in Fig. A.3.
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The beam is focussed to the center of a 50 cm 4-circle
diffractometer (Huber Model 5020 Diffractometer), pictured in Fig.
A.5. The diffractometer allows the orientation of the sample to be
adjusted in all three Eulerian angles, and for movement of the
detector through 28. The sample is mounted on the end of a cold
finger (see Fig. A.6), which is enclosed in a cryostat cooled by a
closed cycle helium refrigerator. The cryostat is fitted with Be
windows (see Fig. A.5) to allow the x-ray beam access to the sample.
The cryostat is mounted on the diffractometer (Fig. A.5), with the
sample rotated 5° from the perpendicular to the plane of the floor
(see Fig. A.5).

Diffraction scans are done in a transmission geometry. This is

shown schematically in Fig. A.7. The incident beam (a) passes through
the sample (b) and leaves the sample at some angular position, 26.
The beam enters a helium flight path-(c). Soller slits (d) resolve
the beam to 0.02 A™l. The detector is stepéed through 26, the range
and stepsize of which is determined by the user. The detector moves
about an axis perpendicular to the incident beam and parallel to the
floor.

The cryostat maintains a sample temperature between 10 and 300 K
* 0.1 K. We used two different sample cells for our experients. The
graphite sample cell is a copper block 1.2 cm thick, with 1.9 cm
diameter graphite disks enclosed by Be windows. A capillary allows
sample dosing. The MgO cell is described in detail in the text

(Chapter III, Sec. C) and pictured in Fig. ITII.1.
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FIG. A.5. Photograph of the Huber diffractometer.
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FIG. A.6. Photograph of sample cell mounted on cryostat.
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(a)k

FIG. A.7. Schematic diagram of scattering geometry. The x-ray beam
(a) hits the sample (b), and scatters. The scattered beam enters a
helium flight path (c¢), Soller slits (d), and is recorded by the
detector (e). The sample (b) is mounted inside on a cold finger (g),
vacuum isolated by a Be window (f). The cryostat (h) is mounted
inside a Huber diffractometer (i).
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FIG. A.8. Photographs of scattering geometry. Labels are the same as
for Fig. A.7.
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APPENDIX B

AUTOMATED GAS HANDLING SYSTEM
A. Theory of vapor pressure isotherms

1. Thermodynamic considerations

We begin by briefly reviewing the thermodynamic model of
adsorption. Consider the substrate to be a lattice of adsorption
sites, where it is energetically favorable for molecules to adsorbed
(see Chap. I, Sec. B.2). It is a simple exercise to derive the
chemical potential of the adsorbed film at constant temperature (see.

e.g., Ref. 29):

Beiin = kBTln-f?—e (B.1)

where 8 is the coverage of the film, kg is Boltzmann's constant, and T
is the temperature. The adsorbed film is thermal and diffusive
equilibrium with the 3D gas phase of the aasorbate above the
substrate. We equate the chemical potential of the adsorbed film to

the chemical potential of the 3D gas:
.. = k,71n(-£) (B.2)
gas B P

]

where:
3 2nm 3 B.3
Po=(kBT)2(—h2)2 (B.3)

where m is the adsorbate mass, P is the pressure and h is Planck’s

constant.2®
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We can easily measure (described in the next section) the
pressure versus the number of atoms adsorbed for an isothermal path.
From these measurements we can calculate pg,s (=pei1n) along this
isothermal path. In this way we gain information about the adsorption
characteristics of the adsorbed system.
We can also probe the system for phase transitions by studying

the change in the Gibbs free energy:
P, (B.4)
Ge=G(P) = PV,In—2 .

where G, is a reference free energy (the free energy of the system at
saturation), G(P) is the free energy at pressure P, P, is the
saturation pressure, and V, is the volume in the system (i.e., the gas
handling system volume). If a phase change occurs, this is evident as
a discontinuity in the derivative of the Gibbs free energy.!!?
Isotherms can be used to measure the isothermal compressibilty,

according to the equation:!!?

K, = n292 (B.5)

where n is the number adsorbed.

Isotherms can also be measured at several different
temperatures, and the chemical potential versus T can be plotted.®
From measurements of isotherms at several temperatures, the isosteric
heat of adsorption for specific coverage can be measured, using the

Clausius-Clapeyron equation:’s
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dlnPpP
1)

where R is the gas constant, and the subscript © denotes constant

Qe = R (B.6)

)

coverage. Indeed, myriad thermodynamic information for a system can
be derived from isotherm data. For a good example of information
available from experimental measurement of vapor pressure isotherms,

see, e.g., Refs. 1, 86, and 112.

2. Measurement of a vapor pressure isotherm

We now review the basic measurement of a vapor pressure
isotherm. A known amount of 3D adsorbate gas is allowed to come into
thermal and diffusive equilibrium with a cold substrate. Gas
molecules will adsorb to the substrate, and leave the 3D gas phase.
The difference in the amount of gas in the 3D gas phase before
equilibration and after is the number of molecules adsorbed to the
surface.

Quantitatively, the process proceeds as follows. We begin with
an empty gas handling system (ghs), with a known volume (V) at
constant temperature (Tg,,, approximately room temperature) [see Fig.
B.1 (b)]. We admit adsorbate gas molecules from a reservior into Vg
[see Fig. B.1 (a)] to some pressure (P;). The number of molecules in
Vens is calculated from the ideal gas law. We then open up the gas
handling system to the cold sample at Ty, [see Fig. B.1 (c)], and
gas molecules adsorb. The number of gas molecules adsorbed is the

difference in the number in the gas phase before and the number in the
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()
k temperature
controlled
environment

FIG. B.1l. Schematic diagram of gas handling system (ghs). Gas is
admitted from gas reservoir (a) into ghs (b). The ghs is then opened
to the sample cell (c).
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gas phase after the valve is opened. When we open up the valve to the
sample, we increase the volume accessible to the 3D gas by an amount
we denote V4,4, Which is the sample cell volume not occupied by
sample, plus the volume in any connecting tubes from the gas handling
system to the sample chamber.We further split V4,4 into Vg,,er and
VdeadasT: Vdeadqrr 15 the part of the dead volume at room temperature, and
Vgeaast i1s the part of the dead volume at the sample temperature (see
Fig. B.2). The number adsorbed for the first iteration of gas

adsorption is:

1
Nags = Nghs,"' (Ngbe,""NdeadRT"'Ndeadsr) (B.7)

We can re-express this in terms of the intial and final pressure, P,

and Pg:

(B.8)

1 1 1 1 1
Nygg = P nghs'P fngs_P X geadrr™ P Xgoadsr

where:

- % (B.9)
% T,

This is iterated again, i.e., we add more gas to the system and allow

it to adsorb and come into thermal and diffusive equilibrium with the

3D gas. The total number adsorbed is then:

tot _ a1
Nads = Nags + Nazds

(B.10)
where N%,;, is calculated in the same way as Nl,4. Successive gas

admission and application of Eq. (B.8) leads to the generél formula

for the amount of gas adsorbed after n steps:
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n
Y (PP-PE) X | -PF (X genarrt X geadst) (B.11)

m=1

n
Nags=,

An isotherm is plotted by graphing the pressure on the x-axis and the
number adsorbed on the y-axis. The thermodynamic data described in
the last section can be obtained by the proper data

reduction.!,73,86,111,112

B. Automated gas handling system

1. Motivation

Vapor pressure isotherms have been used for many decades to
study gas adsorption. It is fairly easy to build a system capable of
doing gross measurements of adsorption features, such as isotherm
shape to test sample heterogeneity (see Sec. III.D), to measure sample
specific surface area (see Secs. IV.C and III.D), and to perform
global phase diagram surveys. In order to be able to distinguish
subtle changes in thermodynamic variables, a very accurate (and
precise) system is needed, such as the system detailed by Suter et
a]. 112

Many steps were taken in building the Suter et al. system to
ensure accuracy. Pressure sensors were chosen which have a
statistical uncertainty of =1073 P,., where P, is the full scale
pressure, for pressures less than 10 Torr, and ~107* P, for pressures
above 10 Torr, using a 1000 Torr éapacitance manometer. The absolute
uncertainty is reduced three orders of magnitude if a 1 Torr manometer

is employed in their system. The capacitance manometers are
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temperature controlled to 0.01 K, to minimize pressure drifts due to
temperature. The Suter et al. ghs also includes very tight
temperature control for both the sample and the ghs environment (*
0.01 K) to ensure a truly isothermal path. The system is built so
that surface heterogeneity of the sample is the limit to how sharp
steps in the isotherm are, and also limits the smallest reasonable
step in the number adsorbed (for a complete description, see Ref.
112).

The system is computer controlled, i.e., system pressures and
temperatures, are monitored and recorded by a computer. This allows
low-noise pressure readings by computer averaging over many pressure
readings. The analog data is coﬁverted to digital data and stored by
a 18 bit DAC (Analog Devices 1138). The computer also admits gas into
the system after each sucessive step, and opens the ghs to the sample.
Equilibration of the system can be quantitatively determined (i.e.,
stability criteria established and used to>determine equilibration),
hence eliminating exprimentor impatience from degrading data. The
system can be used to take data continuously over the life of an
isotherm (computers need no sleep, while graduate students need some
occasionally), making fine resolution stepsize, and multilayer
isotherms experimentally feasible.

2. Design of USU automated gas
handling system
We are interested in building a system which incorporates many

of the features found in the Suter et al. system, and hence there are
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many similarities. In this section, we describe our system, which is
still in development. We begin with a description of the hardware,
and conclude with a breif description of the system software.

Fig. B.2 is a block diagram representing the main gas
manifold, which includes the computer-controlled valves and computer-
monitored sensors. All letters in parentheses this and the next 3
paragraphs refer to Figure B.2. The automated ghs (aghs) is built out
of mainly 1/8" NPT stainless steel (ss) pipe fittings. The central
piece, however, is a welded ss cross. Three pneumatically activated
Nupro air actuated bellows valves (Model SS-4BK-TH3-1C) (g,l,h) are
welded to the cross. These are activated by 40 psi pressure,
delivered by c;pper tubing (not represented). The fourth port on the
cross opens directly to the gas manifold. The gas manifold is
constructed from 1/8" NPT ss pipe fittings. Attached are a relief
valve (Nupro Model SS-4CPA2-3) (a), and two pressure gauges (b,d,
described in detail below). One pressure éaugev;s an absolute
pressure gauge (d). The second pressure gauge ié a differential
pressure gauge (b, low pressure gauge). The differential pressure
gauge can be isolated from the manifold by a manual needle valve (c).
The reference vacuum is provided by a 1/8" ss tube (e) connected to
the vacuum port. The pressure gauges are attached to the system via
UltraTorr Cajon Quick Connectors.

The vacuum port (f) is isolated from the gas manifold via a

pneumatic valve (g). The reference vacuum tubing for the differential
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FIG. B.2. Schematic diagram of the USU automated gas handling system
manifold (aghs). The components are as follows: (a) relief valve;
(b) low (differential) pressure head; (c) valve for differential
pressure head; (d) high (absolute) pressure head; (e) reference
vacuum line; (f) vacuum port; (g) pneumatic valve to vacuum; (h)
pneumatic valve to sample port; (i) sample port; (j) valve for
reference vacuum line; (k) reference vacuum port; (1) pneumatic valve
for gas supply to agh; (m) gas flow regulator needle valve; (n) gas
input port; (o) gas input valve; (p) valve for standard volume; (q)
standard volume; (r) vacuum TC gauge; (s) foam insulation.
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pressure head is isolated from the vacuum port by a manually
controlled needle valve (j). The reference vacuum tubing is attached
to the system via UltraTorr Cajon Quick Connectors (k).

The sample port (i) is also isolated from the gas manifold via a
pneumatic valve (h). The sample cell is connected to the aghs by a
1/8" ss capillary tube. The sample cell system is described below.

The third pneumatic valve (1) isolates the gas input system from
the gas manifold. The gas input to the manifold must be carefully
monitored, so the gas input port is designed to leak gas into the gas
manifold. This is achieved by a needle valve (Nupro M-2MG4) which can
be just cracked open (m) allowing very restricted flow of gas. Also
attached to the gas input system is a gas input port (n), which can be
manually valved off (o), a standard volume (q) and accompanying valve
(p), and a vacuum thermocouple (VIC) gauge (r). The entire system is
enclosed in a foam box (s) for temperature stability.

The gas manifold system is part of a>larger system, shown
schematically in Fig. B.3. The temperature of the aghs [Fig. B.3 (b)]
is controlled by a RFL 70-115 proportional temperature controller
[Fig. B.3 (a)]. 1It uses a YSI 44004 thermistor to detect temperature
changes, and delivers a variable current proportional to‘the
difference in the measured temperature and set temperature to two 150
Q heaters inside the aghs foam box. The controller is capable of
controlling temperatures to * 0.05 K. The temperature of the aghs is
set to slightly above room temperature (= 305 K). The temperature of

the system is recorded by the computer, as read from a second similar
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FIG. B.3. Schematic of the automated vapor pressure isotherm system.
The components are as follows: (a) ghs temperature control; (b) aghs-
gas manifold; (c) interface box; (d) terminal box; (e) computer; (£f)
valve control box; (g) helium compressor; (h) cold head; (i) sample

temperature controller.
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thermistor. Another similar thermistor also measures the room
temperature. These two thermistors are connected to the computer
through the terminal box [Fig. B.3 (d), described in detail below].

Other system sensors are connected to the computer through both
an interface box [Fig. B.3 (c)] and a terminal box [Fig. B.3 (4)].
The VIC is comnected to a gauge meter mounted on the front of the
interface box. The output voltage (proportional to the pressure) is
read from the gauge; this is passed from the interface box to the
terminal box. The pressure in the aghs is monitored by two Si
diaphragm pressure transducers. Pressures to 1500 Torr are measured
by a Nova Sensor NPH-5-200-AH absolute pressure transducer. Low
pressures (to 18.75 Torr) are measured by a Nova Sensor NPH-5-2.5-AD.
This sensor is a differential pressure sensor; actually, it could be
used to measure pressure differences to 18.75 Torr. However, the
reference port is connected to a vacuum port (see Fig. B.2), and
therefore the sensor is only used tovmeasufed pressure differences
from vacuum in our current configuration. Both pressure sensors are
excited by a 1.5 mA constant current source, mounted on a small
circuit board within the temperature controlled environmént of the
aghs (to minimize current drifts due to temperature variations). The
output voltage of each sensor is interfaced to the computer through
the interface box and the terminal box. The accuracy of the sensors
is a complicated function of the accuracy of the temprature, the
constant current source electronics, and the ADC board; this is

detailed in the next section on the system accuracy.



214

We chose these pressure sensors over conventional capacitance
manometers for two reasons. First, they are considerably smaller
(about 1 cc dead volume) than capacitance manometers (about 20 cc dead
volume). Since the accumulated error in the number adsorbed is
directly proportional to the gas handling system volume (See Ref. 112
for complete development), minimizing the aghs volume increases the
accuracy of the system at high coverage.- Secondly, capacitance
manometers are about $1000 and the Si diaphragm pressure transducers
cost about $50. The Si sensors are easily interchangable, and the
price makes it feasible to purchase a variety and to choose the one
most appropriate for each application. In theory the Si sensors are
as accurate as the capacitance manometers (quantified below; see Sec.
B.3), provided the control electronics and data collection devices
have sufficient accuracy.

The opening and closing of the pneumatic valves is controlled by
digital I/0 from the computer. A digital High closes a solid state
relay, which opens a three-way solenoid valve between the pneumatic
valve and a 40 psi pressure source. This pressure actuates the
pneumatic valve. The solenoid valves and the control electronics are
situated in the valve control box [Fig. B.3 (f)]. Copper tubing runs
from the box to the pneumatic valves. The solid state relays are
connected to the terminal box.

Sample low temperature is achieved by a closed cycle helium
refrigerator [Fig. B.3 (£f), Varian Cryocompressor] and cryostat [Fig.

B.3 (g), a modified Varian cryopump]. The interior of the cyrostat is
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shown schematically in Fig. B.4. The cold staée consists of two
parts: the 77 K stage [Fig. B.4 (a)], to which we attach a radiation
shield [Fig. B.4 (g)]; and the sample stage [Fig. B.4 (b)], to which
we attach a copper block extension [Fig. B.4 (c)]. This oxygen-free
. high-conductivity (OFHC) copper extension houses two rod heaters for
temperature control, and a 1000 Q platinum RTD. The sample holder
[Fig. B.4 (d)] mounts on the copper extension. Sample cells [Fig. B.4
(e)] slide into the sample holder and are held in place by set screws.
A Si diode thermometer (Lakeshore Model DT-470-SD-13) is mounted to
the bottom of the sample cell. This diode is the sensor used by the
temperature controller (described below) to monitor andmaintain sample
temperature. A capillary tube [Fig. B.4 (f)] is welded to the top of
the sample cell, which is sealed with two 1.33" conflat flanges, and a
copper gasket. A small heater and a thermocouple clamps to the
capillary; this is to prevent gas condensation in the capillary by
mildly heating the capillary. The entire éystem is enclosed inside a
ss vacuum container [Fig. B.4 (h)], and sealed with a 8" Viton o-ring
[Fig. B.4 (1)].

Sample temperature control [see Fig. B.3.(i)] is maintained by
an RMC CR-31 temperature controller. It can read and display two
sensors (a Si diode and a 1000 Q platinum RTD). It puts out a 0 to 1A
current which is proportional to the deviation between the measured
sample T and the user specified set-point temperature. In our
application, we control the sample temperature from the Si diode

thermometer by regulating the current to the heaters housed in the
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FIG. B.4. Schematic of inside of cryostat. The components are as
follows: (a) 77 K stage; (b) cold stage; (c) copper extension; (d)
sample holder; (e) sample cell; (f) capillary tube; (g) radiation
shield; (h) ss vacuum shroud; (i) Viton o-ring vacuum seal.
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copper extension [see Fig. B.4.(c)]. The controller can maintain
temperatures from 1.4 K to 475 K * 0.1 K in this configuration. The
controller can also ramp temperatures. The controller is interface
directly to the computer through an RS-232 port.

The terminal box [Fig. B.3 (d)] contains a Data Translations
DT707 screw terminal. This interfaces directly to the Data
Translations DT2811 A/D board inside the computer. The screw terminal
is a convenient connection for the 5 input A/D channels, and 3 digital
outputs for the valves. In total, the DT707 can accomomdate 16 single
ended input A/D channels or 8 differential input A/D channels, 8
digital outputs and 8 digital inputs. Analog input and output has 12-
bit resolution.

The DT 2811-PGL A/D board is located in a expansion slot inside
a 286 PC. It is a 12-bit, half-size board, capable of analog to
digital conversion (A/D), digital to analog conversion (D/A), and
digital input and output (I/0). It has jumber selected voltage ranges
of 0-5V, x5V, and * 2.5 V (we use £ 5 V), a programmable gain (for
each channel) of 1, 10, 100, or 500, and.can accept data at a maximum
rate of 2.5 kHz. Board function is controlled by software; the
specific system drivers (i.e, board initialization, and voltage
recording on specific channels, etc.) are provided by Data
Translations, and are incorporated into our aghs control software. We
currently use the A/D board to monitor room temperature, aghs
temperature, the differential head pressure, the absolute head

preassure, and the VTC.
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Control of the aghs (i.e., recording data, or controlling
valves) for performing an isotherm is provided by a computer prgoram,
written by members of our lab (still in development, see Ref. 113).
The program also controls the RMC sample temperature controller. When
completed, the control software will allow user input of experimental
variables (i.e., sample temperature, equilibrium pressure at which to
end isotherm, stepsize in pressure, etc.), initialize and control
hardware, and make calculations of Ny, from the measured final

pressures, and display data in real time.

3. Error Analysis

We are now interested in determining the theoretical system
accuracy, i.e., what is the error in the number adsorbed for a
measurement at a given pressure. The error in the number adsorbed is
the error for Eq. (B.1ll) (see derivation Ref. 114). For simplicity,
we represent the sum over the difference in the intial and final
pressure with P%g;,. The error in the number adsorbéd for each
iteration is given by:

6Nal<1:ls - 61\7:;“"‘61\7—‘,1-2"'6.1\1’;'z (B . 12)

n n
Nads Nads

where:
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8N _ 3P aP;’( Vaeader , vdsads,z*ghs) (B.13)
Ngs Pir PA\ Vans VonsTs

bN"’u = 6Vg+ P; ( 6Vdeadli’T_'_ 5Vdsa4:13:1‘:2-'9)).5') (B. 14)
Nygs Vo P\ Vons VonsTs

SN _ 8Tyf , PF Vaoaanr), 3 TsVaosasrP? (B.15)
Naas Tbl Pgir Vons TsVonsPdir

where each term is defined in relation to Eq. B.1ll and § denotes the
error.

Each term in the error represents the error in the number
adsorbed due to the error in the three experimetally measured
quantities: the pressure (SN“P), the temperature (6N%.), and the
volumes (6N%,). We discuss each term separately.

6N?y represents the error due to error in the measurement of the
aghs and sample temperature. In the previous section, we state that
the aghs system temperature is controlled to * 0.05 K and the sample
temperature to * 0.1 K. We estimate the sample temperature (Tg) to be
77 K (£ 0.1%) and the room temperature (Tpy) to be 305.56 K (£ 0.02%).
For the purpose of error analysis, we also estimated the aghs system
temperature to the same as room temperature (Tgy = Tgs). The error
N7 /N 4c 1s < 0.03%, and is dominated by the error in the aghs
temperature.

The error in the number adsorbed éN", is due to errof in the
volume of the aghs and the dead volume. We have not yet made accurate

determination of the aghs volume. However, we have determined
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accurately the volume of the stainless steel volume in the aghs [see
Fig. B.2 (q)].'° We use this volume and associated error [V, =
© 40.000 £ 0.015 cc (£ 0.04%)]. We estimate the dead volume at room
temperature [Vg,.qzr = 4.000 £ 0.001 cc (* 0.03%)], and at sample
temperature [Vg..gsr = 3.500 * 0.009 cc (+.0.03%)] to be the same as
that calculated for the manual system used to measure the isotherm
shown in Fig. III.3. This estimation introduces neglible error to the
the final calculation, as the dead volumes are themselves a small
correction. The error in these volumes is overestimated, as the error
in the pressure in the manual system (used to measure these volumes)
is significantly higher than in the gghs. The error &N°, /NP, is =<
0.04%, and is dominated by the error in the V.

The error in the pressure measurement is a complicated function
of the control electronics error, the Si diaphragm error, and the data

115

collection error, i.e., the A/D board error. The error in the

measured pressure is given by:

8P _ 8P;;+8P,,+8P, /) (B.16)

P P

where §Pg; is the error due to the error in the Si diaphragm (this is
the theoretical limit to the error in pressure), §P,; is error in the
control electronics (e.g., the drift in the constant current supply
due to temperature), and 6P, is error due to analog to digital
recording and conversion. Careful analysis of each of these

contributions (see Ref. 115) yields:
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8Ps; _ 105V 3P, _10-*v 8Pyp_ 2x107¢V (B.17)
P Vg P Ve P Vs

where Vg is the output voltage of the sensors (in volts); §Pg; = 2
mTorr for the differential head, and §Pg; = 200 mTorr for the absolute
head.

The largest contribution to the error in the pressure due to
electronics §P,; is from the temperature response of the resistors in
the control circuit. 6P, is easily lowered by a factor of 50 or
greater by replacing the carbon resistors with metal film resistors;
this is planned. After replacing the resistors, §P,; < 6Pg;.

The error in the pressure due to A/D conversion, 6Py, is the
largest contribution to the system error. This is currently the
limiting factor in the accuracy of our pressure measurements. This
can be reduced by a factor 16 by replacing our 12 bit board with
higher resolution 16-bit board. Future plans include this
replacement. After installation of the 16-bit board, 6P, = 6Pg;.

We now estimate the error in the number adsorbed based on the
system error estimates given in the previous few paragraphs. To
estimate this, we use data collected for an isotherm measured on the
manual system. This is useful for two reasons. First, it gives us an
idea of the error over an entire isotherm, including accumulated
error. Second, we can compare the error of the aghs to the manual
system.

Using the differential head, we find that the error in the first

data point éNl,;, = 0.1% of N,y (P = 0.028 Torr) and the error after
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30 data points §N3C_ = 0.4% of N,y (P¢ = 6.22 Torr). The error
calculated for the manual system is 6NY,4, = 0.6% of N4 (Pf = 0.028
Torr) and the error after 30 data points §N30,, = 1.3% of N4 (P; =
6.22 Torr). For the Suter et al. system, we estimate the error to be
0.01% for the 30th data point.!??

We are a factor of 40 less accurate than the Suter et al.
system. We now analyze the contributions to this error, to see where
we can improve our system. For the high pressure sensor, the largest
contribution (by a factor of 20) is the error due to 6N, [see Eq.
(B.12)]. This can be lowered by a factor of 16 by using a more
accurate 16-bi£ A/D board. Replacing the resistors in the constant
current supply reduces §N, further as noted above, and this error
becomes limited by the intrinsic uncertainty in the pressure sensors.
For either sensor, éN,, 6Ny, and 6N, become aprroximatley comparable.
When P; < 1/4 P, for a given sensor, the uncertainty is dominated by
the intrinsic sensor error, which is > 0.05%. However, when the
pressure is higher, or a combination of sensors is used, the error in
the number adsorbed due to error in the volume and temperature can
become Significant. In this case, more accurate ghs temperature
control and more accurate aghs volume determination will improve the
overall ghs uncertainty (§N.4/N.g). However, uncertainty in neither

Vens nor Tg can be reduced much further without signficant effort.

4. Future Work
Immediate plans include completion of the hardware and software

(system control program) in the current configuration. When
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completed, the system will be more than adequate to perform multilayer
isotherms of N, on graphite, and can be used to address the questions
raised by our x-ray studies of this sytem (see Chap. IV, Sec. F.2).

Future plans include the two system hardware upgrades outlined
above. Pending funding, the A/D board will be replaced by one an
order of magnitude more accurate. The resistors in the Si diaphragm
constant current supply source will also be replaced. These two
improvements will make our system comparable to the of Suter et al.l!?

and capable of state of the art measurements.



