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Apparatus for measuring thermodynamic properties at low temperatures
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An apparatus has been constructed to provide thermodynamic data for models of planetary
atmospheres. Often these data are needed at low temperatures, especially for the outer planets and
their satellites, but are not readily available in the literature. The vapor pressure of propane was
measured from 85 to 240 K to demonstrate one application of the apparatus for the acquisition of
these types of data and to assess the performance of the system. This molecule was chosen because
it is available in high purity, it has a well-established vapor-pressure curve, and it exhibits only one
phase change over this temperature range. Our results compare favorably with the values available
in the literature. The major components of the system include several types of pressure measuring
instruments(1000 and 1 Torr capacitance manometers, spinning-rotor gaageesidual gas
analyzer to monitor sample purify situ, and a helium closed-cycle refrigerator for cooling. The
gas-handling manifold was constructed using materials and techniques adapted from the
semiconductor production industry to minimize sample impurities which constitute a significant
source of error in these types of measurements. Several unique design features were also
incorporated in the construction of the sample cell to facilitate proper correction for thermal
transpiration—an important factor for pressure measurements at low temperatures—and to ensure
that the temperature sensor accurately reflected the sample temperature. The operational temperature
and pressure limits are 62—240 K anck 30 6—10° Torr, respectively. The lowest achievable
temperature is governed by the no-load temperature of the first stage of the refrigerator and vertical
thermal gradients along the sample cell walls, while the minimum obtainable pressure is set by the
base pressure of the manifold and a slight outgassing ratel999 American Institute of Physics.
[S0034-674809)01711-9

I. INTRODUCTION Low-temperature thermodynamic data are particularly

The presence of clouds and hazes in the atmospheres #fportant for the construction of first-order equilibrium mod-
the outer planets and surface frosts on Mars and many of thels, but as has been notethis information for the species of
solid-body satellites have been well established by varioudhterest is either nonexistent or more likely does not extend
ground-based and spacecraft observations. These features toeappropriate temperatures. This dearth of low-temperature
composed of the atmospheric constituents that condense @ata is understandable, since the acquisition of thermody-
the cold temperatures prevalent in those environments. Commamic data has been driven primarily by industrial needs
plex descriptive and interpretive models covering a widerelating to higher-temperature processes. Thus, most of the
range of topics, e.g., surface—atmosphere interactions, coawvailable thermodynamic data cover the temperature range
densation of clouds and hazes, and thermal structure, ha¥em the critical point to the triple point, whereas the plan-
been constructed to explain these observed features and pheary community typically requires data below the triple
nomena. However, reliable results from the models are semoint. In the absence of this information planetary modelers
sitive to the values for fundamental properties of key con-must extrapolate existing higher-temperature data to the tem-
stituents or parameters of physical/chemical processes thgkrature range of interest using representations that are not
serve as basic inputs for the models. It is important, thereajways accurate estimators over large temperature and pres-
fore, that these data be obtained from laboratory measureyre ranges or estimate the desired quantities on the basis of
ments taken under the conditions and over the temperatukfeoretical argumentsThese procedures can lead to errors;
range pertinent to that object. For the outer planets and thetnerefore, it is important to measure the parameters at tem-
satellites the latter can vary from50 to 300 K, but the  peratures that cover the entire range of interest. The data can
available laboratory data for some of the most importantnen pe fitted with various equations to obtain the best rep-
properties do not cover this range. resentation, thereby ensuring that values are interpolated, not
extrapolated, or that extrapolations extend over shorter tem-
¥Electronic mail: john.e.allen@gsfc.nasa.gov perature ranges and are, therefore, more accurate.
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To address the needs of the planetary atmospheres con
munity for this information, we have designed and con-
structed an apparatus to supply reliable low-temperature ey
vapor-pressure data. Although the principles of vapor-
pressure measurements are well develdpbe, design, con-
struction, and operation of a low-temperature, low-pressure| cr
system presented a number of technological challenges. Fc
example, at the lowest temperatufess0 K) appropriate for — |1yps
the upper atmospheres of the outer planets and their sate
lites, the vapor pressures of most atmospheric constituent
are expected to range from a few Torr to as low as
10" " Torr. (It is customary in the atmospheric sciences to
report pressure in units such as millibars or Torr. We adopt
that practice here and note that 1 Tert33.3 Pa. We chose
the static method of vapor-pressure measurements, since
readily lends itself to these types of measurements at low _
temperatures. and desianed the apparatus accordinaly. It FIG. 1. Overall schematic of the apparatus. The components are grouped by
emp ! g _pp 9 y'_ #Btted lines into five sections: high-pressut¢P) section consisting of
well known that there are potentially at least two majorsample buldSB), Pirani gaugéG1), and 1000 Torr capacitance manometer
sources of error in static low-temperature—and hence, lowtG2); pressure bridge connected to cold t@) and turbomolecular pump
pressure—measurements: thermal transpiration and Samd t|on_(TMPS) through pneumatic valvéPV) at one end and sample cell

) (SO with temperature sensd@i'S) and vacuum shrou@vVS) at the other;
purity. _The forme_r reSUItS_ from the fact that the Pressurémedium pressuréMP) section consisting of ballast bulBB), spinning-
measuring gauge is at a higher temperature than the sampletor gauge(G3), and 1 Torr capacitance manomet&4); low-pressure
Sample impurity can arise from contaminants inherent in théLP) section containing leak valvé&V) and cold-cathode gaugé&s); and
original sample, outgassing from the apparatus, or lack Ozesmual gas ani_alyzéRGA) section with a separate pump stack, gate valve

. L . GV), and Penning vacuum gau¢@6).
vacuum integrity, i.e., air leakage. Regardless of the source,
the effect of impurities on the sample vapor pressure may be

more pronounced at lower pressures. Therefore, considerabtl,%p (CT) and turbomolecular pump statiofTMPS)—
effort was expendgd to mini_mize and/or account for thesthough a pneumatic valvéPV) that closes if electrical
effects. The effective operating ranges for our system argqower is lost, thereby maintaining vacuum integrity. Vacuum
62-250 K in temperature and from3x 10 °to 10 Torrin - plumbing on the TMPS was modified so that the system
pressure. For a given species the pressure or temperatusgid be “rough pumped” with the mechanical pump while
range covered is determined by its vapor pressure and ”‘tﬁ/passing the turbomolecular pump. The medium-pressure
limitations of our system. Here, we describe the apparatusyection contains a ballast bullBB) for additional sample
measurement procedures, corrections and experimental UBtorage or transfer in the “clean” side of the manifold and
certainties, and the performance of the system with propangyq gauges that are central to the vapor-pressure measure-
(CHg)—a substance with a well-known vapor-pressurements: a spinning-rotor gaug&3 and a 1 Torr absolute-

curve over our operating ranges. pressure capacitance manomé@#d). The inlet of the RGA
(Balzers is connected to the system through the low-
1I. APPARATUS DESCRIPTION pressure section which contains a cold-cathode g&Bggto

read base pressures and a calibrated leak aWMe that can
be bypassed through a coarser valve with a highgr This

As illustrated in the layout in Fig. 1, the vacuum mani- section is used primarily to provide the pressure drop re-
fold consists of five main sections: high press@@00-1 quired for best operation of the RGA<(10 °Torr). The
Torr, HP), pressure bridge(bridge, medium pressure RGA section was assembled in a straight line configuration
(1-10%Torr, MP), low pressure €10 °Torr, LP), and  for maximum conductance and is equipped with a dedicated
residual gas analyzéRGA) (~10 ' Torr). Gas samples are cold trap, turbomolecular pump station, and cold cathode
introduced through one of two inlets in the high-pressuregauge (G6). For mass spectrometric measurements under
section and stored in a detachable sample K8B). The static conditions the RGA can be isolated from the pump
base pressure in this section is monitored by a Pirani gaug&ack by a gate valvéGV). In some cases it is desirable to
(G1) and working pressures, whether during sample transfeflow the sample through the RGA to reduce the buildup of
or vapor pressure experiments, are measured with a 100flssociation/ionization products. However, with the gate
Torr absolute-pressure capacitance manoméB#). The  valve fully or even partially open any small samples would
“pressure bridge,” represented by the four valves in a rect-quickly be depleted. In addition, it is notoriously difficult to
angular pattern at the center of the manifold, allows the higheontrol the throughput of a gate valve; it is essentially
and medium-pressure sections to be operated independentlyinary—either open or closed. Therefore, a bypass valve
that is, each section can be independently pumped or coriBPV) was installed to allow samples to be pumped through
nected to the sample celBO) for either sample transfer or the RGA at a much slower rate.
pressure measurements. This bridge also connects the system Several steps were taken to ensure vacuum integrity and
to the primary vacuum pump stack—comprised of a coldsystem cleanliness, eliminate potential outgassing sites or

A. Vacuum manifold
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“virtual leaks,” and maintain sample purity. The system was
fabricated using technologies and components adapted from
the semiconductor manufacturing industry where, as in our
case, the reduction of impurities is of utmost importance.
The entire manifold was assembled from 316L stainless-steel
parts (tubing, vacuum fittings, valves, sample byllvghose
interior surfaces are electropolished to reduce adsorption.
The high-pressure, medium-pressure, and bridge sections
were constructed using tubing with a 1/2 in. outer diameter
(0.d) as a compromise between conductance or pump-down
time and the volume of the system; whereas, the low-
pressure section was fabricated from 1/4-in.-o.d. tubing to To Manifold
reduce its volume and thereby increase delivery pressure to
the RGA. All permanent joints were then butt welded using
an orbital welding technique that provides a full penetration
weld. This results in a smooth, crevice-free interior, thus Thermal
eliminating the “virtual leaks” inherent with socket-weld Anchor
construction. Conflat® flanges and VCR® fittings, both of
which seal with metal gaskets, were used for all make-and-
break connections throughout the entire system to further
enhance vacuum integrity and bakeout capability. The lim-
ited use of bellows was deemed important because they
present large surface areas and reduce pumping speeds.
Hence, only two shortl in.) stainless-steel metal bellows
were incorporated at critical connections to facilitate align-
ment between components: between the pressure bridge and
the manifold pump stack and between the bridge and the
sample cell. The line connecting the RGA to its pump stack Top Hat
was assembled from off-the-shelf Conflat® fittingtee,
cross, and full nipplewith an o.d. of 1.5 in. This straight FIG. 2. Cross-sectional view of the sample cell and its thermal connections:
large throat reduces pump-out times and allows the RGATw) thermal well for temperature sensor protRTD) platinum resistance
section to reach base pressures in the uppef T0rr range.  temperature devicéTC) temperature control heatdAUX) auxiliary heat-
Except for the capacitance manometers, which aré's: and top hat bolts to first stage of helium refrigerator.
equipped with their own heating units capable of achieving
temperatures of-420 K, the complete system is wrapped several additional criteria: The axial and radial temperature
with heating cables to permit bakeout and further reduce outyyadient should be minimized. The temperature sensor
gassing. The horizontal supports for the manifold are backedhould be as physically close to the sample as possible. The
with Kapton® insulated flexible heaters and isolated fromgeometry and thermal properties of the sample cell should be
the main frame of the apparatus by thermal breaks made Qfe|| characterized to facilitate pressure corrections for ther-
phenolic, a low-conductance material. In this way the systenna| transpiration, an effect that will be discussed subse-
can be baked te-350 K, a limit set by the thermal properties quently. A cross-sectional view of the sample cell and its
of the valve handles. To ensure that the system is evenlyejated thermal and vacuum connections is depicted in Fig. 2.
heated, yet does not exceed the desired limit, the heatinghe same quality materials, components, and techniques
elements of the various sections with their components argere used in assembling the sample cell as were used for the
powered by separate autotransformers and their temperaturg@gcyum manifold. Stainless ste@16L) was again chosen
monitored with a series of surface thermistors. Base pressufgy the tubing and fittings because it can be joined by orbital
in the manifold is typically~10"" Torr after baking and welding and it has a lower thermal conductance than other

pumping with the cryotrap/turbomolecular pump combina-metals. The latter helps reduce the temperature gradient
tion. Both the sample bulb and the ballast bulb are wrapped|ong the cylindrical axis of the sample cell.

with Kapton® insulated flexible heaters, surrounded by insu-  Ajthough the resolution of the drawing is insufficient to
lating sleeves, and powered by separate autotransformerignow all of the details, the sample cell consists of a set of
They are usually baked at a slightly higher temperature thathree nested cylinders equipped with vacuum fittings at one
the manifold to ensure that any residual sample from previang and capped at the other end by a sample cup. The sample
ous experiments is driven out before a new sample is introcup itself is shaped like a modified tube pan with a short
duced. (0.125-in.-high outer lip that has an o.d. of 3/4 in. and a
taller (0.600 in) center stub with an o.d. of 1/4 in. The bot-
tom of the sample cup between the inner diaméiter) of
Besides concerns about vacuum integrity and systerthe outer lip and the o.d. of the center stub is 0.100 in. thick.
cleanliness, the design of the sample cell was predicated ofhe center stub is blind tapped for an 8-32 thread to within

He Purge

RTD

B. Sample cell
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0.100 in. of the backside of the cup; this tapped hole funcan annulus that surrounds the thermal well of the sample cup,
tions as the thermal well for the temperature sensor. A tubelacing the temperature sensor in close physical proximity.
16.05 in. long with an o.d. of 1/4 in. and a wall thickness of The temperature gradient from the sample cup to the thermal
0.035 in. was butt welded to the center stub of the samplanchor is thereby well established, as is the geometry of the
cup. The short outer lip of the sample cup was then extendednnular cylinder connecting them. Knowledge of these two
by butt welding to it a tube 5.3 in. long with an 0.d. of 3/4 in. factors enables us to make a more accurate calculation of the
and wall thickness of 0.049 in. The top end of this section ofcorrection for thermal transpiration.

the sample cell terminates in a section that thermally clamps  The innermost cylinder, which is not readily visible in

it at room temperature. This “thermal anchor” was con-the drawing, is removable and houses the primary probe of
structed from a solid piece of stainless-steel bar 1.5 in. longhe sample temperature. It runs the length of the sample cell
with a 3/4 in. o.d. by boring a 0.652-in.-0.d. hole to a depthfrom the bottom of the sample cup to just above the reamed
of 1/4 in. in each end on axis, then from one end boring al/8 in. Ultra-Torr® fitting at the top, while passing through
3/8-in.-0.d. hole to a depth of 7/8 in. as measured from thehe 1/4 in. Ultra-Torr® tee. The main length of this probe
bottom of the larger hole, and finally, boring the remainingassembly is a piece of thin-walled0.010 in) 304W

1/8 in. of material through with a hole that has a diameter ofstainless-steel tubing with a 0.148 in. o.d. that slips inside the
0.248 in.; this last dimension was critical for assembly. Toinner tube of the sample cell. The tube is open at one end and
allow gas to pass through the thermal anchor, six holes witllerminates at the other end in a thermal break made of low-
equal angular spacing and 1/8 in. diam were then drillecconductance Delrin®. The thermal break is a hollow cylinder
parallel to the cylindrical axis through the annulus formed1 in. long with a slight shoulder on one end, so that it press
between the 3/8 in. hole and the 0.652 in. hole. The extendeiits into the stainless-steel tube, and 8-32 external threads on
inner tube(1/4 in. o.d) of the sample cup was then “cryo- the other end to match the internal threads on the center stub
bonded” to the thermal anchor. In this procedure the samplef the sample cup. The threads of the thermal break are filed
cup with its attached extensions was submerged in a liquidflat on one side to form a “D” shape, and a shallow blind
nitrogen bath until it came to equilibrium at 77 K. This ef- groove, starting at this flat side, runs along the body of the
fectively reduced the 1/4 in. o.d. of the sample cup’s centerpiece. The probe ends at a small cylindrical brass tip that has
stub extension so that it could be forcefully pressed througta center hole blind drilled to within 0.010 in. of the backside
the 0.248 in. innermost hole of the thermal anchor until theof the piece and an 0.¢0.100 in) that is less than the inter-
outer wall of the thermal anchor butted against the 5.3 innally threaded hol€0.162 in. o0.d. of the sample cup. The
extension of the sample cup’s outer lip—these latter twaclosed end of the tip is rounded and the other end has a slight
pieces were then joined by orbital welding. On warm up theshoulder on it to press fit into the threaded end of the thermal
1/4 in. inner tube was then automatically bonded to the therbreak. The tip, thermal break, and stainless-steel tube are
mal anchor by mechanically pressing against the undersizeattached to one another by small pins made of drill rod filed
hole along the full 1/8 in. contact length. Because bothto the 0.148 in. o.d. of the probe. These pins press fit into
pieces were made from the same type of material, and thusoles drilled through these pieces in a direction orthogonal to
have the same coefficient of thermal expansion, they wiltheir cylindrical axis. A Pt resistance temperature device
remain in contact even when cycled over large temperaturéRTD), traceable to a NIST standard, was coated with a low-
ranges. The sample cell was then completed in the followingemperature thermal grease to enhance thermal contact and
order: A 3/4-to-1/2-in. reducer with a 1/2-in.-0.d. tube exten-then inserted to the bottom of the tip. Because it is not in
sion was butt welded to the top of the thermal anchor; airect contact with the sample, brass was chosen for the
1/2-in.-o0.d. stainless-steel “tee” that connects the sampl@robe tip to increase the thermal conductivity between the
cell to the manifold was butt welded to the reducer extensample cup and the RTD.

sion; and a 1/4-in.-i.d. Ultra-Torr® vacuum fittingeamed The design, assembly, and operation of the temperature
to 0.254 in. i.d) was butt welded to the top of the tee. The probe ensures that the RTD only senses the coldest part of
extended inner tub€l/4 in. o.d) of the sample cup passes the sample cell at the base of the sample cup. Along its lower
through the 1/2-in.-o.d. stainless-steel tee and the modifiedortion the o.d. of the brass tip is significantly smaller than
Ultra-Torr® fitting, terminating at the lower end of a 1/4-in.- the i.d. of the sample cup’s center stub and the upper portion
i.d. Ultra-Torr® tee which is in turn capped with a 1/8-in.- of the tip is isolated from the stub by the threaded insulating
i.d. Ultra-Torr® fitting (reamed to 0.152-in. i.fl. The com-  thermal break. Thus, only the very end of the rounded brass
pleted sample cell just slips through a vacuum feedthrouglip is in contact with the base of the sample cup when the
with a 3/4 in. i.d. that is attached to a 6-in.-diam Conflat® temperature probe is screwed into the center stub. The ther-
flange fixed to the frame of the apparatus. The length of thenal break also eliminates any temperature gradient along the
sample cup’s outer lip extensigB/4 in. 0.d.; 5.3 in. long  stainless-steel tube between the probe tip and the top Ultra-
was chosen so that the thermal anchor is surrounded by aftrr® fitting. As with the RTD, a light coating of low-

in direct contact with this feedthrough when all parts aretemperature thermal grease was also applied to the very end
finally assembled. This ensures that the thermal anchor isf the brass tip before the temperature probe was inserted
held at room temperature. The sample chamber is boundedto the inner tube of the sample cell to further enhance
by the base of the sample cup and at the sides by the 0.65Bermal contact. During operation a gas line is connected to
in. i.d. of the outer tube of the sample cell and the 1/4 in. o.dthe upper 1/4 in. Ultra-Torr® tee and a slow flow of helium
of the inner tube of the cell. Thus, the sample is contained ipasses down the sample cell between the inner wall of the
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tube and the outer wall of the temperature probe, then up theemperature controller and held in place with a circular brass
inside of the temperature probe via the groove and “D” clamp. It is typically operated at power levels from 0 to 2.5
-shaped threads of the thermal break. This “gas shield"W, which roughly correspond®ta 5 K temperature range
purges air from the temperature probe, eliminating condenfor our system. This heater significantly improved the ability
sation on the probe tip and aiding in the establisment ofo set the temperature of the system by providing fine-
thermal equilibrium with the sample chamber. temperature adjustment and control. A 3/16-in.-diam blind
hole was bored from the bottom of the post to within 1/4 in.
of the top. A 0.040-in.-diam hole was then drilled through
C. Temperature control the center of the remaining 1/4 in. of material. Three small

Accurate measurement and precise control of the sampleoles spaced 120° apart were tapp@d40 through the
temperature are of equal importance to sample purity fofhreads at the lower end of the post perpendicular to the
reliable vapor-pressure determinations. Both are dependefylindrical axis. A fast-response minihypodermic probe with
on good thermal contact between the sample cell and th@ type-T thermocouple was inserted in the bored hole and
temperature measuring devices and between the sample cBgld in place by three 4-40 brass set screws that are recessed
and the cooling/heating elements. Just as materials were chbelow the external threads of the post. The thermocouple is
sen to reduce thermal gradients in the construction of thénplanted in the tip of the 33 gaug®.008-in.-0.d), 1-in.-
sample cell, the materials used to connect the sample cell fong stainless-steel hypodermic needle. When assembled, the
the temperature measurement and control elements wengedle passes through the sni@ll040-in.-diam center hole
chosen to enhance thermal conductivity. The use of brass f@&nd just makes contact with the inside bottom surface of the
the tip of the temperature probe, as mentioned above, is ardapter and, therefore, the sample cup. This thermocouple
example of this consideration. Thus, the pieces depicted imonitors the sample temperature from the underside of the
Fig. 2 that are below the sample cup were fabricated fronsample chamber and is used both as a rough check of the Pt
brass or copper to minimize radial temperature gradient® TD temperature probe embedded in the sample chamber
across the sample chamber and maximize axial thermal comnd to assess thermal gradients between the sample cell and
ductivity along this portion of the system. the cooling/heating elements.

To make the transition between the sample cell and the The “top hat,” so named for its shape, is the center
temperature control section, the stainless-steel sample cyint for temperature adjustment, control, and stability. At
was brazed to a brass adapter that is internally threaded. Thie bottom it is bolted to the first stage of a closed-cycle
use of brass for this piece was dictated by two requirementselium refrigerator(cryocoolej that can achieve a nominal
acceptable thermal conductivity and brazing compatibilitybase temperature of 45 K with no load. The brass post de-
with stainless steel. This is a critical joint in the thermal scribed above threads into a centered hole tapped through the
portion of the system and its thermal integrity relies on uni-top of the piece. When the post is tightened down, the lip of
form contact across the faces of the two pieces. To ensurde spool makes contact with the top surface of the top hat.
this, a disk of brazing material with a diameter equal to theBecause thermal conductivity is critical at these junctures,
common o.d. of the sample cup and the adapter was cut froitine top hat was fabricated from a solid piece of copper stock.
a strip of brazing ribbon, and the joining process completedhis eliminated the need for soldered or brazed joints in
by uniformly heating this “sandwich” in a high-temperature construction and ensured that the end surfaces are flat for
oven. The internal threads of the adapter mate to the externahiform contact with the cryocooler and the post. The piece
threads on a brass spool-shaped post, and the height of tie also massive, which reduces thermal resistance and in-
adapter is such that it bottoms on the top surface of the postreases thermal stability, although it requires more cooling
not the shoulder, as shown in Fig. 2. capacity to reach operating temperatures in a reasonable

The spool-shaped post serves three important functionsme. The top hat has an overall height of 5.5 in. with an
in the system: It completes the thermal and mechanical conindercut so that the o.d. is 2.6 in. for the top 3 in. and 2.16
tact with the main cooling/heating elements of the system am. for the next 2.25 in. to allow clearance for the screws that
represented by the “top hat” in Fig. 2. It is the mechanical attach the 1/4-in.-thick flange at the bottom to the first stage
support for the “temperature-compensatiofifC) heater.  of the cryocooler. A 1.8-in.-diam hole was bored through the
And it holds an internally mounted thermocouple that moni-center to within 1/2 in. of the top to provide ample clearance
tors the bottom of the adapter at the joint with the samplédor the second stage of the cryocooler. Two slots 1/4 in. wide
cup. Brass was again used as a compromise between thermvare machined through the wall along the length of the
conductivity and mechanical considerations. The bottom exshorter, narrower bottom section to vent the volume between
tension of the post is threaded to match the internal thread$e interior of the top hat and this stage of the cryocooler.
in the top hat which is made of copper. Although for thermalAlthough the second stage can attain a lower base tempera-
reasons copper would be the preferred material for the postyre (10 K with no load, it is not used because its heat
it is more important that the top hat be made of copper, aslissipation is much slower and the mass or thermal inertia of
will be discussed below. Copper-in-copper threads frethe system is so large that reaching thermal equilibrium at
quently gall, making it difficult to separate pieces, whereasach desired temperature would make a measurement se-
brass-in-copper threads do not exhibit this problem. The cergquence unrealistically long. Two shalloy®.010-in.-deep
ter portion of the spool, i.e., between the upper and lowegrooves with a width of 1 in. and separated by 1/8 in. were
lips, is wrapped with a fine-wire heater that is powered by amachined around the circumference of the larger top end of
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the top hat to confine a pair of auxiliary heaters, as illustratedheir contamination by the sample, reduce the total sample
schematically in Fig. 2. These two Kapton® insulated flex-volume, and eliminate “ion pumping.” With the above cri-
ible heaters are 1 in. wide and 8 in. long, so that they just fillteria in mind, we chose two capacitance manomefeisS

the grooves and span the circumference of the top hat. ThBaratron®—one with a 1000 Torr maximum, the other a 1
heaters are held in place by two closely fitting circular brassTorr maximum—and a spinning-rotor gaugdKS®) as our
clamps that also ensure good contact with the top hat. Thegtandard instruments for vapor-pressure measurements. The
are controlled by a variable autotransformer and are used fananifold was designed to be as symmetric as possible, so
“coarse” temperature control or rapid warm up of the that the path from the sample cell to each of the three gauges
sample cell. Each has a wattage rating of 5 V¥/&md can be  is the same distance with the same number of bends. In this
connected in series for a maximum power of 20 W, operatedvay all three gauges experience the same conditions and
individually for a maximum power of 40 W, or in parallel for monitor the same pressure.

a maximum power of 80 W. In this way the quadratic depen-  The capacitance manometers are absolute gauges with a
dence of power on supply voltage can be spread over a larggpecified dynamic range of 1@hat read pressure by mea-
range and the power is more controllable. The combinatioguring the flexure in a thin metal membrane, and therefore,
of these coarse heaters to set the basic temperature level agg not depend on the nature of the gas. To decrease their
the fine-wire heater for actual control greatly improved thesensitivity to ambient temperature changes and thereby ex-
temperature stability of the system. Three additional thermotend reliable measurements to lower-pressure ranges, they
couples(type B are attached to surfaces on the exterior ofare maintained at a constant 318(K5°C) by an internal

the sample cell's brass adapter and at the top and bottom @feat source and thermostat. Their signals are conditioned by
the top hat to monitor axial temperature gradients betweeg controller with gains o 1, X 10, andx100 corresponding

the thermal control elements and the sample chamber. to full-scale pressures dfL000, 100, 1D Torr and(1, 0.1,

The minimum temperature currently achievable at thep.01) Torr for the 1000 Torr and 1 Torr gauge heads, respec-
base of the sample cup is 62 K, set by heat leakage along thgely. The readout for each scale has & @i§namic range,
stainless-steel tubes that connect the sample cup to the thgfroviding an overlap of at least one order of magnitude with
mal anchor. When used together, the heaters are sufficient {ghich to crosscheck the two heads. For cross-comparison
raise the temperature to a maximum of 250 K. This operatingyurposes the gauges are usable over most of their specified
temperature range covers the condensation points for manynamic range since this procedure takes a short time and
constituents of air, e.g., oxygen, argon, water vapor, etCcan be performed with any gas at room temperature. How-
Therefore, the stack from the thermal anchor to the bottom ogyer, it is our experience that during an experiment, where
the first stage cooler is contained in a 6-in. Conflat® tee thafneasurement times are much longer, the effective dynamic
attaches to the 6-in.-diam Conflat® flange at the top and tognge is 18, limited by noise in the output and precision in
the cryocooler flange at the bottom via an adapter flang&ne readout. In particular, zero on the most sensitive scale of
This shroud is then evacuated to prevent condensation ange 1 Torr head drifts too much for long-term measurements,
eliminate heat loss by convection. i.e., more than a few minutes. Nonetheless, this scale can be
used for short-term checks immediately after a zero setting
without rechecking.

Like the capacitance manometers the spinning-rotor

For many substances the operational temperature rangmuge (SRG also measures pressure via a mechanical
of our system corresponds to a range in pressure that covecbange. In brief, a steel ball or rotor, contained in a small
many orders of magnitude, requiring the use of severatylindrical cell, is suspended and spun to a set frequency by
gauges. The desirability of measuring these pressures inan alternating magnetic field. When the alternating field is
single apparatus placed certain constraints on the choice stopped, the ball decelerates due to drag by the gas in contact
gauges and their placement in the system. At least one gaugéth it. The deceleration is correlated with the pressure and
had to have an upper limit above atmospheric pressure bothfter a predetermined time the ball is spun up again to update
for high-end vapor pressure measurements and as a monitthre measurement. Unlike the capacitance manometers this
when transferring the sample into the apparatus. The othejauge is not absolute, but is dependent on properties of the
gaugés) had to extend the range to pressures on the order afas. In the lower-pressure or molecular-flow regime a knowl-
the base pressure of the system5x 10 ' Torr). To sim-  edge of the atomic weight of the gas is required, whereas in
plify calibration, it is also desirable that the gauges measuréhe upper-pressure or viscous-flow regime it is necessary to
pressure directly via a mechanical change rather than throudtnow the viscosity of the gas. Atomic weights can easily be
a surrogate such as a change in a thermal conductivity azomputed for any molecule; however, viscosities are not as
current. These latter types of gauges—Pirani or ionizatiomeadily available. The specified operating range of the SRG
gauges, respectively—are calibrated for air and are welis from ~1 to 10’ Torr. However, as was the case with the
suited for the determination of the base pressure of the sysapacitance manometers and based on our experience with
tem. As indicated in Sec. Il A above, our manifold and thethese types of vapor-pressure measurements, the effective
RGA stack are equipped with Pirani and cold-cathodeoperating range is significantly less: 0.1<30 ° Torr.
gauges, but they are only used as base-pressure indicators #dgiove ~0.1 Torr, drag decelerates the rotor so rapidly it has
to measure vapor pressures. In fact, they are valved out @ be spun up frequently, leading to heating of the ball that
the manifold during a vapor-pressure experiment to preventannot be dissipated before the next update cycle begins.

D. Pressure measurement
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Mass (amu)

FIG. 4. Mass spectrum of purified;8g takenin situ with the residual gas
FIG. 3. Comparison of observed gauge reading with nominal presgure: analyzer.
spinning-rotor gauge; 1 Torr capacitance manometer(Bn x0.01, (C)
x0.1, and(D) X1 scales; and 1000 Torr capacitance manometetEn
x0.01,(F) x0.1, and(G) X1 scales. ering roughly nine orders of magnitude in pressure from

10°° to 10° Torr. The flattening of each curve at the upper

end reflects the maximum pressure limit of the gauge for that
This makes it difficult to make a meaningful measuremeniange and the tail off at the lower end is a manifestation of
since the response of the ball and surrounding gas changge sensitivity or offset limits of the gauge. The downturn on
with heat. The practical lower limit is determined by the the lowest scale of the 1 Torr capacitance manometer is the
slow drift and reset produced by residual eddy current dragesult of zero drift leading to readings less than zero. It is
on the spinning rotor. Each time the ball is spun up, itsapparent that the capacitance manometers have a usable
orientation changes slightly inducing a slight change in the-ange of about two orders of magnitude for each scale, while

eddy current drag. Under static pressure conditions this imthe SRG has a dynamic range of almost five orders of mag-
parts a saw-toothed varying offset of abouk B0’ Torr nitude.

with a period of 5—30 min, depending on the pressure. This

difference in specified and effective ranges notwithstanding,

there is still an order of magnitude overlap with both theg. Mass analysis
X 10 andXx100 scales of the 1 Torr capacitance manometer. . . . .
This is convenient because it allows us to set the upper range As noted in the 'erdL_'Ct'On’ sample purity is one ??f]the
of the SRG under static conditions by adjusting the viscosit%arge:;t sources of error in vapor-pressure measurerments.

entered in its controller until the displayed pressure matche his is particularly trug for static methods W'th_ a system
the reading on the 1 Torr capacitance manometer. such as the one described here. To address this problem, a

As indicated in the preceding discussion, a key feature OfeS|duaI gas analyzer was incorporated in the apparatus to

our apparatus is that the ranges of the three pressure gau &eck samples on-line, i.4n .S'tu' The RGA is essentially a
overlap so they can be checked against one another. This gnall mass spectrometer W'trl a mass r5ange of .200 amu that
clearly illustrated in Fig. 3 where the observed gauge readin peraFes at pressures from “£0to 1(T. Torr. Slnce. the

is plotted against the nominal pressure. This latter quanti GA is species specific, we can monitor the cleanliness of

t L
was determined by utilizing the temperature dependence ())She system, trgck the “?S“'ts of §ample pur|f|cat!on proce-
the vapor pressure of 8lg since it has been well character- ures, and verify the purity of the final sample. Typically, the

ized over the temperature range of our systefin accom- sample purity is checked with the RGA immediately before

plish this, the manifold was pumped to its base pressure arﬁnd after a series of experiments with a particular pomp_ound.
all of the gauges zeroed. A;Bg sample was then introduced n example of the mass spectrum fogHg taken with this

into the system and cryopumped into the sample chambé.P_S‘trumem is indicated in Fig. 4. This spectrum was obtained

ith th ler. Th I il with 10.Torr of GHg in the manifold and a pressure of 5
with the cryocooler. The system was allowed to equi |bratex 107° in the RGA. The points on the graph indicate the

at each temperature setting and readings were taken with tHe ™" . - .
appropriate gauges. These observed values were then cofesitions of ion peaks charagtensth of the CraCk'ng patt.ern
pared with the literature value of the vapor pressure 1.C for C3Hg as obtained from a library spectrum provided with
at that temperature. To avoid overlap and thereby improvéhe RGA control software.

clarity, the nominal pressure values of edgauge<scalg
setting have been successively offset by an order of magn
tude for increasing pressures. Thus, the results for the SR
are plotted correctly, whereas the results for the 1000 Torr Real-time monitoring of temperature and pressure is im-
head on thex1 scale are shifted to the right and must beportant during bakeout and essential during an experimental
multiplied by 10 ® to obtain the correct value of nominal run. These activities, e.g., reducing the background in the
pressure. Figure 3 shows the observed gauge readings cawanifold or establishing thermal equilibrium in the sample at

E. Data acquisition
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a new temperature set point, can take long periods of time, so T (K) typical for C,H,

the apparatus was designed to collect readings of the tem- ,, st
perature and pressure sensors automatically with a data ac-
quisition system. To realize the full benefit of the RGA, it
was necessary to interface its controller to a PC; thus, this
controller/PC combination formed the basis for the data ac-

Asymptotic Region

%)
E
quisition system. A multichannel analog-to-digité/D) g 169 ymy Transition Region
board was added to the controller and data acquired by the ¢
computer under control of data acquisition software supplied ‘g 1.4
with the RGA. The outputs from the temperature controller §
and controllers for the capacitance manometers, SRG, ands ,, | Minor Correction for

cold-cathode gauges are connected to the PC through theg | "Temearssiance Harometer

(1.04 maximum) No Correction

A/D board. In this way it is possible to acquire and store e required
values from the following devices simultaneously: the RTD —,—
sensof(the sample chamber temperafum@ne of the thermo- 7 6 5 4 3 2 4 0 12 3

couples on the top hat, one of the surface thermistors on the log(Piltorr])

manifold (amblent temperatu}eone of the capacitance ma- FIG. 5. Thermal transpiration corrections for the sample cell and the minor
nometers, the SRG, and the cold-cathode gauges. The dai@rection for the 1 Torr capacitance manometer.

can be collected at time intervals ranging from several per

second to every few minutes. When the system is beingatio will approach Knudsen’s value which is the square root
baked and pumped to clean it between experiments, reading$ the ratio of the absolute temperatures  d?,

are record_ed by the data acquis_ition system at .intervalr?‘ of Ps(Tg/Ts)llz- For intermediate pressures it is necessary to
several minutes over the duration of the heating/coolingajculate this correction using empirical equations that de-
cycle. During a typical expgrlmental run the computer is sehend on the temperatures of the sample and the gauge, the
to store temperature readings from the RTD and the thergiameter of the tube connecting them, and the molecular di-
mistor as well as pressure readings from the appropriatgmeter of the gabThe treatment proposed by Takaishi and
pressure gauge every 20 s. While making vapor-pressure sensui appears to be the most useful and has been success-
measurements, these data are also recorded at longer pen@my applied to a variety of gases, includingid;.°

intervals directly from the displays of the various instru-  Because accurate measurements of low-temperature va-
ments both as a_check on t_he data acquisition system_ and Bbr pressures are critically dependent on properly treating
link the automatically acquired data to any changes in exthermal transpiration, particular attention was given to the
perimental settings such as heater power or the addition Qfesign of the sample cell, as described in Sec. I B, to facili-

gas. tate the calculation of the major contribution to the correc-
tion for this effect. Recall that the sample cell is constructed
11l. CORRECTIONS AND UNCERTAINITIES of tubes whose diameters are constant from the sample cup

to the thermal anchor. The gas is brought to equilibrium at
ambient temperaturé~298 K) at this latter point, thereby
When making low-temperature measurements, the singlestablishing a uniform vertical temperature gradient and en-
most important correction to the vapor pressure is for thersuring the applicability of the Takaishi and Sensui model.
mal transpiration. This effect is a manifestation of the tem-Although the region between the sample cup and the thermal
perature difference between the sample and the pressuamchor is annular, an equivalent tube diameter can be in-
gauge. In our case the sample temperature can range frof@arred by considering the possible mean free paths of a gas
250 to as low as 62 K, whereas the SRG is at 298 K and thenolecule in this straight cylindrical geometry. In the
capacitance manometers are at 318 K. As a consequence thmlecular-flow regime the minimum mean free path will be
sample chamber can act as a “cryopump,” resulting in athe width of the annulus, whereas the maximum can be esti-
gauge reading that is different than the actual pressure. Thaated from the maximum path determined geometrically by
correction factors for this effect depend on the pressure reiangents to the outer wall of the inner tube that intersect the
gime in which the measurements are méada.the high- inner wall of the larger tube. The equivalent diameter is then
pressure limit p>0.75Torr) the pressure measured by thecalculated as an average of these two quantities. The effect
gauge will be equal to the sample pressure, Pg5 Py, if of thermal transpiration for propane {ids) in our apparatus
the system is in equilibrium and the mean free path of thas illustrated in the Fig. 5. It is similar in shape to that cal-
gas molecule is much less than the diameter of the tube comulated by othefs®and can account for factors1.8 in our
necting the pressure gaugeTgtto the sample region &t . low-pressure measurements for this gas.
In the low-pressure limit §<<7.5x10 °Torr) molecular- Data acquired with either of the capacitance manometers
flow conditions will prevail and thermal transpiration will or the SRG must be corrected for thermal transpiration, and
become important, if the mean free path of the gas is comthe range of pressures covered by a particular gauge deter-
parable to or greater than the diameter of the connectingnines which formulation of the correction is to be applied.
tube. Then the pressure gauge will read a higher pressufeferring again to the plot in Fig. 3, the lowest pressure
than the true pressure at the sample cell and the pressufe0.2 Torp at which the 1000 Torr capacitance manometer

A. Thermal-transpiration correction
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can be reliably used is only slightly below the thermal tran-sure due to the introduction of gas to the manifold, the pres-
spiration high-pressure limit. Above this poiRy=Ps and  sure rises linearly and is again monitored for 5 min. Subse-
no correction is necessary for most of the measurementguent subtraction of the linear rise for the manifold alone
made with this gauge. By contrast, except for the extremdérom this measured pressure versus time for the sample re-
upper limit of its pressure range, all of the pressures measults in a constant pressure unless there has been a tempera-
sured with the 1 Torr capacitance manometer must be coture fluctuation. Note that this correction is not usually
rected for thermal transpiration using the prescription outtnieeded at higher pressures where the pressure change over a
lined by Takaishi and Sensuis depicted in Fig. 5. In 300 s period (X 10 ° Torr or les$ is insignificant compared
addition, a similar adjustment must also be made to accourtb the measured pressure.

for the difference in the thermostatic temperat(8&8 K) of

the gauge and the ambient temperature of the thermal anchor

(298 K). By design, once the gas has been equilibrated at the

thermal anchor it will remain at 298 K throughout the mani- C. Temperature correction

fold. Thus, for this correction the diameter of the inlettube to  Because the sample cell is cooled at the bottom, a verti-

the capacitance manometer is employed in the Takaishi angh| temperature gradient is established from the thermal tran-
Sensui model. As indicated in Fig. 5, the curve generated tQpiration station to the sample cup due to conductive heat
account for this temperature difference is significantly lowerfiow down the walls of the annulus. This temperature varia-
in magnitude. Compared to the more pronounced correctiofgn, is roughly linear from a minimum at the bottom of the
for the vertical temperature difference of the sample cell, thi%ample cup to a maximum—ambient temperature—at the
one is very minor and reaches a maximum-o4% for the  pase of the thermal anchor, and it can induce a temperature
(Ty/To)*? asymptote, i.e., below the thermal-transpirationgradient in the sample or between the sample and the sensor.
low-pressure limit. Like the 1 Torr capacitance manometerag 3 result the temperature measured by the sensor may not
most pressures acquired by the SRG can be corrected UsiRgpresent the coldest temperature in the sample; it is the latter
the major curve in Fig. 5 since the upper end of the SRG'spat actually determines the vapor pressure. One method by
operating range is below the thermal-transpiration highyyhich to assess any required temperature correction utilizes a
pressure limit. The lower end of the SRG’s range is belowgas whose vapor-pressure curve is already well known. For
the thermal-transpiration lower-pressure limit, and for Measample temperatures above the equilibrium condensation
surements in this region tha§/T)*2 correction should be temperature the pressure changes very slowly with tempera-
employed. Unlike the 1 Torr capacitance, no additional mi-y,re (less than 1% per Kin accordance with the ideal gas
nor adjustments are required to the SRG measurements by, At the point of condensation the vapor pressure can vary
cause this gauge operates at 298 K. by as much as a factor of 10 over a temperature change of
5-10 K, depending on the gas used for the calibration.
Hence, when the sample first begins to condense, the pres-
sure will drop precipitously as a consequence of the reduced
Although our system is quite vacuum tight, a certainvolume of the condensed phase relative to that of the gas
amount of outgassing or desorption from the walls is un{phase. The pressure and temperature sensors can be moni-
avoidable. It is typically on the order of 1310 8 Torr/s  tored precisely as a function of time with our data acquisition
and only becomes a problem at pressures below about dystem and their values at the moment condensation first
X 10 *#Torr, where the several minutes required to obtainoccurs can be established exactly. The measured pressure at
5-10 updates of the spinning-rotor gauge can result in #his sharp “break point” corresponds to the vapor pressure
pressure change-2x 10 ® Torr. Since the data acquisition of the sample at the coldest point in the sample cell, and a
system can collect data continuously, this capability can béemperature can be related to this pressure via the vapor-
utilized to correct low-pressure measurements for outgassingressure curve of the calibration gas which is presumed to be
by following a sequence of steps: First, the sample cell isvell known. This “vapor-pressure” temperature is then
isolated from the manifold, and the manifold and gauges areompared to the temperature measured by the Pt RTD. Since
pumped to a pressure1x 10 6 Torr. For starting pressures the apparatus is a closed system, different “vapor-pressure”
<2x10 2 Torr this only requires a few minutes or less at temperatures can be determined by changing the starting
which time the zero of the 1 Torr capacitance manometer ipressure of the sample in the manifold. Thus, by repeating
checked and reset if necessary. This adjustment is particilhis process for a series of starting pressures, it is possible to
larly important for the most sensitive range0.01), because ascertain the uncertainty over a range of temperatures.
zero drifts of up to X 10 ° Torr may occur over a 10 min Experiments such as those described above were per-
period even though it is held at 318 K thermostatically. Toformed for GHg, a molecule whose vapor-pressure curve is
ascertain the base outgassing rate, the manifold is then isarell established, and an example of a determination for one
lated from the pump and the pressure rise is recorded overtamperature is illustrated in Fig. 6. Here the temporal re-
set period of time, e.g., 5 min. The manifold is again evacusponses of the capacitance manometer and the temperature
ated to its base pressure and isolated from the vacuum pumsgensor have been combined to yield a plot of pressure as a
The valve connecting the sample cell to the manifold is im-function of the temperature. The triangles represent measure-
mediately opened, releasing the gas that has been in thermakents using an evaporation method, while the inverted tri-
equilibrium in the sample cell. After an initial jump in pres- angles correspond to those acquired by the condensation

B. Outgassing correction
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sets the temperature scale for vapor-pressure measurements.
This temperature sensor has a specified accuracy0d?5 K
PRV ipoadm and a precision of=0.01 K over our operating rangé2—
250 K). However, our present temperature controller dis-
plays the temperature to 0.01 K, but limits data acquisition
via computer to a precision af0.1 K.
Uncertainty in the pressure due to the temperature uncer-
tainty varies both with species and with temperature for a
given species. The former is related to vapor-pressure speci-
ficity, i.e., the vapor pressure developed at a given tempera-
ture changes with species. In the latter case the uncertainty in
, temperature increases as the temperature decreases, as noted
950 T T . r . : . ' —_— . . . .
238 239 240 241 242 243 above, independent of species. Thus, the uncertainty in pres-
T (K) sure would also be expected to vary with temperature in a
similar fashion. For static measurements the pressure uncer-
tainty for various temperatures can be determined from the
temperature uncertainty by applying the ideal gas law. For

- i . ropane, the relative uncertainty in pressure due to the un-
method. The solid lines are a best fit to the data obtained b P yinp

! ) rtainty in temperature was found to vary from 4% at 100 K
the condensation method and the dotted lines represent 95,[??0.4% at 240 K.

confidence limits. The procedure was repeated for severa Besides the uncertainty in the temperature, there are a

temperalure/pressure combinations and the diference b(?fumber of other sources that contribute to the overall uncer-

tween these “vapor-pressure” temperatures and the readinqgimy in the pressure measured by our system. These are

of the Pt RTD was found to be constant over the temperatur(reelated to the uncertainties inherent in the gauges themselves

0 i
range. It corresponds to about 3% of the difference betweennd are usually stated by the manufacturer as a percent of

ambient temperature and the Pt RTD reading, so the effect & : .
. . either full scale or the actual reading. For the capacitance

the temperature gradient is more pronounced at lower tem: : . . .
manometers these include a variety of factors—nonlinearity,

peratures, as would be expected. In order to compensate fﬂr

this, the sample cell is operated with a nearly constant vol. ysteresis, nonrepeatability, resolution, internal temperature
umé of material in the condensed phase changes—that are combined to yield a specified total uncer-

1 I ~| 0, -
Although it is not apparent in Fig. 6 due to the high tainty, expressed as a percent of reading;-6f08%. How

C.Hg pressure at this temperature, for lower temperaturegver’ it is our experience that the effective total uncertainty is

~10, i 1
(hence lower pressurgswe have generally found the con- 1% of thjdr_?adlr;gdove:ja d)(”?”g.c retmgg Oimdl?lgeitﬁ.r .
densation method to be more accurate than the evaporatié)ﬁé ter ‘?.?ngr.l : 'gnano.ega.ne'thes cl)ntlci eam'jn rggf 'on"n Itsh:as
method, which is consistent with the recommendation thate. Primartly Dy noise | utpu precision |
equilibrium between two phases be approached via Condeﬁggdout and accounts for the deV|at|ons.fror.n linearity clearly
sation rather than evaporati&rF.or our sample cell design evident at the lower end of the curves in Fig.(Bote: The

this may be attributable to better temperature control, and Iat(re]au ?t rthe hlhgher pre/ssuTes re&ﬁieggﬂf maxmum re-
therefore, a more uniform vertical temperature distribution>PO"s€ Tor each gaugejscaie co ahduonsequently,

when the sample cup is being cooled rather than heate&)‘ressure measurements are made with the capacitance ma-

Starting from ambient temperature, the coldest point in th&ometers only over the linear portion of each gauge/scale

sample col s assred 0 b at he bas of e sample 116 LTS Ul e sTec o wcerany <
during cool down, and condensation will occur in the vicin- . P Y

ity of the Pt RTD. To employ the evaporation method, theSRG depends on the pressures at which the instrument is

_2 .
sample must first be condensed in the sample cup prior tgz(:.:'s ifglﬁrfés?éessg:saéﬁrézafog y ;Otrr:ethrz:;ﬁerta'ﬂgeas
initiating warm up. At this time the sample cell is in equilib- varl 0 u 0 ing, w

72 - . 0
rium with a uniform thermal gradient along its cylindrical for pressures less than10™*Torr the uncertainty is 1% of

axis. When heat is applied to the sample cup, the therm tpe reading plus or minus the variation in the residual drag

78 . .
inertia of the sample cell may result in a cold spot along th tr:_LSIX 10 To;r). A}S”?Oted n .Selg.' ”?E) andh|llust:cateddtz
cell wall where material evaporating from the sample cup eflrllear portion o ?scurve in Fg. r,]we ave foun f €
can recondense. Upon further heating this spot will warmuos/e ‘g;angﬁ t(l) be8107"to 0'% T_(t)rr wit antur(;cgrt?rlwntydo .
releasing material at a temperature lower than the reading Ott}i‘o;_fror; “n:ariotwer-presbsure .m;'. reEresen € hy " eff e\,/,|a-
the sensor in the sample cup. ity is set by periodic changes in the “offset
due to magnetic drag.

The overall uncertainty in pressure was determined by
quadratic combination of the uncertainty due to temperature

Uncertainty in the temperature of the sample directlyand the appropriate gauge uncertainty. Since the temperature
contributes to the uncertainty in the vapor pressure, andncertainty increases with increasing temperature difference
therefore, must be assessed to determine the overall expelietween the sample cup and the thermal anchor, its contri-

mental error. As the sample cell is designed here, the Pt RTDution is greater at lower temperatures. By contrast the

10104
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980
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970

960 1

FIG. 6. Evaporatior{A) and condensatiof\V) curves for calibration of the
Pt RTD temperature sensor.

D. Temperature and pressure uncertainty
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gauge uncertainties are relatively constant for the pressure T
250 200 150 100

ranges over which the instruments are used. Therefore, their
contribution to the overall uncertainty is greater at higher
temperatures or equivalently higher pressures. RbtgGhis
results in an overall uncertainty in pressure varying from
4.1% at 100 K to 1.1% at 240 K.

IV. PERFORMANCE ASSESSMENT

log(P/torr])

The performance of the apparatus and validity of the
treatment for corrections can best be evaluated by measuring
the temperature dependence of the vapor pressure of a gas
for which well-determined values are available in the litera-
ture. This at once establishes the SyStem,S accuracy and pre- -%,004 0,605 ' o,oloe ' o_olo7 I o,oloa I o,olog I o,(;m 0,611
cision for monitoring both pressure and temperature. The UT (K"
?;:tgcriofrs:cgasa gﬁggigtlgg giiilﬁblfa o?r?tﬁlgﬁ dpl??i/tyse\{'i; IG. 7. Vapor-_pre_ssure curve forsidg: raw date_t(D), data_ corrected for

: : hermal transpiratiodO), literature data(dotted ling, and fit to our data
vapor-pressure curve should vary monotonically with tem-with three-parameter representati@olid line).
perature, i.e., only one condensed phase of the sample should
exist over the appropriate temperature rag@2-250 K for
our system The vapor pressure should cover as much of theonnection. The system with the gas cylinder attached was
measurable pressure range as possible 8 °—~10° Torr  then pumped to the lowest achievable pressure. At this junc-
for our system As indicated previously, §s is well suited  ture the high-pressure section and the sample bulb were filled
as a calibration source over the operational limits of our apwith several hundred Torr of £lg. The sample bulb was
paratus. It is available in high purit§9.95% or bettgrand isolated from the manifold to serve as a gas reservoir, and the
its vapor pressure for the gas-to-liquid phase transition sparsample in the high-pressure section was condensed in the
a pressure range from 10 to 10 Torr for temperatures sample cup by the cryocooler. The valve from the manifold
from 85 to 240 K, respectivel§.Thus, its vapor pressure to the sample cell was then closed, while the sample in the
covers our measurable pressure range and most of our opessample cup was held at cryogenic temperatures. With the gas
tional temperature range in one phase transition. This moleylinder isolated from the manifold, the high-pressure sec-
ecule is also interesting because it is important in some plartion was repressurized by gas from the sample bulb and its
etary atmospheres where it is a product of ,CH contents condensed into the sample cup. This process was
photochemistry, formed by the photolysis of ethangHg) repeated until enough sample had been collected to ensure
and subsequent GHreactions: For example, it has been there would be nearly a constant volume of material in the
detected in the Jovian atmosphere by infrared spectroécopliquid phase. The sample was then subjected to several
and from the mass spectra of the Galileo prbbe. freeze—pump-—thaw cycles to reduce impurity levels further

To test our apparatus, the vapor-pressure curve fblgC and a small portion was expanded into the RGA for analysis.
was measured over the temperature range from 88hK At this point the sample was recondensed and the system,
freezing point to 240 K. Prior to filling the manifold with excluding the sample cell, was pumped to its lowest pres-
the GHg sample, the system was baked for 72 h duringsure. The vapor-pressure curve was then mapped by varying
which time a sequence of operations were performed to aithe temperature of the sample and measuring the pressure
in clean up: First, the system was pumped until a minimurmwith the appropriate gauge.
pressure was reached; then, it was backfilled to 760 Torr Our vapor-pressure data foglds are presented in Fig. 7
with high-purity nitrogen (N) and maintained at this pres- and, as expected, the effect of thermal transpiration is most
sure for several hours while baking continued; finally, it wasnoticeable at lower temperatures—compare the raw data
evacuated again until a lower minimum pressure wagsquarepto the corrected datéircles. Each point on the
reached. Because,Ns nonpolar, heating with a high pres- graph generally represents 3—6 overlapping measurements
sure of N in the system helped to collisionally liberate ad- taken over a temperature interval of about 0.2 K within a
sorbed material from the walls. This sequence was repeatdiine span of 3—5 min. A fit to the available literature dta,
several times during the 72 h period until the minimum pres-depicted as the dotted line most apparent in the region be-
sure no longer changed. At this point the system was allowetlveen sets of data points, is also included for comparison
to cool to ambient temperature while being pumped. To prepurposes. Both the literature data and our data cover a simi-
serve cleanliness during gas transfer, the rest of the manifolidr range of temperatures, i.e., down to the triple point at
was isolated from the high-pressure section via the pressui@b.5 K.
bridge. Before introducing scientific-gradghz (MG Indus- A number of semiempirical equations can be used to fit
tries, 99.95% minimum purijyinto the manifold, the inlet vapor-pressure versus temperature data from a simple two-
tube from the gas cylinder was pumped back to the shutofparameter Clausius—Clapeyron equation, corresponding to
valve on the regulator. The inlet tube was purged severahe first two terms in Eq(1), to a more complicated five-
times with GHg to sweep out or dilute any impurities in this parameter equation,
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FIG. 8. Relative residuals between our data and the three-parameter fit.
logP=A—(B/T)—ClogT+DT+ET? ) cies has a measurable vapor pressure at our lowest tempera-

ture, then the pressure range is set by our lowest achievable
. . . : . temperature. Several unique features were incorporated to
glreesbkelvm. The f2||5 5 f(ly_rrg of Wagner's dequ?tlon gis aid in correcting for thermal transpiration which becomes
gGSg K(gae:\rnh_succes? u yfapplhe_ hto propane gt? rom ‘ tFanortant at lower temperatures and, hence, lower pressures.
' IS equation, Tor which pressure and tempera urPOverIap of the ranges of the pressure measuring gauges and
are expressed in reduced form relative to their critical valuesfhe ability to monitor sample purity online with the RGA are
appears to be most u;eful er the portlon.o'f avapor-pressurgyq, important features of the apparatus. The former ensures
curve between the triple point and the (_:rltlcal pom_t._ln 9€M"that the SRG can be calibrated even if the viscosity of the
eral_, more parameters lead to a better_ f.'t or a”OW fitting Ove_’rsample is not well known. The operational pressure limit of
a_lvylder temperature range, but the utility of adding terms i$he RGA overlaps the range of the SRG by two orders of
“mt'tzd]; For the d‘?ta preset_nted_ here we have found a trur}'nagnitude; thus, these two instruments could be cross cali-
cated hive-parameter equation, 1.€., brated, thereby significantly extending the pressure measur-
logP=A—(B/T)—ClogT, (2)  ing range of the system if necessary. More importantly the
RGA is species sensitive and can, therefore, be used to fol-
fBw the evolution of substances with temperature. This is a
- — = . critical feature for the determination of the thermodynamic
_1.1'877’8_.1253’ andC=1.521. A .plot of the “?'a“‘.’e properties of binary and tertiary mixtures, e.g., fugacities,
residuals, defined &4<Pops—Pp)/Pril, IS presented in Fig. 4 plan to take advantage of this capability. The good
8. Obviously this equation does not fit the data as well af:\greement of our measurements foHg with thosé avail-
lower temperatures as it does at higher temperatures; hOWa'bIe in the literature over an equivalent temperature range
ever, across the temperature range the relative residuals asrﬁggests that our apparatus is quite adequate for the low-
on the orde-r of the maximum exper!mental error. Wh"?temperature vapor-pressure measurements for which it was
more complicated expressions may fit slightly better, th|sdesi ned
comes at the sacrifice of simplicity and ease of use of the gned.
representative equation. This latter consideration is not an
important issue for thermodynamicists, but may be for pIan—ACK'\'OWLEDGMENTS
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