[ S— Ty

ek &

To be published as Chapter in book UCRL-19017

"Vacuum Microbalance Techniques" Preprint
Vol. 8, A. W. Caznderna, Ed., Z ;:
Plenum Press, N. Y. y*

VACUUM MICROBALANCE APPARATUS FOR RAPID DETERMINATION
OF LOW-TEMPERATURE VAPORIZATION RATES

. J. Gordon Davy

Lo
LipmARY AND
DOCUMENTS SECTION
AEC Contract No. W.7405-eng-48

a )

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
\__ _J

UNIVERSITY of CALIFORNIA BERKELEY

N
LAWRENCE RADIATION LABORATOR?@D

LVY067-T¥DN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '



UCRL-19017
VACUUM MICROBALANCE APPARATUS FOR RAPID DETERMINATION

OF LOW-TEMPERATURE VAPORIZATION RATES

oA
J. Gordon Davy °

. Department of Chemistry
and Inorganic Materials Research Division,
Lawrence Radiation Laboratory,
University of California,
Berkeley, California 94720

ABSTRACT

Equipment has been bullt to allow study of the vaporization rate of
materials at temperatures well Below room temperature. The initial
material to be studied was single-crystal ice, between -90% and -40°C.

The system employs a somewhat modified Cahn UHV/RG Electrobalance (:),

‘mounted in a stainless steel vaguum,chamber which can be cooled to liquid

nitrogen témpefature. For low-temperature studies, it is necessary to

know quite accurately ﬁhe sample temperaturé, and it has proved possible

to connect a thermocouple to the sample without objectionably reducing
balance éensitivity. A radiant heater, operated by a high-gain proportionél

controller, holds the sample temperature constant to within about 0.01°C.
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The rate of Vapqrization is read directly by employing a self-built

time derivative computer, which can read rates as low as 10 micrograms per
minute. The compuber makes it possible to investigaﬁe the vaporization
kinetics of a material over three decades in rate, using a single sample,
in a matter of hours. With the computer,_it is possible to know exactly
when steady-state conditions have been established.

Iﬁ addition to'studyingvthe vaporizétion of a material in vacuum,
it is often of interest to iﬁvestigate the way thatvcertain gases may
effect the rate. It has.proved possible with this equipment to introduce
'gases into the chamber at pressures up to 100 microns and use the diréct

rate readout to follow transient as well as steady-state effects.

>~
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I. INTRODUCTION

A study of a material's vaporization kinetics can yield valuable
information about the nature of its surface under non-equilibrium
conditions.> Most vaporizatien studies to dete have been carried out at
room temperature or ebove; There are many materials ef potential interest
whose vaporization has not been studied because the necessary temperatures
are too low for use of conventional equipment.

The system to be described was designed‘to undertake studies at
these ldw temperatures. Tt has been used to investigate ice vaporization
over the temperature range -90C to -MOC,.but should serve equally well

for other materials down to perhaps LN temperatures.

II. SYSTEM REQUIREMENTS
In order to carry out meaningful free vaporization studies, under well-
defined conditions in a reasonable length of time, certain requirements

must be met:

1. Vacuum. The mean free path of molecules in the vicinity of the
vaporizing surface must be large compared to the size of the sample, so.
that the rate is not diffusion-controlled. This means an ambieht pressure
below about 50 microns. In addition, the molecular flux Striking the
vaporizing surface must be negligible -- say l% or less of the vaporizing
flux -- or else its magnitude and identity must be known. Even then
there ére rarel& enough condensation data to adequately predicf the
effect of a return flux, and so the best proeedure is to minimize its
value. This means that very little of the vaporizing flux shoﬁld be

allowed to return to the surface -- it must be effectively pumped.
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2. Thermometer. At least some of the kinetic studies must determiné
absolute rather than relative rates. For on-line, real-time méasurements,

one frequently employs-a vacuum microbalance, preferably one that will

«®

permit large total weight-changes. The sanple surface temperature must
be known aécurately and simultaneously. What is needed ié a thermometry
that does not interfere with the operation_of the balance.

At high temperature, radiation may be relied upon for a no-contact
thermoﬁeter -~ One eithey.uses pyrometry, or a thermocouple that is adjacent
to, but not touching, the sample. Either method‘properly eﬁployediis
suitable.to measure surface temperatﬁre ;s long as the vaporization rate
is small enough that surface éoqling may be negleqted or suitably accoﬁnﬁed
for.

Such techniques cannot be‘usedgatbléw temperatures, both because radiation
- is not adequate, and because»the temperatures must be knoWn mu@h more
accurately. The second system reqﬁirement, then, is a microbélance
that will éive satisfactory results even with a thermocouple attached
té the samﬁle. ' |

3. Balance. The Cahn RG Electrébalance is ideally suited for the
job for the following reasons: 7

5. The sample remains virtually motionless during measureﬁenﬁ,
so that the effect of the thermocouple is a constant and does nof affect
measurements of_weiéﬁt chénge.

b. Its electrical output permits on-line real-time measurements,
not only of the weight, but with suitable instrumentation, of the g

vaporization rate as well.
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The thermocouple attachment feature of the Cahn Electrobalance has

been reported beforel’2

, but has not been adequately appreciated. The
instrumentation for obtaining direct rate readout will be described
later in this péper, a; will be the balanceé temperature coefficiert.

4. Heating.: In addition to knowingbthe temperatﬁre of the sample,
it is necessary to be able to control it, and it would be desirable to
control it to within 0.1C. The temperaturé reached by a sample in a
vacuum is fixed by s heat—flowvbalance of conduction, radiation, and
evaporative cooling. Ordinarily, it is desirable.@nd possiblg}to
minimize conduction, because it can caus;'temperature inhomogeneities.
The low-témperature limit éttainable for a given material in a vacuum
is determined by.the suecess in reducing the radiétion and/or conduction
from the sample's surrouédings, that is, in minimizing the amount of
warm surroundihgs. _ !

The high~temperature limiﬁ isset by the success in supplying
adequate radiant energy to the surface. At both limits, there are the
additional constraints o? not impeding the vaporiflow, nét producing
unmanagéable temperature gradients, not making the equibment unwieldy,

and making measurements in a reasonable time span. For ice, the

temperature limits are roughly -90C and -4OC.

5. Rate Measurement. The direct rate readout is desirable for the
foilowing reasons: |
a. It makes it possible to tell for given conditions when steady
state has been established, and to be assured that it is being maintained.
b. It makes possible the maximum efficiency of time and minimum

loss of sample.



=k ‘ UCRL-19017
c¢. It makes it possible to investigate transient effects, such

as might be caused by the exposure to a gas.

IITI. SYSTEM DESCRIPTIbN E - I
The equipment to be des@ribed meets these stated criteria. 'Figure 1
showé a block diagram of the system. It should be noted that the
o thermocouple is'embedded in the back surface of a cylindrical sample,
andvthat vaporization occurs from the opposite front face. -All but
the yaporizing surface is wrapped in aluminum-

1. Sample Preparation. Thé techniques used to prepare a sample

fqr a vaporization study will depend on the méterial. "The procedure
used for ice. is outlined in.Figure 2. The prepéred sample is an oriented
single crystal, with a single face of unvarying area exposed.

- The ice is grbwn in the manner suggested by Jona and Scherrer.
The transparency andﬁbifefringenée of ice permits selection and
orientation of a single crystal by optical methods.h An. aluminum
sleeve is melted down into the iée, and the ice outside the sleeve is
then chipped away. A 40-gage (0.003 in.) copperﬁcénstantan thermocouple
is placed on the back facé and frozep in place with a few drops 6f water.
Aluminum foil is placed over the back and secured by avclip which also
serves as a suspension hook. | |
| While the sample is being installed in the vacuum chamber, it is
paftially surrounded by a miniature cold chamber which is removed Just
prior to pumpdoWn.,

2. Chamber. Figure 3;shows the microbalance installed in fhe vacuum

chamber. After the sample has been hung and the thermocouple connections
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made, tﬁe window ié put in placé, the chamber is pumped down and then
cooled by liqﬁid nitrogen. (Complete cooling time is about 15Aminutes,)
Notice that the sample is hung quite near to the balance arm, in the same
chamber, énd several centimeters from the neafest ﬁall. There is no
long hangdown or tube, 50 that pumpdown rate and accéssibiiity arev
maximized. ‘Thé ambient pfessure during normal.opération is lO-6 torr.

3. Heating and Thermometry. Figure 4 shows the sample and environs

more clearly. In order to minimize temperature grédients, it was

found néceséary to supply heat radiantly to the vaporizing surface.

The heater is a small coil of wire, desiéned to offer the minimum
impedanée to the vapor fiﬁx. it supplies the necessary sublimation
power to the vaporizing surface to maintain the deéired temperature.

The heater is driven by a proportional controller with a maximum gain of
one mi;lion.'(A 10Q length of #32 ga. nichrome wire is.used; it ecan
dissipate up to 4O watts.)

It is'nece3sary to consider the teﬁperature difference tﬁat may exist
between the.front and the back of the sample. At steady state, the
temperature at any point is time invariant; this means that any heatl flowing
into a volumé element mﬁét also flow out, and, by extension, on out of the
sample by rédiation or conductioﬁ. Choosing worst-case falues for these
heat losses allows an estimate for a tempefature difference between front
and back of 0.1C, and consequently the thermocouple reading is an éntirely

satisfactory measure of surface temperature.

4. Balance Temperature Coefficient. For meaningful results, the

balance performance must not be affected by the temperatures of its

surroundings. The Cahn RG has, over a small temperature range, a lowj
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.temperature'coefficient. Outsideiﬂﬁs range, the coefficient gets pro-
gressively larger. Unless correétive:méasures are taken, a balance
mounted in a cold chamber will slowly cool off. There are two ways to
deél-with this siﬁuation: - S S ‘ ‘ @

a. Hold the balance temperéture wiﬁhin its permissible range. For
many purposes_it is éufficient to use a sméll heater wrapped aroung the
torque. motor support. (A 1009 length of nichrome in fiberglass sleeving -
works nicely; a typical current is 150 mA AC and produces no measuraﬁle
influence on balance operation. For greater temperature control, a thermo-
couple-driven SCR proportional contrdlle; can be used.)

_b;, Eliminate the temperafure coefficient. For maximum experimental
flexibility, it is possible to make ceftain wiring changes to eliminate
the necessity'of_heating theibalance. These changes are shown
séhematically in Figure 57 Deﬁailéd diagrams and instructions have been
made available to the Cahn Di&isioﬁ,7Ventron Instruments, and may be
obtained directly from them. Oniy one wife need Be changedvon the balance
itself. The alternative circuit (Fig. 5¢) requires no change on the
balance, but has the disédvantage that the low side of the signal is no
longer aﬁ ground. (An alternate voltage referenée supply for the bridge
circuit has been designed; its gtability is considerably greater than
original equipmént. Detailed-drawings afe available from Cahn.)

The voitage.follower employs a very inexpensive integrated circuit
operational amplifier and an external power supply. It is not an esséntial, G
but it is fairly simple to install, and is desirable if a time derivative
computer is to be employed, for with the/alteration in wiring, changes

in the Mass dial puts spikes into the derivative unless the follower is used.
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5. Time'Derivative'Computer (Differentiator). The desirability of

a direct rate readout has already been stated.. The rate is of course the
time derivative of the weight, and may be obtained electronically from
the voltage developed across Rf in Fiés. 5b and 5c.

"In principle, a time derivative computer, or differentiator, is a
two—compoﬁeﬂt device, also knbwn as a high-pass filter (see Fig. 6).
Further discussion of thé practical considerations for a working'
differentiator are given in the Appendix.

The present - system contains the balance as rewired (Fig. 5b) with
the filter shown in Fig. A2 (without foiiowér) and a differentiator
similar to that shown in.Fig. AL. The measured noise levels are: balance;

t lug; differentiator, * lpg/min.

IV. RESULTS AND SUMMARY
Fiéure 7 shows the results obtained for_single crystal ice over the
temperature range ~-90C to -40C. The points shown are représentative of
those obtained with a large number'of samples; thej were obtained using
Just twq .
The equipment which has been described is capable of rapidly producing
valuable information on the kihetiés of low-temperature vaporization over
a broad range of temperatures and fates. A satisfactory rate versus

temperature curve can be obtained with one sample in an afternoon.

Acknovledgement: This work was performed under the auspices of the

United States Atomic Energy Commission.
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APPENDIX. FILTERS AND DIFFERENTIATORS

1. Filter{"Differeﬁtiation tends fo»emphasize the noise in a signal;
and so it is necesséry to rémove fhe high—frequency components of the
balance signal before it is supplied to the differentiator. A simple.
passive low—paés filter to do tﬁis‘job is shown iﬁ Fig. Al. It will be
seen that thié filter is the inverse of the differentiator, and it méy be
’thought of.as integraﬁing out the higher ffequency.noise. The time constant
Ti'iS equal to RC;,(if>R is in megohms, M, and C is in microfarads, pf,
then Ti will be in secondS). The large? the value of Ti, the lower the
noise and the lower the freéuency at which éttenuation begins. If i
is greater than a few seconds, the differentiatbr>reéponse becomes too
Sluggish._ If more noise needs to Be filtered out, it is possible to
cascadé se?eral.fiiters. Figﬁre A2 shows &'continuously vafiable,
ﬁultiple-stage filter which (without the voltage follower) very
satisfaétorily filters the signal froﬁ‘the balance to the differentiétor.
With a suitable follower as indicated, it could be used'as an additional,
external filter for the weight siénal to the recorder if désired.
A_follower features the possibilit& of gain, aﬁd an .output impedance
of less than one ohm. Thus any recorder (including a 10 mV.one) can be
used; the'qnly limitation is that it nol exceed the follower's current.
capability..'The frue weight signal itself will be unattenuated for aﬁy
amount of filtering chosen.

2. Differentiator. Differentiators can be passive or active; the

features they have in common will be mentioned first. The output, € out’

= 4a
out RC at Sin’

-Here the product of R.and C is calied the differentiation time constant T4

is related to the input, e, (from the balance) as follows: e
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The éurrentbi that_flbws in the-differentiaﬁor.is giveﬁ by: i = C %E ein;
it is independent_df.the value of R.' If C is;in microfarads, and
3 ©ip IS in microvolts per second (1V/sec); then i will be ‘in picoamps
(pA). |
‘To consider the limits of the differentiator, it is necessary to :
state some conditions: |
i) For the Cahn RG it is approximately true that the rate in ug/min.
‘is numerically equivalent ﬁ§ the rate in W/sec.
ii) The largest quality non-polar capacitor available has a value
of 10_pf. Only polystyrene and.iwlar capacitors are suitable.
Ciii) ‘The input impedance of a good one~mVa recorder is on the.order
of aimegohm. Theréfore fhe source resistance qf the differentiator
‘should not in fhe worst case excaedtfdé-value, and it is desirable

to have it much émaller.

a. Passive d’ifferentiator..

In Fig. (%) suppose R = 1M and C =10 pf. The time constant 7

d
is then 10 seconds, and the rate necessary to produce a 1 mv. output is
i%'%gz or lOOuV/sec. The corresponding weight-rate is about lOOpg/min,

and the corresponding current flow is lOOOpA, or InA. The passive
differentiafor features simplicity and absence of noise contributidn;

it tends to suffer from high output resistance, zero'shifts and calibration
difficulties.

b. Active differentiator.

If an operational amplifier is used in a circuit such as is shown
in Fig. A3; the resulting active differentiator overcomes some of the

problems inherent in the passive model. The differentiator currents
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remain the same, and this means that the current noise and drift in the
amplifier must notvexceed'a few picoamps. The only kind of device .that
meets this requirement is a solid state operational amplifier with a

MOSFET input stage.  (Models of this type are available from Analog

DeVicés and Zeltex, at a unit price between'$25 and $lOO.)V Figures Al and

A5 give complete wiring diagrams for two possible designs, each with an
effective maximum time constant of 200 seconds. Output impedances are

low and equivalent noise and drift are on the order of lpg/min.

Error and nolse analysis.
When an active;dévice is used, 1t is necessary to consider the.
effects of non-ideality, especially of noise and non-infinite gain. For

a noise-free amplifier of open-loop gain A, the 0utbut e is given by

out

_ aPi-1 =4 :
Cout poein [l + —ZT] s where P=EGTs and the expression before the

: . , -1
brackets is the ideal response. For balance work, p < 1l sec , and so

it is only necessary that A >>ird (in sec.). If €i= 200. sec., A should

be greater than 2xloh; Nearly all operational amplifiers fulfill this
condition. |

An ampl;fier has a non-infinite input impedance Rin’ an foset
voltage drift lNe, and a bias currgnt drift A (It is assumed that
the offsété themselves can be-adjusﬁed"to zero.) If the Qalue of the

' feedback resistor is Rd and the input capacitance is C the error in

d)
. ' — A 1 1 1 .

- the output can be written: A=Ape. =3 |(Z + =) deo + Al |

in Ca Rg B Rin S b

If ¢, = 10uf, R

= \ >>
q 20M, and Rin R

4 theﬁ A= lw [éﬁﬁ + Ath. Thus an

a’ 10 L20

offset voltage driftvofIEO pV plus a bias current drift of 10pA can combine

to give an output error of 1.luV/sec,
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Figure A2. Notes:

Figure Al. Selector switeh "S2" allows use of 1 mv. or 10 mv recorder;

L-gang potentiometer, 250K each.
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 Extra Figure Captions

Capacitors 10uf each.

Voltage follower not required if signal is _ o

supplied to differentiator.:
If follower is used, "Gain" sWitéh allows use of

10 mv. recorder if desired.

maximum output imbedance ~2K.

Figure A5. Selector switch "S2" gives output impedance of 12to 1 mv.

brécdrder; 10Q@ to lQ mv. recorder.

Figures Al and A5.

1.

Divider fesistors should be 0.1% to assﬁre 1%
overall accuracy Feedback resistor should have
low temperafure,coefficient.

Operational émplifiér has a MOSFET input; maximum

current noise and drift 1O0pA.

€
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Figure 1. Low Temperature Vaporization System Block Diagram.
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Figure 2. Preparation of Oriented Ice Single Crystals.
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Figure 3. Microbalance Vacuum Chamber for Low Temperature Vaporization.
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Figure 4. Heat Flow Model
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Figure 5. RG Electrobalance @ Simplified Schematics
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Figure 7. Single Crystal Ice Vaporization Rate, -90C to -hoC.
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Figure 6. Simple passive differentiator (high-pass filter).
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Figure Al. Simple passive filter (integrator).
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Figure A3. Simple active differentiator.
' : XBL6S5-2769
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Figure A4. Complete active differentiator (1).
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Figure AS5. Complete active differentiator (2).




LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, 'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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