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ABSTRACT

A prelimirnary experiment has been carried out using.
a simple time-of-flight method to determine mean times of
adsorption of gaseous molecules on & solid Surfacé. A
room temperature aerodynamic molecular beam is pulsed by
& slotted chopper disk, impinges on an "engineering
surface,” and & portion of the reemitted molecules pass
through a density seunsitive time-of-flight detector. The
response (density versus btime) of the detector is compared
- for two cases:
(1) diffuse emission of beam molecules from
‘the test surface with zero stay time.
(2) diffuse emission of molecules from the
test surface with a distribution of stay
times. o
The mean stay time is inferred from the shift in the
maxima of the detector’respOnse for cases (1) and (2). !
' . The "engineering surface" consists of a stainless
steel target on which an ﬁndetermined combination of
several more or less permanently adsorbed gases is present.
Méan stay times of the order of ]_O'"4 seconds have been
observed for argon on this surface in the range of,sufface
temperatures 80 to 100°K. Stay times of the order of lO"5
seconds have been observed for nitrogen and carbon dioxide
in the ranges 92 to 97°K and 1%0 to 210°K respectively.
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Due to the uncerdvaein nature of the surface these prelimi-

nary results are not of guantitative value, but Tthey do

indicate that the time~of~-flight method is feasible fox

the measurement of mean adsorption stay times.
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[TRODUCTICN

1.1 Introductory
1.1.1 The Study of Gas-Surface Interactions

A fundamental problem in gasdynamics is the transfer
of energy and momentum from a gas to a body moving through

the gas. The practical re

U’!

sult of solving this problem is
the determination of heat Lrahsfer to the body and the
aerodynamic forces on the body. In the continuum region -
of flow the problem 1s aprroacncd on a macroscoplo level,
and only bulk properties of the gas need to be studied,
In the low density regime of flow however, the problem
must be approached from a molecular pomnt of view. The
details of the interaction between the molecules of the
gas and the solid surface are important.

A great deal of work in the study of gas-surface
interactions has involved the experimental measurement of
accommodation coefficients. An accommodation coefficient
is a parameter expressing the degree to which the molecules
of a gas reach equilibrium with some property of a solid
surface. For example, the coefficient of thermal accom-

modation, O{ , 1s usually definedl as:.



sy e
Fo — £
oL = = —r (1.1.1)
= -
t*y - Ew

ﬁg is the average energy of gaseous molecules before
striking the surface, ﬁr is the average energyvofvthe
molecules after reemission Ifrom the surface, and Ew
is the average energy the reemitted molecules would have

if they were 1to come to thermal eguilibrium with The
surface. The accommodation "oéfficient is an average over

a large number of molecules, and leaves undetermined the
detailed meéhanism of the gas-surface interaction. IFurther-
more, OL 1s a function of several variables such as the
temperature of the surface, the temperature of the gas, and
the nature of the adsorbed gaseoué layerz. 'Thereforey
knowledge of the mechanism of interaction would be useful

in the determination of the relative importance of the
several variables influencing the accommodation coefficients
as well, Of course, this,is just one example of many areas

of gas-surface research which would benefit from a detailed

understanding of the interaction mechanismn.

1l.1.2 Adsorption

Langmuir3 in 1916 proposed that, for a great many

gituations in which gaseous molecules strike a solid




surface, true reflectlion of the molecules (spec ular or
diffuse) does not occur to an appreciable extent, but
rather the molecules spend & finite time on the surface
even though this time might be so small that fhe molecules
appear to rebound instantaneously fLrom thé surface by
macroscopic standards. The phenomenon in which a gaseous
mnolecule sitrikes a solid surface and is held on the surface
for a finite time is known as adsorption. The time during

which +the molecule remains on the surface 1s referrved to as

the stay time or residence time. If the forces effectin

o]

the adsorption are of the Van der Waal's type, the process

is known as physical adsorption. If Tthe forces are of a

des

chemical binding nature, the process is known as chemical
adsorption. We will henceforth be concerned with one

.

tion, namely, the measurement

(@]
[

aspect of physical adsorp
the mean stay time of a large number of physisorbed

molecules.
1.2 Background

1.2.1 Significance of the Mean Stay Time
The physical significance of the mean stay time is
made clear by the case in which a molecular beam (directed

stream of gas molecules) of counstant intensity, I, strikes

a so0lid surface and is adsorbed thereon. If equilibrium
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is established, then the number of molecules arriving at

] ]

the surface per unit area per unit time must be equaled by

L

the number leaving per unit area per unit +time:
—“T Ll . ™ ' ) 02 ®
L =0 ~ (1.2.1)

where U is the number of molecules adsorbed per unild
area, and p 18 the probability of desorption per unit time.
Let the molecular beam be terminated at time © = 0. At the
instant the beam stops, there»is & number, N of molecules
adsoibed‘on the surface. As desorption proceeds, the

number, N(t), of molecules still remaining on the surl

b
o
e}
o

decreases. - The number, dN, leaving the surface in an

increment of time dt at time +t is then
dN = N pdit | (1.2.2)

Assuming that p is not a functlion of coverage, it follows

that N(t) can be written? as:

N(t) = N, exp(-pt) (1.2.3)
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Let us now define the

5

tay time of this group of NO
-molecules as”:

o
P ; g, /{L’%‘g\él
o o ! Ly L
N, D

= can be obtained from Equation (1.2.%) and substituted
in (1.2.4). Then (1.2.4) can be integrated by parts

to give:

The physical significance of The mean stay time 1s that
it is the reciprocal of the desorption probability per unit

time_4’5’6.

l.2.2 PFrenkel's Equation fér the Mean Stay Time

Frenkel4, using the theory of statistical mechanics,
obtained an expressgion felating the mean stay time to the
temperature, T, of the adsorbing surface and the potential’

energy, UO, of an isolated molecule adsorbed on the surface:

© U, -
T = T, ex {g":g‘:‘rj (1.2.6)

Y,
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ion of adsorbed molecules and
has the same order of magunitude ag the period of vibration

of the atoms of the solid surface. Therefore, the order of

magnitude of ﬁfo is between 10~ and 107 L4 seconds6.

5

Ecuation (1.2.6) is derived on the assumpbion tha

the number of adsorbed molecules per unit area of surface

is sufficiently small to igunore lﬂtﬂﬂacilons between
adsorbed particles in the determination of the heat of
adsorption (energy necessary to remove a molecule from the

oG of

"D

adsorbed state) and the determination of the

b 2 )

vibration of the adsorbed molecules. Bquation (1.2.6) can

be extended to situations in which the value of ﬁ— i

6]
=
O
ot

small enough to neglect interactions between adsorbed

molecules. If the heat of adsorption is given by:
U = U, + taU (1.2.7)

where AU is the additional potential energy associated with
a bond between adsorbed molecules, and i is the number of
such bonds, then the stay time for a given particle bonded

43

to 1 neighbors obeys

i v o

(o U, + ¢alU
T = T 8"{){-—_——-——#] (1.2.8)




If the value of 1 is vthe same for all adsorbed molecules,

then

X : ; Uon '
Ar, _ /\2”;&:‘%:’2 U@{Jﬁbgr ’Toex%:{_w—.;} (1.2.9)

For any case i1n which the adsorbed molecules have
much less affinity for each other than for the solid surface,
the process will be 1limited to the formation of a mono-
molecular layer. That is, molecules strikihg the adsorbed
layer will see a relatively weak attraction as compared to
the attraction between the surface and. the molecules of the
monolayer. It follows from Equation (1.2.6) that the mean
stay times of molecules in layers past the first are-

negligible. This 1s the case for a gas adsorbing on the

4 -
surface of a metal™.

1.2.3 Previous Stay-Time Measurements and Objects of
Experimenﬁ
Stay-times have been measured by experimenters
previous to this investigation. Particularly noteworthy
7

are the results of Clausing' who used observations of flow-

through times of several gases through glass capillaries
o~ e

to infer mean stay times on the capillary walls. More

8 ‘ .
recently, Leonas reported measurements of stay times of
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and carbon dioxide on technical grade surfaces of

b
o
3
8y

u

w, Fe, an , using & molecular beam time-of-Iflight

- "

C
technique., However, the total information available on

stay times is very small, and a great deal of experimenta-
tion remains to be carried out. Therefore this‘research
was undertaken with the following objecﬁives:
(i) Set up a preliminary experiment to test
the feasibility of & bime—of-Tlight
method for the measurement of mean
stay times using the aerodynamic molecu~—
lar beam facility available at the
University of Virginia.
(ii) Obbain measurements of adsorption
stay-times for several readily

available laboratory gases on an

‘engineering surface.




ANATYSIS

E

QJ
]

2.1 TFactors Influencing the Me Stay Timev

In theory, the heat of adsorpiion U, islnot diréotly
dependent upon the surface temperature. However, in
general, U is a function of the coverage, g, of the
adsorbaﬁe under conslderation as well as the émount of
coverage ol other gases adsorbed on the surface. - The

dependence of U on 0 is due to two effects. First, if

I} o

the surface is considered to have a definite number of

o

adsorption sites, adsorption will take place first at

those sites for which the heat of adsorption has the
greatest Values6. Thus, as ¢ increases from zero, the
average value of U will decrease. Second, as Jﬁ increases,
interactions between adsorbed molecules begin to make a
contridbution to the heat of adsorption. The same effects
mey be observed in the case of increasing coverage of any
additional gas adsorbed on the surface. Therefore, in any
experiment the heat of adéorption will be a function of the
coverage of the adsorbate under consideration as well as
the coverage of other adsorbates (where other adsorbates
refers to the unavoidable background gases present in any
experimental apparatus). Since the coverage may be a
function of both surface btemperature and time, the heat of

adsorption may be a function of temperature and time.

9
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N e e m Y
The vibrational period Vg depends only on the gas-
e .. b : . . \
surface combination” . But agaln, since the nature of the

)

surface 1s dependent upon the coverage of adsorbed gas

[}

o
>y

m%.

one might expect values of deduced from experimentation

0
to be dependent on temperature and time also.
In view of the above coumsiderations, Equation (1.2.9)

can be written:

, o
~ NS AT I U (§RJC}—’§
ro= LT}J;Q»:/%L =+ 4 (2.1.1)

If surface coverage nas reached eguilibrium (is not time

dependent), then:

(2.1.2)

where f denotes an unknown functional relationship between

the mean stay time and the temperature of the surface.

2.2 ILdeal Experimental Oonditioné for Stay-Time Measurement
Ideally, we would iike to produce experimental
conditions for which U and ﬂro are constant. Then Equation
(1.2.9) could be used to specify the exact dependence of the

mean stay btime on temperature. By varying the sﬁrface

temperature for a given gas-surrface combination, the



.

dependence of 1 on T could be determined experimentally
end compared to the theory as given by an eguation of

the form:

(2.2.1)
Kl‘and K2 are constants for a particular experiment. For
situations in which Equation (2.2.1) applies, 1t is readily

apparent that the mean stay times to belmeasured can be made
as large as experimental resolution limitations require
simply by lowering the surface temperature uhfflC+uﬂt¢y

In order to achieve comnstant U aﬁﬁ.hfo_experimentally,
the following requirements must be satisfied:

1. ¢ must be so small that adsorbed molecules

ectively isolated from one another.

H

are ef
2. The heat of adsorption and period of
vibration mﬂst be the same‘for all
adsorption sites.
“3. The coverage of other gases on the surface

must be entirely negligible. |
While one might expect to produce adsorption at low
coverage, it is unrealistic %o expect to find any real
surface which would satisfy the second restriction.
Probably the best that can be done in practice is to
satisfy the first and third requirements, and then, after

making experimental measurements of'7j, try to deduce




that they are site independeunt.

12

from the experiments whether U and 77 _ are strongly

dependent upon adsor

R PR
L0 SiTe.

o]

For example, after
providing for low coverage, the experiments could be

conducted and uilibrated measuremehts of "V then

ct
[
.
0]
c.{“
a
(V)
I
(0]
e

interpreted in the following form:

N o= T exp L—%S;w (2.2.2)

;. r T - ha ‘. 4 —_ - v -
To +the extent that U(T) ana~’¥O(T) are constant over the
experimental range of temperatures, 1t could be concluded
In the next section,

guided by these considerations, an experiment is proposed

:

for the measurement of m

[
o)
ks

ay times.

<t

S

2.% Ideal Experimental Method
Consider g molecular beam of constant intensity

striking a metallic surface. It is desired to interrupt

the beam periodically causing pulses of sufficiently short

duration to insure That:.

1. All particles in a pulse strike the target
within an interval bf time, &, which is
much smaller than the mean time of adsorption.

2. The maximum coverage of particles adsorbed
in the area of intersection of the beam and

the target 1s small enough to neglectd




consideration of the interactions

between adsorbed particles.
On the other hand, the time between successive pulses
should be sufficiently large so that all but é negligible
fraction of the molecules in one pulse will be desorbed
from the surface before tThe next pulse begins. If a
detection device sensitive to the number density of
?articles passing through 1T at a given time is placed
in a positiéﬁbto intercept & portion of the desorbing
particles, a record of the desorption process as a function
’of time can be obtained, and the mean stay time may be
inferred from this recozrd.

It should be noted that, since the number of particles
in each pulse is con %ant‘and the area of the beam at the
target is constant, the coverage ¢ 1is the same for all
target tempefatufes. However, (g~ is not uniform over the
target surface as a result of the variation of intensity
over the beam cross—section. ‘The meximum value, Jﬁax’ orf
the coverage over the beam footprint iIs much less than
that required for a'monoléyer of adsorbed particles.
Therefore, the heat of adsorption of the beam gas 1s only
dependent upon the other gases adsorbed on the btarget.
These other gases:

1. would be no problem if their coverage

were 80 small as to have no effect.




- oT;
2. would, 1f thelr coverage time-—equilibrated
rapidly'enough, only introduce an
uncertainty in the makeup of the test
surface.
A practical method of controlling the coverage of
‘other gases on the surface consists of oontinuously deposit-
ing a known gas on the surface at a rate sufficlent to

A

guarantee its‘preponuerﬂnoe over other adsorbed gases. If
this process is carriled to the point at which the xnown

gas effectively becomes the adsorbing surface, the coverage
will certainly be a constant, and Equation 2.2.1 will apply.

This method would also eliminate The uncertainty in the

makeup of the test surface.

2.4 Model of thé Adsorption - Desorption Process

Assuming that the molecules adsorbed on the target
surface have a mean stay time several orders of magnitude
greater than the charaoteristic time of surface vibration,
it is entirely reasonable %d expect that the adsorbed
molecules undergo complete thermal accommodation with
the surface3. In addition,‘whermal accommodation has been
verified independently at the temperatures of interest in
this investigation in a separate experiment conducted by
the author. Therefore, the molecules depart the surface

diffusely with a Maxwellian distribution of speeds




corresponding to the surface temperature. Now consider

the following model. AV time zero, corresponding to the
mean arrival-time of the pulse at the targed ’there are

No particles adsorbed on the surface. ILet us assume that
the desorption probability p is independent of coverage.
Under these conditions Equation (1.2.3) applies, and since

1 . . - s
fT’: =, we have for the number, N, of molecules remaining on

3

the surface as a function of time:

—L\ — é% ( RS 5/""...’.%;--\ ;
N(’u; - 590‘*’\,&\9 \ (2.4.1)

2.5 Choice of Test Gas an&'Surface Conditions

Argon, carbon dioxide, and nitrogen were readily
available in the laboratory and were considered as possible
test gases. The time-of-flight method of measuring stay
times; as set up in this inﬁestigation, had a time resolu-
tilon of about 10”5 seconds (see Chapter V). Therefore, it
was necessary to choose gases and surface conditions for
which stay times of the order of lO_4fseconds or more could
be observed.

No method of proﬁecting the target surface from
background gas adsorption was considered initially. For
the purpose of this preliminary‘experiment, a stainless

steel target of machine smocthness was adopted. Of course,
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the surface of the stainless steel was not at all that of

H

jof]

the bulk; it undoubbtedly comnsisted of an oxide layer and

3
]
]
0
6]

possibly a number of more o: permanently adsorbed

constituents. For the purpose of a feasibility experiment

F

such as this, however, the exact nature of the surface is
of little conseqguence.

Using estimated values of U based on the average
heat of adso¢ption of Ar, COZ, and N2 on a varliety of
surfaces and a value of /?é calculated from an expression
giving the period of vibration of surface atoms of stain-
less Steel6, expected stay times were calculated at various
surface temperatures. 'These calculations are tabulated in

Table 2.5.1.

As expected, and as apparenﬁ frbm Table 2.5.1, cool-
ing of the target surface is necessary to bring about
measurable s%ay times. TFurthermore, for argon énd nitrogen,
temperatures of 100°Kelvin or lower (such as are attainable
with liquid nitrogen cooling) must be reached. As will be
seen later, the expected effect of surface contamination
due to other adsorbates is to decrease the stay times from
the values indicated above, so that cooling the target to
temperatures below even that of liguid nitrogen might be

degirable.




TABLE 251
MEAN STAY TIMES OF SEVERAL GASES
ON STAINLESS STEEFL AS A FUNCTION
OF SURFACE TEMPERATURE
GAS TEMP,, | T Gec) U gcalyl Tisec)
‘ . ~2‘
ARGON. 80 20x10 4.0 1.4 x10
90 12x10
100 07x10"
NITROGEN | 80 14 x10°
901 1.2X10
| 100 v 07x10
CARBON
DIOXIDE | 150 80 181x10
200 07x 10
300 t Vo l1ex 107
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CHAPTER ITI

b

3|

EXPERIMENTAL APPARATUS

5.1 Introductory

%3.1L.1 Time-—-of-Flight Method
g

An gerodynamic molecular beam, affter suitable

collimation, strikes a rapidly rotating disk with slots
target (FPigure 3.1.1). The disk has
four diametrically opposed slots. When the beam 1is
centered in a slot, a high intensity light beam is centered
in the.opposite slot, giving an electrical impulse to a
photosensitive field—effect‘transistor. The generated
photopulse fixes the stars of each molecular pulse, and
the inverse frequenoy of photopulses gives the {time between
molecular pulses.

The molecules Strike'thé target, adsorb on the
surface, and are reemitted diffusely (diffuse reemission
has also been established inﬁependently by the author).

A portion of the molecules strike the detector, which in
turn ionizes a small fraction (about 0.1%) of them and

collects the posiﬁive ions. The response of the detector
'is therefore a positive ion current. Since the molecules

e

in any pulse have a distribution of speeds and stay times,

[
[04]
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they reach the devector at different times, and the ion
current varies with time.

ble amplification, much of the noise

is averaged out of the detector signal with a waveform

!

eductor (Princeton Applied Research, Model TDH-9), and

N

7 -

the signal lS plotted on a chart recorder. The waveform

eductor, triggered by the photopulse, operates by averaging
over a l””ge number of repetitive pulses. The photopulse
signal is superimposecd on the averaged detecﬁor respounse,

-l ]

and the combined signal is fed To the chart recorder.

Figure 3.1.2 shows two Typical recordings of the photopulse

and detector response signals

3.1.2 The Vacuum System

The experiment is carried out in a large vacuum
chamber (Figufe 3,1.3). This chamber, primarily of
stainless steel construction, is partitioned into three
smaller chambers. The molecular beam is formed in a first
chamber, collimated in a second, and passes into a third
chamber where the chopper,'target,,and detector are
located.~ The pressure in the first chamber is about ZLO—'3
torr, in the second chamber ié about 10"5 torr and in the
third or test chamber is of the order of 10“7 torr.

The test chambef is equipped with a liguid nitrogen .

cold trap located above the oil a11¢u810n pump (using
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DC-705 fluid) and chamber background pressure

of 2 X 10—7 torr wa During the course of the

experiment, pre s in this chamber varied between

B spectrometer analysis of

2 % 1077 and 8 X 107! tore.

the background gases in this chamber showed the principal

-

ne:

\]

constituents to 18 amu (H,0)

5 nd 28 amu (CO or N2>‘

The most complete discussion of the details of the

molecular beam and,K detvecltor characteristics as well as

the construction of the vacuum system can be found in the
- - 11

report of Hagena eb al ™.

3,2 Design Considerations

3.2.1L The Target

The target is a block of type 304 stainless steel

having a one-inch-squ welded to a cylindrical

stainless steel tank ( ure 3.2.1). The top of the tank

=

is welded to a flange having an O-ring seal. The entire

holder assembly is inserted into the test chamber through
The division

a hole'in the top wall of the vacuum chambexr.

of the reservoir into two
maximizes the capacity of
to clear obstacles in the

filled with liguid nitrog

cylinders of different diameter
the reservoir while allowing i%
test chamber. The reservoir is

en by means of a filler pipe

extending through the flange.
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The temperature of the target surface can be
contrelled by means of a palir of tungsten heater coils
passing just under the target. surface. Foll radiation
shields spot-welded to the target block preveﬁt unnecessary
boiloff of liqu;&'nitrogen due to radiation from the heater
coils. The ooils‘are encased in guartz tubes which provide
the necessary electricel insulation while allowing radia-

I

target block.

ot
(@]
<
v
@]
(e

tive heat transier
Measurement of the surface temperature 1is accoum~
plished by means of a chromel- alumel thermocouple junction

spot-wel ded near the target face.

5.2.2 DBeam Modulation
The‘beam modulation systen consists‘of the collimat-
ing orifices, the chopper, and the detector. There are
two primary éonsiderations in the design of the beam
modulation system. |
1. Resolution of time.
2. Sufficient intensity of particles arriving
at the detector to provide reasonable
gignal-to-nolse ratio.
For optimal <vime resolutioﬁ, it is necessary to make
the duration of the beam pulse as short as possible. To
state this condition more precisely, let the molecular

beam have a cross-sectional area at the chopper disk




N
(@)

n

in the direction tangent to the
chopper periphery and j in the radial direction (Figure

%5.2.2). Let the width of the chopper slot in the tangentia 1
direction be 5£ and in the radial ’irec%ibn s. If the

peripheral speed of the disk is £, then it is reguired that

} o
'CP =  pulse width = &,

b
by increas ing the speed & . However, as tp is decreased in
this way, the total number of particles reaching the targe
in a given pulse decreases, with & consegquent loss of

intensity at the detector.

o

Aside from intensity comsiderations, there are
practical limitations oxn the chopper speed. A definite
speed limitation ex1sts due to structural éonsiderations of
the bursting strength of the disk. Also, there is -some
finite capability of the motor used to drive the disk.
Another important limitation is that the period between

-

successive pulses should be large compared to the time half-
width, At, of the detector response in order to avoid
overlap. These are general limitations which might be
encountered in any particular experiment., Fortunately,

however, in this experiment, these practical limitations

ol

were not approached. Instead, the intensity consideration

-

proved to be crucial.
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For maximum intensity at the detector, and thus,

surface., In this vacuum system, the geometry of the test

chamber prevented tne detector from being placed any closex

0]

than 11.5 cn. from the target and this 1 where 1t was
placed. This being done, the chopper was operated at the
highest Speed for which reasonably strong detector signals
could Dbe obtained.

There are several secondary considerations in the
design of the beam modulation system. The first of these:
is the placement of the detector relative to the target
normal direction., For diffuse emission of the desorbing
particles,‘the intensity seen by the detector will be a
maximum in the direction normal %o the target surface, and
thus optimal'placement is along this normal. The second
consideration 1is tke angle between the target normal and

5

the beam direction. Ideally, this angle should be minimized
to minimize in turn the area of the targed intersected by
the incident beam, thus pfoviding-better angular resolution
for the detector. A best selection (consistent with
geometrical oonstraints)‘of 45° for the angle of incidence,
and 15° for the angle of reflection was made.

The measurement of stay times required that the
chopper be moved from its usual location in other experiments

performed in this laboratory (between the target and the
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detector) to a location between the collimabtor and the
target (Figure 3.2.3). ALs in the case of the detector,
geometric constraints detvermined the exact position of

the chopper. Hagena el 2l have suggested that ’Qt = By

-

. o . . . . . 10
is an effective compromlse between intensity and resolution .
Since, the collimating arrvangement already in use in the
vacuum system was not adeguate to satisfy this constraint

for the new location of the chopper, a third orifice was

added which diminished vhe beam dimension, ,?t, at the
chopper to the width s, (= 1.75 mm) of the chopper slot.
Finally, desorbing particles striking areas adjacent

to the detector active zone and eventually soattering into

the detector may give rise to a spurious signal. To pfevent
this, avfinal aperture was placed between the target and the
detector. PFigure 3.2.4 gives a schematic representation of

the entire beam modulation system.

%.% The Form of the Detector Response

.3.3.1; Response for the Limit as orApproaohes Zero

The ideal model of the adsorption-desorption process
in this experiment has been discussed in Section 2.4. Ve
now wish to consider the response of the detector as a
function of time for this ideal model. The assumption ofunit
thermal accommodation of the adsorbed molecules to the

surface temperature i1s fundamental in this analysis, and




is confirmed a posteriori by the magnitude of the stay btimes

~ SR p B ) OIS I
measured in the experiments.

:

Consider th the detector to a sihgle

by

p
]
G}
o

sponse ol
pulse of molecules adsorbed on the target surface.

Initially, these molecules have an average coverage density

CTb. This two-dimensional

i,._J
Q'\

syer of adsorbed molecules can

be thought of as a three-dimensional gas . in a box, and the

0]

target surface can be replaced by a shubtter in one wall of
the box. The molecules of the gas have a number density n

- P s o -

roportional Lo O\A and have & Maxwellian distributio:x
U?

]

MJ

0

]

velocities corresponding to the temperature of the surface.

-

oe

S S

~Let the molecules reemitited Irom

b

T

he target surface

¢}

thought of as sfreaming through this shutiter of area At
(equal to the effective area of the beam féotprint on the
target) into a region of fficiently low pressure that the
flow is free molecular, Now consider the number density
7?d(t) of molecules arriving at a detector a distance L
from the shutter when the shutter is opened for an infini-

/ /
tesimal interval gt gt t =t . It is straightforward to

show that this density obeys the following relation (see

\

Appendix I).




o

where C is a counstant independent of time. Now the detector

signal S(%t) is proportional to the density»7ﬁd(t> so thatb:

where Ol is equal to C nultiplied by & constant of propor-
tionality. The valuwe of time, T, , corresponding Tto a

maximum of S(%) for zero stay time is easily shown o be

%,m("@—O) =g+ /a‘)L /N2 | (3.3.3)

3.%.2 Response as Modified by a Distridution of Stay Times
Now let us consider the case in which the molecules
2ll strike the target at time t = 0, but have an exponential

:

. . N :
distribution of stay times with mean value | such that

the effective number density of molecules remaining adsorbed
on the surface at any time t is T exp (- /7). The
detecvor signal in this case can be thought of as the
integral of dS (%,t') over %' where O£ t' £4%, and
N 52 ”
dSk, )= nt)C (-t exp[ i—-ﬂ]db

(¢, - (3.3.4)




Pormally integrating over t'

[}

. {:‘ L
o AN — /"‘{ff r {.f 2'1—3 /
3 = \d S0 exp -2 -AL 4t
St )%ﬁ._o g ’ gl Pl (-t (3.3.5)

where C, = n, Cq. Introducing dimensionless times:

Vad - P / g
t: 'y ) /C::‘ﬁi_ N /T:: /:E
- pL AL | AL

the detector response is then

ro ~ f”'f . _1§ _ zﬁ”ﬁ‘z— i
S(-‘s /’?;éGZCE _\)S&—ﬁ\nél\?{ % (t-t") jd

i I
where O3 = Cz/ﬁg L. .
Now if ‘Y is much less than t_ (T=0) = /QL/JE"(or,
in other words, if A?<<.1) it can be shown (Appendix II)

+that the value of dimensionless time corresponding to a

maximum of S(T) is given by:

S~

RGA S VT & //ﬁ? | (3.3.7) .

Reintroducing dimensional quantities and solving for A

Y= b= BLNZ (5.5.0)




This result in Bquation (%.%.8), says that for mean stay
fimes which are small compared to the value of time for

the response maximum, the stay time is given simply by the
shift in the maxima of ﬁhe resSponse curves fof the casQS
”f 4 0 and T = 0. Of course, the response of the detector
for the case ‘T = O is not debtermined experimentally, buv
is calculated from Dguation (3.3.3) . ( this has  been

b}

verified independently

@

- L iy - . -
The exact value of tm_</?> can be obtained from

-Equation(3.%.6) by using numerical methods to find the value

N 3 Ll 3 ]
of t for waich the integral

go (%*{‘C{)—L’ Kp E"

¢
A

_<€f'g>~2] é g’

1V

2

is a maximum. The results of this analysis are shown in

e

Figure %.3.1, which is & plot of '%g(;F) as a function of
2?.~ Note that for small values of T %;(%:) approaches
the value given by the approximation given by Equation(3.3.7).
in the range’of experimental data ( %$<O,3) the error in
the determination of T using the approximate relation,
Equation(3.3.7), is no greate: than 10 per cent. The
details of the numerical analysis are discussed in
Appendix III.

It should be noted thatv in-the preceding discussion

it is assumed that all the particles in a given pulse arrive
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at time © =0 at the targes. Of course this
idealization, but it is a velid approximati
real situation if the time reguired for the
through the beam‘is small compared to AT,

which this assumption is met experimentally

in Ghaﬁter'v.

ali
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EXPERIMENTAL PROCEDURE AND REDUCTION OF DATA

4.1 Procedure

The experimental procedure consisted ofvthe following.
With the target holder 1n place in the tesﬁ'chamber; and the
chopper disk rotating at 5000 revolutions per minute, & beam
is let invo the system Ly applying test gas pressure to the
nozzle stagnation chamber. The detector response is then
recorded for the desorption of the test gas from the targes
at room %emperature. The’use for this measurement will be
discussed in Section 4.2, |

After_the room temperature reading, the target-holder
reservoir 1s filléd with liguid nitrogen. The temperature
of the target surface drops slowly enough (for temperatures
below abduf 105 degree Kelvin) that reoordings of detector
signal can be taken at various ﬁémperatures as the target

is cooling. When the target teuperature reaches its

~terminal value, heater coills under the target face are

used to increase the surface temperature. The heaters,

used in conjunction with‘the cooling effect of the 1iquidv
nitrogen, allow the temperature of the target surface to

be held constant at various temperatures, and repeatAreadings
are taken to check those made while the target temperature

is decreasing.




~dependent on the

4,2 Reduction of Data

isplayed in Pilgure

@
o

Typicad detector signal

ar

[

3.1.2. The beginning of a pulse is signaled by the photo-

pulse peak at the start of the trace. The value of tm is

-4

obtained in the following way. A smooth curve is faired

W

through the steps of the educted trace at the photopulse
and in the vicinity of the response maximum, The maxima
of these smooth curves are then selected by taking the

point equidistant from the sloping portions of the curve

on either side of the maximum, The length (along the
‘horizontal axis) between the meximum of the photopulse and

the maximum of the response 1s then measured and converted

to time by means of a length-time conﬁersion factor. This
length of time is the uncorrected value ofvtm,

Two correctlions must be applied to the value of Ty
obtained by ﬁhe aforementioned method. The first of these
is a correction for the error in Tthe photopulse timing
signal due primérily to the fact that the light beam and
molecular beam axes are not exactly 180° out of phase for

the chopper. The effect on tm of this misalignment is

w

peed of the chopper. For a fixed chopper
speed, the error iSVequal but opposite in sign depending on
the direction of rotation of the chopper. Thus, a correc-
tion can be determined by educting two detector signals
under identical conditions but with the chopper direction

reversed for the second reading. The correction is then




40
simply half the shift in the value of tm from the first
to Tthe second trace.

The second correction consists of subitracting from

the uncorrected value of tm (corrected for chopper mis—

alignment) the time g~required for thé‘center of the beam
pulse to travel from the chopper slot to the target surface.:
§ is oonstant for a given gas at a given value of the bea
stagnation temperature. § is obtained from the value of tm
for the target at room tempefature as follows. A% room

‘ o

temperature, the mean stay time of molecules on the target

al

surface 1s several orders-o magnitude below the stay *iﬁeé
we wish to measure, although Still‘long enough for thermal
accommodation. Thus, the beam can be considered to strike
the target and be reflected diffusely with'é Maxwellian
distribution of speeds corresponding to room temperature.
The timevreqﬁired for a response maximum under these
cohditions is & + ngLJQG? where ./SR is the value of /g
at room temperature. It foliows that: ‘

¢ (t) - BLNZ

RooM TEMP (4.2.1)



Thus, the value of tr consistent with our previous defini-
il
tion (Section %.3%.2) of +ime zero as the time at which the

pulse strikes the surface is obtained by subtracting o
from the uncorrected +_.

Equation (3.%.8) can now be used to Tind the mean

rget Ttemperature,

£

e 0% al

stay time. For a fixed wvals
PL /N2 is computed, the

obtained as described above znd | thus determined.

(0]

or

(@]
H

acved value of tm is




5.1 Results

Three gases (argon, carbon dioxide, nitrogen) weré
used with the stainless steel target. The résults Tor
carbon dioxide and nitrogen are less substantial than
those for argon and will be considered first. Mean stay

times measured for nitrogen are shown in Figure 5.1.1;

=

gtay times for CO, are shown in Pligure 5.1.2. It is not
2 o

J

the intention of the author to represent these results as

®
G

being of quantitative value. The scabtter in the data is

[0}

simply too great. However, it is indicated that stay times
of the order of 10—5 seconds may be present for the range
of temperatures shown and that by lowering the target
temperature this stay time does appear Lo increase.
Certainly, further experimentation with these two gases
is indicated before any quantitative conclusions regarding
these data might be made. The remaining discussion in this
chapter will be understood to apply to the results for argon.
Mean stay times of argon adsorbing on the present
stainless steel target are given in Figure 5.1.3. The stay
times show an increasing trend with decreasing temperature.
Stay ‘times of thé order of 10"4 seconds were measured for

temperatures below about 85°K. Error flags shown are for

[\\)

4
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e

outside limit estimates of uncertainties (See Appendix IV).

The stay time data for argon can be used to estimate the

~value of the heat of adsorption for argon on this Ttest

surface. Using a value of 7 of SO/Aésec at a Ttemperature

of 95°K imdicated by Figure 5.1.3, and assuming a value for
-13

-,

hf of 2 X 10 seconds (Section 2.5.1) the value of the

0

}.Ja

s calculated by Equation (1.2.9) to be

heat of adsorption:

3.7 ¥ cal/mole, in gcod agreement with estimates given in

Fad

, - 3 . ~ . .
Section 2.5.1. However, if log ¢ 1is plotted as a function

o L

of Tfor this data, and a slope 1s inferred from the

_ o oA
plotted points to obtain U and r

Lo the results are entirely

different. Figure 5.1.4 is such a pliot. The two solid
vertical lines indicate the range of measured values of T
at temperatures of 82.5°K and 100°XK, The two dashed lines
have the minimum and maximum slopes that can be inferred
from the daté. The range of values of ’Tb and U indicated
by the slopes and intercepts of these lines is:

8

T : between 1.7 X 107 and 1.5 X 10 °sec

o)
U: Dbetween 1.50 and 0.28 ¥cal/mole

The lack of agreementy betWeen these values and expected

ones 1s presumably an indication of two things. First, at

higher temperatures (lower 1/T), the slope of the stay-time

curve is deformed (slope diminished) by a resolution or

small systematic error limitation which caused stay times

larger than actual to be indicated. Second, at temperatures

[

below about 85°K the heat of adsorption decreases (due to a
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o

coverage~dependence effect discussed in Section 5.2) rapidly

Ja

as the temperature is lowered, again diminishing the slope
of the stay-time curve. 3y ¢ mparisbn, the broken line
shown iﬁ this figure ié the expected variation of 1 with
1/T i? '7; were taken as a more reasonable value

13

( 2 X 107"’sec) and U were taken as 3.6 K cal/mole to make

this line pass through the center of the data.

5.2 Limitations of the Data

In Figure 5.1.% the r”n numnbers Iindicate runs made on
different days over a Ue:iod of several weeks. The argon
results,aithough heving a large amount of scatter, are
reproducible over day to day experiments within the
uncertainty of the measurement (see Appendix IV). This
uncertainty is primarily the result of noise in the detector
signal leadiﬁg to an uncertainty in the position of the
response maximﬁm as plotted by the chart recorder, and hence
an uncertainty in tm“

. In Pigure 5.1.% the values of | shown are calculated
by use of Equation (3.3.8) which is only approximately
correct. DTFigure %.3.2 shows that the error in this approxi-
mate equation increases with g? . ©9ince L, the target-
detector traverse length, is a constant in this experiment,
o1

the value of depends only upon the dimensional stay time

and the target temperature. For the lowest target tempera-

tures and greatest stay times achieved for the argon




experiment, The approximate formula underestimates the

value of the stay time by

[92]

lightly less than 10 per ceunt.
The correction whiéh could Dbe apzliéd to the argon stay
times to account for this error is not large énough at
the temperatures and stay times of the experiment to be
significant when compared with the large uncertainty in
the measurement due to noise in the detector signal.

At lower temperatures the following anomaly was
exnibited by the argon data. At-a given temperature, when
successive measurements of Tthe stay time were made at five-
minute intervals, the wmeasured stay time decreased for each

successive reading. Data exnibiting this phenomenon are

L]

3]

5

shown in Pigure 5.2.1. Insufficient data have been obtained
to'be able to identify the exact temperature where this
effect vegins *to ocour. Only two tests were conductéd,
one at 82.5°K, at which the effect was present, and another
at 85.5°K where it was not. |

Before considering an explanation of this effect,
consider conditions in the test chamber. The target, a
surface of machine roughnéss, is (in addition to the
molecular beam) subjected to an atmosphere of 10—7 torr.
Principal counstituents of thilis background atmosphere are
water vapor, nitrogen or carbon monoxide and diffusion pump
oil vapor, all of which will undoubtedly adsorb on the target
surface at these temperatures. Thus the layer of adsorbate

on the surface consists, in part, of a combination of all these
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constituents as well as the argon atoms. Insofar as their
total or individuwal coverage is some appreciable fraction
of a monolayer, these other gases will affect the argon
adsorption. |

effectv mentioned

[22

Returning now to the time-dependen

o

above, the following alternate possibilities are advanced:

a) t higher temperatures in the range of experimental

megsurements, Uthe non-argon adsorbate remains
relatively consgtant for the more permanently
adsorbed gases. This would be the case for
saturated covérage of chemisorbed cdnstituents

and physisorbed gases'suOﬂ as water vapor. Below
labout 85°K, however, the nature of this saturation
with respect to one or more background atmospheric
constituents is altered and a new higher satura-
tion ievel is approached.* However, since the

5

coverage is time dependent, this implies” that the
mean stay itime correspon&ing to this new level is
.large compared to the time of the experiment.

b) Below 85°K, the fraéﬁional monolayer coverage of
some of the background constituents (most likely
those lower molecular weight pump oil ﬁapors which

P

are not efficiently trapped in this range) becomes

t correspond to a phase change of
nstituent, or the beginning of multilayer

0
e
£
I
Q
o

- 0
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rs
[
@
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»sﬁfflolontlj large to have a significant
effect on the nature of the argon adsorp-
tion. Again, the time dependence must imply
that these oonéﬁituents have mean staj times
which are large compared Lo the time of -

the experiment.

In order to bypass this time- depenuence effect at

lower surface temperatures, ﬁh@ following experiment

was carried out. Carbon didxide was bled into T
chamber in sufficient gua

grouhd pressure from 10 o to 107° %orr. This insured that
,the flux of 602 molecules onto ihe target surface was an
order of magnitude greater than the total flux of all

other background gases. Since OO2 should continually
condense on the surface at these temperatures, tne composi-
tion of the surfacé layer seen by the argon beam should

be almost totally 002 and should e independent of time.
This then should eliminate the time dependence due to

the adsorption of background gases. Of course, this
method completely changes the nature of the surface,

and the stay-time results should not be expected to
correlate with those for‘uae steel surface. In fact, the
heat of adsorption of argon on"CO2 proved too small to

be measurable within the resolution of {these experiments.



It was stated in Section 3.3.2 that the time dura-
tion helfwidth iEtP 0f the incident beam pulse should be
much less than the time duration halfwidth éﬁt’of the
detector response. This 1is required because a finite
value of zﬁtp distorts the detvector Signal from the form

predicted by the analysis of Section %.3.1. ,Leﬁ‘the time~

of-flight resolution@{ be defined:
.
S AL L
ﬁ? = ““‘L (5.2.1)
ALP

In this experiﬁent; with the taxget at room temperature,

ﬂ% zZ 12, Fui‘thermore5 as the target temperature decreased,
O T increased approximatély as the inverse square root

of the temperature, while .A?é was held constant. According

¢ - 10
to Hagena and Varms

the distortion of the signal, as

7 g b

measured by a percentage change in At, is less than 1 per
D o -~

cent fox =~ 1l2.

Due to symmetry, for fixed ﬁ?, the percentage
displacement of tm will Dbe approximately an order of
magnitude less than the percentage increase in At. - Thus,
even though the measured values of "I here are small compared
to tm (0.01 tm to 0.2 tm), the condition @?Z 12 should assure
that there is insignificant error induced in T due +to finite
time—-of-flight resolution. That is, %33’12 should insure

+that the distortion of "I ig -less than 0.001 tm‘




CHAPTER VI

CONCLUSIONS
J
The time-of-flight method described herein appears

fal ~t

to be feasible Zor the measurement of adsorption stay times.

- The resolution lin mitation apparent from the initial results,

Ld be more sultable

Ih.!

however, indicateg that the method wou
for the measurement of somewhat loanger stay times. In fact,
longer stay times were anticipated, but the effect of the

uﬂdetermlned como nation of several more or ¢ess permanently

adsorbed gases on the sltalnles

&}

sﬁeel surface was to
diminish the heat of adsorption, and thus +the st tay time,
significantly. |

Furthermore, these initial meaéuremen ;s demonstrate
the‘inadequaéy of conduc%ihg stay-time experiments on a
surface whose nature 1sg dependent on time 1f valid estimates
of ”YO and the heat of adsorption are to be deduced from the
data. _The method of deposition of CO2 on the target surface
for the elimination of time-dependence does not appear to
be feasible for argon on CO2ﬁ at least not at the tempera-
tures of this experiment. DPossibly this method would
produce better results, that is, longer stay times, at
lower target temperatures such as might be obtained with

some method of cooling other than ligquid nitrogen.
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Guided by the above findings the following is
offered as a possiblie improvement on the time-olf-Llight
experiment.

1. Use a clean target surface such aslmight

ve obtained by vapor-depositing a metal
on a substrate in a vacuum.

2. Maintain the clean nature of the'surface
by operating at much lower background
pressures than the 10"7 level of this
experimenty.

%, Provide a means of co

o]

ling the target to

much lower temperatures than that of

liguid nitrogen.
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APPENDIX IIT

NUMERICAL EVALUATION OF T_ (%)

- . o~ .
It is required to find the value of t for which the

integral

is a maximum. To do this, let the interval of integration
~ L : . ~
(O to t) be broken up into n equal intervals z&t'i. Let

S
7N

~s Pad
the integrand, I (t'i,\ ) be evaluated at the center, t'i,
. . ™
Pa>d
of each interval Axt'i. Tolding T constant, the integral

is evaluvated by the sum:

.

G = Z'I(a,%)-&/{i (435.2)

(=0

This s%ep is then repeated for another value of % and

. /\‘ ) I3 3
another, et cetera until the value of t is found for which

. - v N /\I v .
G is a maximum. This value is t (7). This process in
. [y ~ ~
turn is repeated for a different value of T . Ty (1)

can be found to any desired accuracy (given sufficient
V- d
computing time) simply by making the intervals Zkt'i

sufficiently small (n sufficiently large) and by taking

(839
~d




)
u

the successive Trisl val

ues of t sufficilently close
together. These

computations were carried out on a
Burroughs B5500 computer taking n
n = 1000.

100, and later, taking
n = 1000 is considered to be a large enough
number for the

accuracy desired in this analysis for the

PNt Ll
following reason. The value of % (7r) found by taking
n = 1000 changed slightly (less than 0.%%) from those
obtained with n =

100. Furthermore, in the case of n
» L3 -~
the trisl increments of T

= 1000,
= .005 t (7).

7~~~ o~
etermination of t_ (7T ) as a

were typically
Therefore the accuracy of

(o))

Py

function of ¥ as shown in

Figure %.3%.1 1is about 99.5%.

~o
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wnere Vimiv,n 8 [eaguied Vo & room wemperature target
o 4 DR SR . P NI P Q 2, N

and O 18 the value of /.) for a room temperature

Since both values o

understood 10 be measured valuess let ug adopt a more

compact notations
A /\a\"j J‘- Pl
E m( { }_j = bm ( | )

Now writing B = (5 )° and @ = (2/<7;)% nEa.
(A%.5) we haves
T= t, M-tus + AL <\f; VT (as.6)

Ve o
where A = oY ).

[

Now consider the uncertainty A in the mean stay
time a8 a result of uncertainties ATy ATz 5 At ()

A t{naﬁ &ﬂﬁs A Lg

AT = i&1%b>v&bmxflA(w@
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