P8 33976

Technical Status Report No. U4
A Study of the Effect of Surfaces on Oxygen Atom

Recombination at Low Pressures

Rensselaer Polytechnic Institute
Troy, N.Y.

1 November 1968 to 30 April 1969

Research Grant No. NGR-33-018-086

RPI Project 441.22

P. Harteck

R.R. Reeves, Jr.
K. Loomis

A.S. Bergendahl



Summary

Equipment has been designed, built, and operated over the last
two years simulating satellite environment for ﬁhe study of the ef-
fect of surfaces interacting with O-atoms. The most pertinent
metals from the standpoint of current use (silver, titanium, gold
and stainless steel) have all been tested. The results show that
these are not good metals for fabrication under many conditions of
satellite mass spectrometric measurements. These results are

basically in accord with the observed satellite measurements.

A modified system is now operable for rapid testing of addi-
tional promising materials. It is planned to obtain additional
results with mixtures of oxygen and H-atoms as atomic hydrogen is

also a constituent of our rarefied upper atmosphere.

Introduction

The pressure regime within which these studies are made is
such that all gases present have mean free paths much greater than
the laboratory apparatus. Since atomic oxygen colliding with any
material may be destroyed it is not unusual to observe a total loss
of any reactive species when special care is not taken. The ap-
proach used here was to extrapolate from an experimental arrange-
ment used successfully several years earlier in the 10_2 torr pres-

sure range.

A step by step modification has been made in the apparatus to
arrive at an efficiently working system which can give a rapid de-
termination of a recombination coefficient for a surface. A sys-

tematic search is underway to obtain practical materials of



construction to use under the unique conditions of space.

All the results to-date have been compatible with the litera-
ture values and/or the satellite measurements. This is very grati-
fying but does not yield a direct solution to the problem. Perhaps
one important point should be noted; that is, a first order loss
mechanism has been observed in all cases to-date indicating that
under these conditions the O-atom loss is only proportional to the

concentration of oxygen atoms.

Experimental

The experimental apparatus, as used and modified, has been de-
scribed in previous reports. Briefly, an oxygen atom stream is
generated in the 1 torr pressure region and the O-atom concentra-
tion determined by titration. A small side-stream is directed into
the the very low pressure reaction system in the 10_5 torr or less
region. First the O-atoms were shown to survive the flow system
when no metal was present by freezing the radicals with liquid
helium. The ozone produced guanftitatively on warming could then be
measured. Subsequently using a 54 adsorbent or silica gel the ozone
could be frozen out with liguid nitrogen rather than helium, but
the integrated measure of O-atoms via ozone formed permitted only
a slow point by point accumulation of data. However, the observed
formation of ozone in both cases had the very important asset of

confirming without question the existence of the O-atom stream.

An evaluation of the latest equipment and techniques used for

light measurement showed that the chemiluminescent technique that



we had used in the 10_2‘torr,preSSure.region in the past could be
extended to this 10_—,5 torr range. A photomultiplier with a con-
finuous output could within a few seconds give a reasonable O-atom
recombination coefficient. At first liquid helium was used for
pumping but a high capacity vacuum system with an all glass cold
trap 1s now used. A schematic of this latest arrangement is shown
in figure 1. Detalls are not shown for the light traps (Wood's
horns). A specially designed all glass (MALPHI) valve is used ex-
tensively to avoid interaction with O-atoms (see figures 1 and 2).
A sample can now be brought into the system, tested, and removed
using a storage chamber which is incorporated into the reaction
chamber via another large glass valve. Six or more test specimens
can be stored and each tested separately under basically the same
conditions with blank runs made between each without exposing the

system to the atmosphere. This chamber is shown in figure 2.

In the last two years studies have shown that gold, silver,
stainless steel and titanium are all generally poor metals to be
used as exposed surfaces in the inlet systems‘of satellite mass
spectrometers. All these metals interact significantly with O-
atoms and a complete characterization'of this interaction is dif-
ficult;. Insulating materials such as enamel chips were found to
interact with the O-atoms as strongly as the metals tested. The
most inert material to date is glass (pyrex) of which the appa-
ratus is constructed. Typical recombination efficiencies for

oxygen atoms on various surfaces at room temperature are given
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in Table I. The overall method used in this technique to obtain

the data and from this calculate y has been given previously. In

the Appendix, however, is also given a description in greater de-
tail to facilitate a more complete understanding. The results ap-
pear to be reasonable in connection with other work in the literature

at considerably higher pressures.

Aluminum may prove to offer a promisingly inert surface. At

6

the lower pressures used (<10 ~ torr) so far on a limited number
of samples more rapid recombination occurred than was expected and
additional study is needed to see if this 1s generally true or a
function of the particular group of specimens, surface treatment,
or other factors. A ceramic sample studied had a relatively high
recombination rate for O-atoms. Several other promising speci-

mens have been obtained for testing. One is a ceramic of especial-

ly low porosity (Mikroy 750 of Molecular Dielectrics, Inc.).

It should be emphasized that an inert surface such as a "prop-
erly prepared" aluminum may be stable and operate satisfactorily
for extended periods. Other metals may also be satisfactory and
basically inert. However, gold and similar metals are apparently
basically reactive or interacting with the oxygen atoms especially
when carefully cleaned or baked. Such reactivity is particularly
detrimental when a significant number of collisidns may occur be-

fore entering the ionization chamber of the mass spectrometer.

In each case the decay of the afterglow was observed to de-
crease exponentially with time indicating that the oxygen atoms

were destroyed by a first order process proportional to the



TABLE 1

TYPICAL RECOMBINATION EFFICIENCIES FOR OXYGEN ATOMS ON
VARIOUS SURFACES AT ROOM TEMPERATURE

Metals Y
*
Gold plate (supplied by NASA) 0.0060
Gold sheet 0.0033
Al (commercial untreated foil) 0.0032
Al 1100 (rough surface) 0.050
Ta 0.0058
Stainless Steel 0.036
Ni 0.040
%%
Ag >0.05
%%
Ti (clean surface) >0.05
* %%
Ti (oxidized surface) <0.001
Non-Metals
Glass (pyrex) <0.0001
Enamel Chips 0.016

¥The reports of Wise and Wood give several values for y for gold
considerably higher than these. Evaluation of differences 1in
conditions did not yield a reasonable explanation although the
variation in their values (0.065-0.27) may imply an inherent
limitation. A recent study by Myerson (J. Chem. Phys 50, 1228
(1969)) obtalned a value of 0.005 in the torr pressure range.

#% The silver surface becomes oxidized and more reactive with
time.

®¥%%T1 + O + TiO+ (evaporates); TiO + O - Ti + O,; and TiO + 0 -
Ti0,. TiO, is apparently inert, but TiO volitaiizes and can cause
O—agom con%umption for an extended period.



O-atom concentration. This was true when NO was added as a stable
reactant and the light intensity of the reaction (NO + O = NO2 + hv)
monitored. This was also true when SO was used to generate the

light by the reaction SO0 + 0 -» SO2 + hv where the oxygen atoms must
generate the SO via the reaction COS‘+ O =+ CO + SO. The light in-

tensity in this case showed a second order loss as would be expected

since with no metal present the O-atoms and SO were pumped away

simultaneously.

Discussion

The product of the research to-date has been the evaluation of
the recombination coefficient, vy, as is given in Table 1. The ob-
vious questions are the correctness of these values, what are y's
for other metals, and does y change as other parameters such as the
addition of H atoms as would be present in the satellite environ-
ment. The results appear to be in line with the known experimental
facts from the satellites and recombination coefficients found at
low pressures might be anticipated to be less than or equal to
Myerson's result of 0.005 in the 1 torr pressure range. Our results
of 0.006 and 0.0033 reported prior to Myerson's publication are in
amazling agreement considering the variation that may occur from one

gold sample to another.

One may objecet in principle, however, to the use of the chemi-
luminescent method as extended for the O-atom concentration measure-
ment. The enormous effort now being made at Bonn on a variety of
atmospheric problems at low pressuré has already yielded results

strongly supporting our conclusions. Many works, however, have



contradicted this generally due to a lack of understanding of the
problems of back diffusion for gas and reaction kinetics at very
low pressures. A discussion concerning thése problems of back dif-

fusion is given in the Appendix.

Our approach attempts to evaluate surfaces to be used in
satellite mass spectrometry utilizing our extended chemilumin-
escence technique. Alternatively; a mass spectrometer could be
used to measure precise oxygen atom concentrations. Normally,
however; this cannot be done in the laboratory because of similar
problems to those found in the satellite spectrometers. To
achieve accurate O-atom concentrations in this way elaborate ex-
perimental equipment is necessary including differential pump-
ing with the reaction chamber maintained at relatively high pres-
sures. The appearance of a variety of residual impurities such as
€O, CO, and H20 which are known to contribute to the background
16 peak create additional problems for the mass spectrometrist.
Since one group is already heavily committed in this direction
our alternate approach seems particularly attractive. The re-
sults to date appear to justify the approach and are particular-

ly gratifying.

A paper was presented at the ACS meeting in Minnesota en-
titled "Catalytic Recombination of Oxygen Atoms on Metal Surfaces

4 to'10'6

in the 10~ torr Pressure Range" in April. An additional
paper related to the topic was presented to the International
Chemiluminescence Conference at Hot. Springs, California in March

entitled "Chemiluminescence in the Gas Phase from Oxygen Atom



Reactions". A copy of the paper to be submitted as part of the
latter conference will be forwarded in the near future. A

publication is also to be submitted to the Journal of Physical
Chemistry.

10.



11
Appendix

Back Diffusion and Titration Errors

A major difficulty in oxygen atom studies is the loss of

oxygen atoms by back diffusion.

The resultant lowering of atom

concentration frequently results in a misinterpretation of data.

The following example is a simple case illustrating the problem.

Consider Poiseuille's equation for flow of a gas through a

tube
2 2 b

dtP 16 Ln PO

o

Flow I R
. Hov, : & - P, -
T X c
0
L
Figure 3

d = volume flow rate in cm3/sec measured at
dt

0 pressure PO.
P = pressure at which the volume flow rate

© . 2
is measured in dynes/cm
Pl = pressure at point (1) in dynes/cmz.
P2 = pressure at point (2) in dynes/cmz.
L = length of the tube between points (1) and
(2) in cm.

R = radius of the tube in cm.
n =

viscosity of the gas in poise.



12.

Let P, = 20 millitorr, P, = 17 millitorr, L = 200 cm,
R=10ecm, n =2 x 1O'f4 polse, and P_ = 20 millitorr. Then since

1l millitorr corresponds to a pressure of 1.33 dynes/cm2 equation (1)

becomes

av (3.14 [ (20)° - (17?1 (1.33) a0

” (16) (200) (2x10~%)(20)
20 millitorr

3.62 x 1050m3/sec.

to find the velocity of the gas stream (Vv) in the tube divide

the volume flow rate by the cross sectional area of the tube. Thus
the velocity of the gas flow is (3.62 x 105cm3/sec)/(3.lu)(l0)2 or
v=1.15 x 103 cm/sec.

If a trace concentration (Co) is introduced at point (2) and
its concentration at some point (X) upstream due to diffusion
against the flow is desired one must consider Fick's law of dif-

fusion. That is

an . _py 90x (2)
at dx
where iﬁ = the number of particles crossing a lcm2 area/sec.
dt
D = the diffusion coefficient 1in cmg—sec.
A = cross sectional area of tube in cm2.
C = the concentration in particles/cm3.
X = distance upstream from the point of introduction.
dcx = concenpration gradient in particles/cmu.

dX
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Thus in the case of the tube of this example

. cv = -pD %%

— X — . (3)
dt dx

Rearranging this becomes

z ax = %%
D C
X

d1nC (4)

Integrating the above equation from x = 0 to x = x and Cx = CO

to CX = CX it becomes on rearrangement

C, = C, exp (-vX/D) (5)

This equation (5) is generally known as the Hertz equation. If we

insert v = 1.15 x 103 cm/sec and

, 760 3 2
D = (O.g) 555103 = 7.6 x 10° cm” sec.
into (5) it becomes
1.15x107
C = C_ exp =-(——— )X = C exp (-0.15 X )
3 ° 7.6 x 103 o
or c, = Cg 10—0’0657X Thus it is seen that at a

distance of X (1/00657) = 15.2 cm upstream CX = C_/10.

o

Likewise C_ =~Co/100 when X = 30.4 cm. This 1is to say that in
the above example the trace impurity concentration at a distance
15.2 cm upstream from point (2) is one-tenth (10%) of that at

the point of introduction, (2).
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With this example as a basis consider the trace concentra-
tion to be oxygen molecules formed from O-atoms at point (2),
where (2) may in reality be the location of the cold trap (refer

to figure 3). Then, by the conservation of mass

[o], = [o,], + (1/2) [0] [exp (-vx/D)] (6)
and [O]x = [O] o ¢xp (-vX/D) (7)
where [b; x = concentration of 0, at any point (xX).

o] ,

[o],
[o],

concentration of O, at point (1) upstream
where exp (-vX/D) approaches zero.

concentration of O-atoms at point (X),

concentration of O-atoms where

exp (-vX/D) approaches zero.

The one step NO2 titration method utilizes the following

reactions:
kq
No2 + 0 > NO + O2 (8)
K,
NO + 0 > NO2 + hv (9)

N02 is added until the afterglow is extinguished. Since reaction
(8) is much faster than (9) all added NO2 is converted to NO so
that [Nd] = [Nogadded' Incorporating this into the differential

rate expression for (9) one gets

BT - Il [0 =k, Dog [o]. (10)
dt

Introducing expresfion (7) into equation (10) it becomes:



15.

cafby] k, o] ([o] -[woj) [-exp(vz/p)]. (11
dt |

- d [h\r] is set equal to zero and one find that [O]O =[N02'l addeq 2t
dt ‘

extinetion of the light intensity. At this point it should be ap-
parent that this titration gives the upstream concentration [Q]O.
Thus if one wants the true oxygen atom concentration [b]x one must

titrate to find [o]o and then calculate [0] from equation (7).

The two step titration method also uses reactions (8) and (9)
but the procedure is different. In this method NO2 is added to
maximize the light intensity’dlhi|, followed by a measure of NO

dat
that must be added to equal that intensity. As before, the rate
equation for reactions (8) and (9) is
afoyl = x, No,] ([o], - [No,]) L-exp(-vx/D)].
at ‘
Then to maximize the light intensity, differentiating and setting

equal to zero one sees that

a_ [‘_@ﬂ} - kZ([‘_o]o - 2k, [NOE]) [1-exp(-v&/D)]. (12)

d [’Noz'l dt
From this follows that [O]O = 2 @102] addeq 2F the maximum.
mus - 4l - kMol [6] = x,[0], ([ol,-1/2[0])
At | max SR 2
E—exp(—vX/D]fl
or d [hyl .k, [0]2 [i-exp(-vX/D)] .
dt max M
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In the second step one adds NO to equal this maximum intensity.

It is found that

a [hy

dt max

k, [Nq [0]  [1-exp(-vx/D)]

k, [OE [1-exp(—VX/D )] . (13)

This shows that upon completion of the titration the ]ﬁ@ added
[p]o/u. Thus again we see that the titration will not give the

true oxygen atom concentration at a point where back diffusion is

involved.

Experimentally onée may éasily set up a system where back dif-
fusion will be a problem using the Hertz equation as a guide.
One may then place his light detector at any point (X) and de-
fermine [ﬁ]o. If the detector is moved toward the cold trap the
intensity will fall off as exp(-vX/D). One can not explain this
intensity decrease as a consumption of O atoms by NO or a de-

crease in total pressure as one may easily calculate.
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Determination of Recombination Efficiency (y )

The fraction of oxygen atoms lost on collision with a
metal surface (y) is determined from the decay curve of light
intensity as a function of time. The apparatus (figures 1 and 2)
i1s operated as a steady-state flow system with the decay
occurring when the oxygen atom supply to the reaction vessel is
interrupted by turning off the discharge. If the system isA
clean and no metal specimen is present, the oxygen atoms will
effuse out of the reaction vessel through the hole (figure 1)
rather than suffer any significant loss due to recombination
in the vessel. Since the mean free path of the atoms is much
greater than the dimensions of the vessel the effusion rate

corresponds to the simple kinetic formula,

N/n = cA/l4 , where (14)

N = number atoms per second passing through the
hole of area A,

3

n = atom density per cm- in the vessel,
¢ = average velocity of the atoms in cm/sec, and
A = area of the hole in cm2.

The decrease in the number of oxygen atoms, -d(0)/dt, from
the total number, (0), is n cA/4. Since (0) = n V, where V is the
volume of the vessel, one may state the above relation as

-d(0)/dt = mngcA/l = CcA/lb
(0) nOV v

(15)
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This, after rearrangement and integration is
1n (0)1/(0)2 = (cA/HV)(t2—tl). (16)
Thus by a usual definition of a decay half-1ife this gives

ln 2 = (CA/MV)tlo/Z. (17)

From the above, one should notice that varying the hole
size (A) changes effusion rate of decrease in oxygen atom
concentration which is proportional to the intensity of chemi-
luminescence observed. Sinee this decay is exponential, its
half-1life (t§/2) can be measured. Note also that the steady
state pressure in the flask increases inversely with the hole
size. In Table II are shown the decay times (t§/2) and
steady state pressures for a given througlput of gas and fixed

volume.

Table IT1

Decay half-lives of light intensity and steady state presiﬂre for
a 6 liter flask with a throughput of approximately 4 x 10
particles per second.

Area t1/2 Pressure
(cmz) (seconds) . (torr x 1O+6)
1 0.38 1.0
0.38 1 2.6
0.25 1.52 4
0.2 1.9 5
0.1 3.8 10.

The pressure readings on the ion gauge will not be entirely correct
since the oxygen oxidizes parts and inaccuracies result. To avoid
this a check is made using argon.:

The vessel being used experimentally has a volume of six
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liters with the area of the hole varlable. The half-1ife of the

O-atoms 1in the vessel (the half 1ifé'of’light intensity) is then

. Vin 2 _ (6 x 103) _ 0.38 sec (18)
10 = (ecash) (1.6 x 10M)A A

since the pumping speed corresponding to O-atoms effusing out
of the flask through a one square centimeter hole 1s (6.3 x 104)(1)/4

or 1.6 x 104 cm3/sec.

For a metal surface of area Am introduced into the system and
destroying oxygen atoms with an efficiency of ¥y, the above
analysis must be modified such that if equation (17)isset equal

to equation (18) one gets

cA _ ,CA cA m

("0 ) ta/z = ("o + mY )yt 1/2 (19)

b~ Ly by

: £2 = (1 + yAm/A y t™ hich 1
or:-. 1/2 = YAm/A ) 1/2 which is

equivalent to 2o _ Y : (20)

(o] m

Ay (t1,0 7 t1/)-1

Thus if one measures a decay half-1ife without a metal sample
present (ti/2) which corresponds to an effective hole area (AO)
as well as a t?/z for a known Am one may use equation (20)

or figure 14 to find a precise y . Equation (20) is plotted in

figure 4.
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