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II
PART I

ENERGY AND TANGENTIAL MOMENTUM ACCOMMODATION COEFFICIENTS OF

NEON AND HELIUM ON DIFFERENT VACUUM FLASHED TUNGSTEN SURFACES

Abstract

The acoustical method has been used to determine energy and tangential

momentum accommodation coefficiEnts on three different polycrystalline

tungsten surfaces. To obtain the second surface, the first was highly

oxidized and then cleaned by vacuum flashing at 215 0 *K. The third sur-

face, manufactured by the same chemical deposition process as the

first, was specified as having the microscopic roughness of the first.

Photographs made with the scanoing electron microscope indicate that

though the oxidation dramatically increased the roughness of the sur-

face, this roughness was removed in the flashing process. The electron

micrographs also showed that flashing dramatically increased the grain

size in the third surface. This third surface, though supposedly

smoother, was found to have larger AC values than the first. This has

been attributed to a shorter accumulated flashing time at the time the

measurements were made and, therefore, smaller grain size. The micro-

scopic roughness does not appear to be an important facLor in determin-

ing AC values after the surface is flashed.

The problem of simultaneously determining energy and tangential

mnmentum accomodation coefficients is discussed.

* r - . - * *
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1. INTRODUCTION

In the summer of 1974, energy and tangential momentum accommoda-

tion coefficients were first obtained from the measurement of the

velocity and absorption of sound waves propagated through rarified

gases confined to a tube1 . For many years it had been known that

energy accommodation coefficients for gaseous molecules striking a

metal surface dropped dramatically when adsorbed molecules were

removed from the surface. The acoustic measurements showed that tan-

gential momentum accommodation coefficients had a similar dramatic

decrease.

At about the same time the acoustic experiments were being per-

formed, R.G. Lord and L.B. Thomas made a similar discovery by measuring

the drag on a vane rotating in gases at reduced pressures 2 . In 1976,

Steinheil, Scherber, Seidl, and Rieger reported similar dramatic

decreases in momentum accu=uodation when contaminants were removed from

a gold surface. Their measurements were made using a molecular beam

apparatus 3 .

The work reported here is divided into two parts. The first part

discusses the problems involved in uniquely determining both the energy

accommodation coefficient (EAC) and the tangential momentum accommoda-

tion coefficient (TMAC) from sound velocity and absorption measurements.

The second part reports measurements comparing the AC values for three

different tungsten surfaces. Each surface was cleaned before measure-

ments were made on it by flashing at approximately 2150*K in a vacuum

in the presence of mischmetal getter. AC values for th( first surface

were reported in 1975 and have been rhecked with modified apparatus in

-l. - - - -- - - - - -



1979 and 1981. The second surface measured was produced by exposing

the first surface briefly to the atmosphere while the surface was at

F approximately 2150*K and then subsequently flashing the surface in a

vacuum at 2150*C. The third surface was similar to the first but was

specified by the manufacturer as having a roughness factor approxi-

mately one-half as large. Scanning electron microscope photographs

have been made of the surfaces.

11. THE PROBLEM OF DETERMINING BOTH EAG AND TMAC FROM ACOUSTIC
MEASUREMENTS

While the acoustic method of measuring EAC and TMAC does not allow

the characterization of the surface under investigation to the degree

possible with molecular beam experiments and thermal conductivity ex-

periments, it does offer certain advantages. In the first place, it

allows the measurements to be made with the gas and the surface near

thermal equilibrium. This is not possible for most other methods. In

thermal conductivity measurements of EAG, for example, the surface must

always be hotter than the gas.

Even more important is the unique possibility, at least in princi-

ple, of determining EAC and TMAG simultaneously. In the acoustic meth-

od, a sound wave is propagated through a rarified gas contained in a

tube with a diameter that is a fraction of the sound wavelength. The

absorption and velocity of the sound are sensitive functions of the

temperature jump and velocity slip at the tube wall. These, in turn,

are functions of EAC and TMAC1. The two coefficients have similar but

not identical effects upon the absorption and velocity. The experimen-

tal measurements determine the sum of the two (EAC + TMAC) with an ac-

curacy of a few percent. However, the measurements must be very accurate
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if the two are to be determined separately. To determine EAC and TMAC

a computer is programmed to calculate theorctical values of the sound

absorption and velocity and compare these with measured values. The

computer then varies EAC and TMAC to obtain the best agreement between

the calculated and measured values. Figures 1A and IB have been drawn

to indicate the sensitivity of the theoretical curves to variations in

EAC and TMAC. In the absence of relaxation, the propagation constant

for the sound waves can be shown to be a function of the ratio of spe-

cific heats (1) and of two dimensionless parameters: r. and r. (r.

co2
0o/wn and r' = rw/co, where co is the ideal gas free space sound

velocity, po is the equilibrium density, w is the angular frequency,

q is the viscosity, and r is the tube radius)'. In the measurements

reported here, the frequency is held almost constant and the pressure

varied. The measured values are corrected for the slight variations

in frequency so that the results can be plotted as a function of r,

for a fixed value of r'.

In Figs. IA and lB the theoretical values of the reduced absorp-

tion (aw/co ) and the inverse of the reduced sound velocity (co/c)

(these are the real and imaginary parts of the reduced propagation

constant) are plotted as a function of rw for various values of EAC and

TMAC. In these figures, the group of curves lettered A are for EAC +

TMAC = 0.6, and those lettered B are for EAC + TMAC = 1.2. For both

groups, r' has the value 1.14 and y = 1.667,corresponding to that for

Ne at 17.8 kHz - the approximate frequency at which the present mea-

surements were made.

Within each group of curves, curve 1 has EAC = TMAC and curve 2

has EAC = 0.2 TMAC. In the computer search for the best values of EAC

V .



and TMAC, it has been assumed that EAC TMAC. This assumption ij n, a-

since it seems logical that a polycrystalline surface would s%,at ttr

some molecules elastically but diffusely. The experimental absorpt ion

and velocity curves in helium clearly support this assumption. It

should be noted, however, that in some cases (Xe and A- on Ag, for

example)4, molecular beams are scattered supraspecularly. It is con-

ceivable that this could result in EAC being greater than TMAC.

By examination of Figs. 1A and 1B, one sees the kind of accuracy

needed in measured values to determine EAC and TMAC separately. For

measurements in He, r' is lowered to 0.51 (at 17.8 kHz). In this case,

the variation of the ratio EAC/TMAC has a greater effect upon the theo-

retical curves, but, unfortunately, the scatter in the experimental

measurements in the lighter gas is also greater.

III. COMPARISON OF DIFFERENT TUNGSTEN SURFACES

Measurements reported in the two earlier papers
1 , 5 were on a single

tungsten tube 0.953 cm inside diameter. The tube was manufactured by

the Ultramet Company by chemical deposition of tungsten from tungsten

fluoride gas on a stainless steel rod. Impurities, including carbon,

were estimated to be less than a few parts per million. The stainless steel

surface upon which the tungsten was deposited was specified as having

a 10 microinch finish (i.e., 0.7 times the average peak to valley dif-

ference equals 10 uinches). According to the manufacturer, the crystal

growth in the deposition process was such that the 110 crystal plane

was perpendicular to the tube surface. However, the inner surface,

- . . .
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which was in contact with the stainless rod in the deposition process,

was expected to have a random crystal orientation.

Before trying to extend the measurements to other gases and other

metal surfaces, it was deemed desirable to see how the results are

affected by variations in the tungsten surface. One such variation was

supplied by accident at the conclusion of the measurements reported in

Reference 5. The glass envelope of the vacuum system broke while the

tungsten tube was being flashed at approximately 21500 K. The surface

of the tube was highly oxidized. The oxide on a small piece of this

tube was removed by heating it in a hydrogen atmosphere to approximately

1400'K. Fig. 2A shows an electron micrograph of the surface of the

piece cleaned in this way.

Figure 3 shows plotted as circles the measurements made using this

tube after it was oxidized and subsequently cleaned by flashing at

approximately 2150'K in a vacuum of about 10-7 Torr and in the presence

of mischmetal. getter. The gas measured was Ne. The solid curves in

the figures are theoretical curves calculated using the EAC and TMAC

values published in 1975 for this surface before it was oxidized (EAC

0.12, and TMAC = 0.53). The sound absorption and velocity measurements

indicate that the oxidation - and - subsequent- flashing process has

produced little change in the accommodation coefficients. The "best

fit" values of EAC and TMAC for the combined absorption and velocity

data as selected by the computer were 0.12 and 0.56.

After these measurements and those reported in the following paper,

an electron micrograph was made of another piece of this tube. This

photograph is shown in Fig. 2B. Comparison of the two photographs (2A

and 2B) shows that the vacuum f lashing at 2150'K has produced a striking

change in the surface.



As a further test of the eifect of variations in the tungsten sur-

face, measurements have been made upon a second tube. This tube, manu-

factured by the same process as the first, was specified by the manu-

facturer as having half the roughness (i.e a 5 microinch finish). A

piece of tube with this surface finish was also heated to 1400°K in a

hydrogen atmosphere and then photographed with the scanning electron

microscope. The electron micrograph of this surface is shown in Fig.

2C. Measurements made with this second tube after it was vacuum

flashed as the first are plotted as x's in Fig. 3. Measurements were

also made for this tube using He and are shown plotted in Fig. 4.

Again in this figure the solid curves are theoretical curves calculated

using EAC and TMAC values measured in 1975 for the smoother tube (EAC =

0.06 and TMAC = 0.38). This time the data for both Ne and He indicate

a very definite increase in EAC and TMAC. The computer best fit values

for this new tube are for Ne, TMAC = 0.65, EAC = 0.20; and for He,

TMAC = 0.52 and EAC = 0.08. In order to be sure that this increase in

AC values for the second tube was not due to surface contaminants, a

second set of measurements on Ne was made a year after the first with

a modified system. (See the section below for a description of these

modifications.) The increased AC values for the second tube were con-

firmed by the additional measurements.

After these measurements had been completed and the second tube

had been vacuum flashed at 2150*K a number of times, an electron micro-

graph was made of the surface of a small piece of this tube. This

photograph is shown in Fig. 2D. A comparison of the two photographs

(2C and 2D) shows in this case also the 2150'K vacuum flash produces

drastic changes in the surface. However, after repeated flashing the

, . . .. - .wig
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surfaces of the two different tubes appear very similar (2b and 21).

Evidently, the grain size in the surface is a function of flashing time

and flashing temperature. AC values appear to be more dependent upon

grain size than microscopic roughness.

IV. DISCUSSION OF RESULTS AND CONCLUSIONS

The original system for making the measurements described in 19751

has been considerably modified in the past year. In the original sys-

tem, the sound sourcewas moved by a :..t uet from outside the v:1Ictill

system. In the modified system this motion is accomplished by compres-

sing a stainless steel bellows. The mercury vapor vacuum pumps have

been replaced with an ion pump. The diaphrams on the transducers and

the transducers themselves have been changed a number of times. Mea-

surements have been made using several different frequencies. The EAC

and TMAC values, while very sensitive to changes in the tube-wall sur-

face, have been found to be independent of changes in the measuring

system.

Three different tungsten surfaces have been studied. Measurements

made on the original tube in 1974 have been compared with measurements

made on this tube after it was highly oxidized and subsequently cleaned

by flashing. Photographs made with the scanning electron microscope

showed the surface to be greatly roughened by the oxidation process but

its smoothness to be restored by flashing at 2150*K. AC values were

changed little after the oxidation - and - su: sequent - flash sequence.

Measurements have also been made on a second tube specified by

the manufacturer as having the roughness of the first. Electron

micrographs of this surface before and after flashing show that the

, . 2 '
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flashing process greatly increases the grain size. Accommodation coef-

ficients for this second tube are somewhat larger than for the first.

We attribute the difference to a smaller grain size in the second tube

surface that was due to a shorter accumulated flashing time for this

surface. The insensitivity of the AC values to microscopic roughness

after the tubes have been flashed is not surprising when one examines

the electron micrographs of the two surfaces (Fig. 2B and 2D). In

these photographs, which were made at a magnification of x 10,000, the

5 micron roughness factor corresponds to about the width of the photo-

graph.

The fact that the smoother surface (as specified by the manufac-

turer) gave the larger values for TMAC may be surprising in the light

of results obtained by Steinheil, Scherber, Seidl and Rieger 3. They

observed that 5-pm grooves in an electrochemically polished copper

(III) surface gave TMAC values greater than 1 for certain incident

angles of a molecular beam. However, it is probably a mistake to try

to compare their surface to the flashed tungsten surface. We can safely

conclude from the larger EAC and THAC values for the second, supposedly

smoother tube that the diffused scattering of molecules from a surface

is more sensitive to grain size than microscope roughness, and neither

has nearly so large an effect as the adsorbed molecules on the surface.
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Legend for Figures

Fig. LA & B. The theoretical reduced sound absorption (IA) and

inverse reduced sound velocity (1B) plotted as a function of the

reduced parameter rw. r' is 1.14. For curves A, EAC + TMAC = 0.6,

and curves B, EAC + TMAC = 1.2. Curves numbered 1 are for EAC = TMAC

and curves numbered 2 are for EAC = 0.2 TMAC. The figures show that

while the sum of EAC & TMAC can be determined accurately from the acous-

tic data, individual values of the two are uncertain.

Fig. 2A & B. Scanning electron microscope photographs of a chem-

ically deposited tungsten surface. In 2A the surface had been highly

oxidized by a brief exposure to the atmosphere while at 2150*K. The

oxide had then been removed by heating in a hydrogen atmosphere to

1400°K. Fig. 2B is micrograph of the surface after the oxide had been

removed by repeated flashing at 2150°K in a vacuum.

Fig. 2C & D. Electron micrographs of the second tungsten surface

with one-half the roughness of the first. In 2C the surface had been

heated in a hydrogen atmosphere to 1400°K but had not been vacuum

flashed. Fig. 2D is the same surface after repeated vacuum flashing at

21500 K.

Fig. 3A & B. The reduced sound absorption (A) and inverse sound

velocity (B) in Ne plotted as a function of the reduced parameter r .

Points plotted as circles are for measurements made in the first tube

after the oxide was removed by vacuum flashing. Points plotted as x's

are measurements made with a second tube with surface specified to have

one-half the roughness. The solid curves are theoretical values calcu-

lated using EAC and TMAC values determined for the first tube from mea-

surements made before it was oxidized.
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Fig. 4A & B. The reduced sound absorption and inverse velocity in

He plotted as a function of the reduced parameter r,. Circles are for

measurements made with second tube, the same one used for the measure-

ments represented as x's in Fig. 3A & B. The solid curves are theore-

tical values calculated using EAC and THAC values determined for the

first tube from measurements made before it was oxidized.
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I'ART I I

ENERGY AND TANGENT [AL MOMENTUM ACCOMMODATION CO)E'FIC IENIS ON (;AS

COVERED TUNGSTE'N

Abst ract

The sum of the energy (EAC) and tangential momentum (TMAC) accom-

modation coefficients has been masured acotistically for Ne on W exposed

to the following adsorbates: CO, C0 2 , 02, N2 , H2 0 and D2 ; for He on W

with 02 and D2 as adsorbates; and for zich of thtese ads(,rbates on itself

on W. An effort has been made to infer separate values of EAC and TMAC

from the measured values of their sum. Cood agreeMent is obtained with

EAC values obtained from thermal conduct ivity cell :neasurements if '[MAC

is assumed to have a value of 0.75 for H- and Ne on all the gas covered

surfaces and a value of 1.0 for all tie adsorbate, ex,ept I)_ on itself

on W. The acoustical method which was us.d has tilt Liniqut c qib iiI ty of

determining AC values knder gas dy'namic cond ien a whroe the ,urfae nd

the gas arc at esscut ijalv the S;ame tti.peratkire. Fo GO-, ince the

aco ,st ical MCaSLuI et, _ eee *mide I at frc ,cies -ar above . iCS.'i OVCt I;,-

al relaxation frequency, the EAC value obtained is for the t I aasli, na1

,ad rot;,t ianal eiier;y only. The mcalsur tc.Itunts ill rve,,I] 0 ili 1

re axit in.
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1. IN I iHIVID)N

Atv t t tlT..it±, :, p. , I,, t ,d in 19 Itt wWw-I d (II,('rid r lh( di f-

t ct'llt't' ill ,ie'l:11lhidit iini eel f i k i nt ; of lit, and N . On i , L'I sir-

a ,t l I tt., r i t WS I"' Xj S d t 0 ,1 f W Torr of oxygecn and tli ,i . urfcie(e

,Att. r ,111 C xt en1ded XtI,' Sur t (I to1 ti mosplere . This result ',I est , ed

th1t it might be worthwih i e to invest i gate the var i at ion clergv (EAC)

a'lnd t ancent i al noment um (TMAC) a(C onnlodat ion coef fi (ent s with diI ft're nt

ad,,orbat cs on tungsten.

The measurunents in D2 wer e undet aken because ino I ,cu I ar c -tt ri,,g

experiments indicate that there is coupling between the rot,it i onal

energy of the D- molecules and the phIonons in the surface. 2 A set ond

effect has also been studied, that of surface collisions causing trars-

fer between rotational and translational energy within the gaseous

molecule.' Therefore, some anomaly might be expected in the 1)2 a co'-

modatl ion.

The measurements reported here are of an exploratory nature and

show soie of the capabilities and limitations of the acoustic method

for ,e:asuring AC values.

I I. PROCEDURE

The at.u st i c method of measuring the accormmodation coeffi cients

has be.en described earlier. 5 The surface studied here is the inside

o t a tun gs, ten tube 0.953 cm inside diameter. The tube is the same one

use.d in 19755 and 19801. As discussed in the preceeding paper, it had

So,w( i dent. 1y heavily oxidized at the conclusion of the measurements

r. ,n(rted in 1980. However, the oxidation pro(ess, after the oxides

, re Ir'od by flashtng, produced little change in the AC values for

r he , It an I ng;t en surfice.

-.fl
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Each t ime, belort, exposing the .,urface to the hd ,11i t, , the- ubt.

w.; vacuum f lashed repeatedly for 15 to 30 seconds at -plrexi 1 ,te.1v

21')0K. In this flashing, since getter could not be use-d in the t, stem,

the prt.s;.aire would generally rise bi ie ly to the 10 - ' o'rr r,1nge, drop

back to the 10 - 8 Torr range, and then rise slowly again t , the 10 - E' lerr

r nge. During the f Ia,.hing process, the system was left open to a 25

liter per second ion pump.

When using 02, N2 , CO as adsorbates, the particular adsorbate gas

was admitted to the system to a pressure of 100 mTorr and the tube

flashed at about 2150'K in the presence of the adsorhate. Then the

adsorbate gas was pumped out and measurements made with Ne or Hie on the

gas covered surface. For oxygen, the pressure dropped from 100 to 20

mTorr in the flashing process. This change in pressure did not take

place when flashing in the presence of N2 , D2 and CO. For H20 and CO,,

the tube was exposed to 10 Torr pressure without flashing.

Before making measurements with Ne, the system was pumped down to

the 10 - 8 range. After the Ne measurements, the system was again pumped

down and the adsorbate gas introduced for measurements with it. In

making the measurements, the pressure was varied from 10 Torr to 0.7

Torr. The Ne and ie used in making the measurements were passed over

titanium at 900%C and through a liquid nitrogen trap to remove any sur-

face contaminants.

The purpose in flashing the tube in the presence of the idsorhate

gas was to allow it to replace any other surface coverage. Tests with

O aind CO snowed thzit additional exposure of the surface to pressure of

a(iurbate up to 10 Torr tt room te mperature did not change AC values a

i; ,a,;irabl ;imatint . Also for D2 and 02 the same Ne AC values were

obt-ained whet her the surface was flashed in the presence of the gas or

just exposed to 10 Torr pressure at room te-mperature.



I )n. ]SCT;SltION 0F 1'ESt LI S

A. The vxper i nient t I (tit a

IVie!. 1A and B shows- a simnple of the Ne sound ab1 sorpt ion ;iik! veloc-

i ty' dalta. As in earlier papers , the rcal inid imaginary part s of the

red no ed p ropa ait io 00constIant are plot ted aga inst the reduced par amee r,

r_, which varies as the pressure divided by the frequency. r'-, thie

other reduced paramict er upon which the reduced absorpt ion and i uverse

velocity depend, has a value of 1.14 corresponding to a frequency in Ne

of 17.8 kHz. The surface coverage for curves A and B are CO and N..

respect ively. The curves are theoreti cal, calculated with the, comput er-

determined best value of EAC + TMAC.

In order to check t he effect Of the flashing process on Lhe sur-

face, mea,-,urements were mride on the flashed surfaces before the series

of ,ciureiren ts with the various adsorbate,, began and at their condou-

don * ce'osIcnns.rL alISO pL't ted in Fig. lA aind B; thL on)es

Ma-de' htefor7L aS filled cir-cles and the ones after as filled s;quares. S omeC

gt L cA La preen in he, Ly emn when thle dat a dip res,,ent ed by thze f i i led

c i ries wi , .iker. It i, un~ersqt-adable that these C!at a i ml i L'a3t e 0 sTnvh at

I 'wer AC va ties t lian the dajta r C' r 1 It ed G'y th I IUfi IlIc isui re t, Th ie

'iat t t r weret taken a ft er theit , gt te(-r h all bee poisn I j'0 1)V 1 ion )U.

b at es. Lil 1t ep~a rs f r om thI e se tet, ;s tha .lt thc I' Ki T -A, It*:o

i ng suIrface o ot amifriont s. Ftherefo(re, I i ~n~

icisorbat e s;houl d haive pt (du-'ed *thle dc> i red sa f~i t c i

Fig. 2 A and B shlows !nomples of .!ata taiken sict~ 9 rot a

us ing !,en!t-f it AC vribres.

-Z



P. .W l t (-d I' 1 lsi IAC ,ind F.A(

'fiu I c I i~ Iyes t hte V I ucS I LAC 1, 1 u s IA' xI i i k- h t I t i. -

LI t HiOil, tI it I o) %'t.liii I t and a 1 -~i1 )t lulil PI t. AIs o 1 v vii in i lit, t ll 1 1 k

FAP vst lics det ti inli ill-(! bY Wicliiiiarl LIS i vip a t (1:ld'I (itu i i t C I e I

As L ex 1 1i n v i n thle 1)ret illn ps ) 'f r , t he i( Otl!t i Ca I 1meCthoid -:1 a t1

th sum' SL AC + ilIAC muILch1 more, ac cu rat elIy thai~n e ithle r coef fic id-n t h y i t I f

'Ihlis is'L es;pedi i 11V t rut Lhe01 tile COmbIJined cal I eL of t he' COef f ient s

large ais it is in the presetnt experinient.

For the (aseC ol Ne and He oin thle Various ail sorb aitte , n W , we havt:

,ussiimed ,IftAC value of 0. 75 for all adlsorbat es. ~hnthis vailue is sub-

tratetd from tht. aO tillyiaurdValue of LAC + *1%C, t lit- rtsl 1 jl

-;( vaIe ar in upi SI)y, Iv yoo d ap gr t Ixlt ith val)u es mea zu r e ithI

the Crrmal eTldui LICtV itv cellU IS . Far the :iicbtson themselves on tane~sten,

tlicie is 'little thermail conduct ivity cellI data Wi th Which to compare thle

)cu,,t ic measuremntts. An assumption of unity for TMAC f I n qo

p lX't' a value of EAG close to the thermal conductivi tv cell. value. ;We

have aunda unity IlIAC value for all the adsorbate gases except D-

Tt is- a ;pcijal case and is discussed below.

C' . 1)j i cus i on o f 'IMAC an d EAC v a I ues

Urie f o3 lowin? obseurvat ions can be2 made f rom Taible 1:

I. The i tlat ively low AC valuies for Ne on N2 on W confirm the previous

"liiiser vat ion that N,; does not cover tl,,c W surf ace. 7

2. EAC val 1 es f or Ne on N 2 , CO2 , and O' onl W; and f or Hie on 02 on W

otat i ned a coustLi cal ly (assum ing "IMAC = 0. 75) agree wi thi n exper imen-

ta il e-rror wi th these obtained from the.rmal (cvidIiCt iVi ty cell. measure-

H t H

3. The, ratio (of the- Ne to Hke FAC values for t IeS pises Oil 0 anid t)

W ~tanediiiui~i Irl y (usuni 1 'IMAC= 0.15s) i,? .6. Th is

lwie sWith the v;iliie oht;,irled from thlerma-l iinvduit ivitv cell



VIC, s tir Caen ts onl . '1umIIbe r of othter stirf aces (Stee 110~t I' ii) ja I

For lie and NU onl D, onl W , t here is a largk- d i s r cpaiicyL bet wien thlit

EAC V eected tfrom a ( o u st i c l iea s iir cmen ts anld t he valIu e meas-,urev w i t h

h Ie CoMid UCt i V i ty C VllI The !surf ict produced in our ex per i ietn t by

i ash ing D,' in 100 mTor r of D, or expo!:ing it to 10 Iorr i- obviously

a dii Ic rent suirface than t hat produced by expos),-ure oif the surf ace to0

thle minute quiint it ics involved in Wachiman 's expe.riments. lii fac,

ini our expeCriments i t was not ed t hat a brief expos;ure Of tilie t abe toc

a sur-g( Of a ft-w Torr of D'L whe-n tile getter was ,,ill active in the

sys teni p)rd rd lit tl]e chainyo from the clean sun dc- i ' .LiIles; Hi)W-

e~ver , it should be noted as Stated'L inl 3 abo)ve',,-k Ne/ilc r~t ios

obt a ined by the Ic c riethods, are in agriee-ment.

'. he disc repancvy b~ twEen the EAC values, for CO,. ol Cu, on W mesrdin

the two w'iys may be due to the fact t hat thle acoustical TTIV-IUro'Melt s

were made far above the rel axat ion freoquency. At these frequencies and

pressures, tile vibrational energy. of the C02 gas is not being excited

Lo follow the termperatuL Lre variations in the sound wave. Thu vibratilonal

temperature stays constant and equal to the wall termperature. Therefore,

there is no net vibrational energy transfer between the wall and thle

surface. However, the vibrational energy exchanges which are taking

plaice inl equal number in both directions between the gas and the bur-

-1c C: anl cotriute to randomizing the directions with which the mole-

culs recoil from the surface. Therefore the value of TMAC should still

be c'lose toG unity as in the other gases.

This means that thle 0.72 value, of EAC obtained acoustically is ti e EAC

for tia-nslIational and rotational energy only. The larger value obtained

from thermal conductivity measurements implies EAC for vibration is

y'reater than for translation and rotation. Suich a large difference
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could indicate that some of the trins lat ional-to-wa] I rxchange is

taking place through the vibrational modes. The EAC valde of 0.72

for CO, is the only measurement known to the author of an accomino-

dation coefficient for translational and rotational energy separate

from vibrational energy.

D. Measurements with deuterium as the test gas

As explained in the introduction, the measurements in D2 were under-

taken because molecular beam experiments had indicated that the surface

collisions were coupling the rotational energy of the molccules into

either the vibrational energy of the solid surface or the vibrational

energy of the molecule or both. The frequency over pressure range in

which our acoustic measurements were being made corresponded to the onset

of rotational relaxation. In this range then, as explained above in

discussing the effect of vibrational relaxation in C02 , the measured AC

values should be frequency dependent. We have not been able to observe

that frequency dependence. However, the D2 measurements have yielded

some interesting results. These results have been plotted in Figs. 3A

and B, and 4. Most of the plotted points in these figures are the aver-

age of several measurements.

The manufacturer's specified isotopic purity for the D2 was 99.5%.

It was further purified in two different ways without noticeable differ-

ence in the results. In one method, the D2 was absorbed in titanium at

temperatures between 500 and 800C and then subsequently desorbed at

reduced pressure. In the second method, the D 2 was passed over the

titanium at 950*C.

Before admitting the D2 for the measurements, the sound tube was

flashed in the presence of meshmetal getter at pressures in the 10 - 8

.. • ... ...... . -- .,.
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Torr range. During a measurement, the D2 was admitted at a late ,ff i-

cit-nt to balance the rate at which it was being absorbed by the getter

ind , tht l-kby, sufficient to hold the pressure constant.

Curves A in Figs. 3A and B havebeen plotted to show the effect of

relaxation in D 2 . These are the curves resulting when the computer

searches for the best TMAC and EAC without including relaxation in the

analysis. The effect of relaxation in raising the reduced absorption

and lowering the inverse reduced velocity is clearly seen.

In order to account for relaxation, the computer program was modi-

fied to allow the specific heat entering the calculation to be frequen-

cy dependent and complex and given by the equation

cv  = C. + -- - --.
1 + iwT

Ci is the rotational part of the specific heat and, for a diatomic mole-

cule, is equal to the gas constant R. T is the relaxation time and is

given by

1
-= 2.

Cv is the specific heat at constant volume (2.5 R), C. is that part ol

Cv adjusting infinitely fast (1.5 R), and fm is the frequency at which

the maximum in the sound absorption due to relaxation occurs. Accord-

ing to measurements by Stewart and Stewart,8 and Winter and Hill, 9 fm

should equal about 14 MHz per atmosphere. The fit to the experimental

data obtained when relaxation is included in this way is given by curves

B in the figures. This time the least squares fit to data give ThAC =

EAC = 0.56 when fm is set equal to 14 MHz per atmosphere. Also shown

on Figs. 3A and B are curves, C, calculated assuming fm = 14 mHz but

TMAC = 0.75 and EAC 0.37. Note that the sum TMAC + EAC is the same

- .77p. . . . . . . .. . ak, . .a 4 dn L d .i
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It I ht hL urves. The datia does fit curve B better, but we may claim

too much it we said it ruled out values of TMAC > EAC if their sum were

equal to 1.12.

The rotational relaxation is not expected to be characterized by

a single relaxation time as is implied in Eq. 1. However, the absorp-

tion data is not accurate enough to justify the more complicated multi-

ple relaxation expression for the specific heat, especially since the

transition rates for the individual rotational transitions are unknown.

In an effort to obtain the sound absorption due to relaxation from

the experimental data, the theoretical absorption was calculated without

relaxation assuming TMAC = 0.56 and EAC = 0.56 and these calculated

values of the absorption subtracted from the measured values. The

resulting "relaxation" intensity absorption per wavelength is plotted

in Fig. 4. This method assumes the relaxation and classical effects are

additive. When this assumption is tested by comparing the computer cal-

culation used to get curve B in Fig. 3A with sum of the theoretical

curve without relaxation and the relaxation absorption given by

2f fm AmLX= .-7,m
f 2 + f

it is found to be good to within a few percent of the relaxation absorp-

tion up to the maximum in the relaxation absorption curve. For higher

values of f/p the approximation fails, presumably due to a failure to

allow for relaxation effects in the boundary layer. At 30 MHz per atmos-

phere, the measured value minus the numerically calculated absorption

withoutL relaxation is expected to give a value about 25% above the relax-

ation absorption curve. As is seen to be the case in Fii. 4, the exper-

imental data does fal1 above the relaxation absorption curve in this

-,
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region by about this amount. In addition, the low experimental values

in the f/p range from 5 to 20 MHz/atm can be attributed to the multi-

pie-relaxation time process in the relaxation of the rotational energy.

When these two effects are taken into consideration, the deviation of

the experimental points from the relaxation curve in Fig. 4 is not sur-

prising.

E. Discussion of the D 2 results

From Figs. 3 and 4, we conclude that the D2 measurements confirm,

within experimental error, the rotational relaxation frequency measured

by Stewart and Stewart in 1952, and Winter and Hill in 1967.

As discussed Thove, the acoustic measurements establish the sum

TMAC + EAC to wiLhLn a few percent, but leave tieir separate values

uncertain. In D2 the results do show a preference for TMAC = EAC over

the more often encounter results of TMAC considerable bigger than EAC.

It is interesting to note that Weinberg and Merrill 2 measure a "diffuse

fraction" of 0.52 and 0.55 for D2 scattering from single crystal tung-

sten at 625 and 775 0 K, respectively. They conclude that surface dis-

order is important in inducing rotational energy exchange with the sur-

face. The best fit to our data gives TMAC and EAC both equal to 0.56

for poly:rystalline tungsten with a molecular layer on it (as deter-

mined by the He and Ne measurements). The added disorder of our poly-

crystalline surface may be compensating for its lower temperature to

give a value for the accommodation coefficients comparable to Weinberg

and Merrill's.

If the acoustically preferred values of .56 and .56 for TMAC and EAC

;rt. urruct, then 56% of the molecules are scattered diffusely and all of

thos scattered have been energy accommodated. This is quite different from

-7_* .
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monoatomic gases where, from the same surface, a significant Iraction

of the molecules that are scattered diffusely have made elastic colli-

sions. The relatively large value of EAC and small value of 'J AC as

compared to He substantiates the conclusion that a significant part of

the heat transfer at the surface is occurring through the rotational

motion of the molecule.

It should be noted that vibrational relaxation was included in

the analysis of the CO2 measurements in the same way that rotational

relaxation was included in the analysis of the D2 data. However, in

the CO2 case the measurements were made at frequencies far above the

relaxation region. In that case, the specific heat "seen by the sound

wave" was essentially 5/2 R.

IV. CONCLUSIONS

By comparing acoustic measurements of TMAC + EAC with thermal con-

ductivity cell measurements of EAC, we have concluded that TMAC is approx-

iihately equal to 0.75 for both Ne and He on all adsorbates on W measured.

For the adsorbates on themselves on tungsten, a better choice for

'rMAC seems to be unity. The EAC values then range from 0.32 for H20

on H20 on W to 0.8 for 02 on 02 on W. The EAC values appear to be more

of an indication of the surface coverage by the adsorbate than of its

energy transfer efficiency.

The D2 acoustical measurements, when analyzed assuming a rota-

tional relaxation frequency of 14 MHz per atmosphere, indicate TMAC =

EAC = 0.56, with the sum, TMAC + EAC = 1.12, much more certain than the

individual values. The relatively large value of EAC and small value

of TMAC would confirm molecular beam -esults indicating a coupling

between the rotational motion of the molecule and the surface states.

" "p' '-• .. . . . t,
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In the case of C02, the value of EAC obtained (0.72) is for trans-

lational ;id rotational energy only and is the only such measurement

known to the author. A much bigger value of EAC (0.99) obtained from

thermal conductivity cell measurements would indicate that the vibra-

tional motion of the molecule plays a role in transferring translational

energy to the surface.
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Table 1. Energy and tangential momentum accommodation coefficients for

var i ous Fases on ;as covered t unLst en.- --- - -------

TMAC + EAC EAC(a)

from Acoustical from Thermal
gas Surface Measurements TMAC EAC Conductivity

Ne N 2 on W 0.92 0.75 0.17 0.18(b)

Ne CO2 on W 0.96 0.75 0.21 0.28(c)

Ne CO on W 1.16 0.75 0.41

Ne 02 on W 1.20 0.75 0.45 0.41

Ne H20 on W 1.16 0.75 0.41

Ne D2 on W 1.20 0.75 0.45 0.12

He 02 on W 0.92 0.75 0.17 0.19

He D2 on W 0.92 0.75 0.17 0.046

N 2  N2 on W 1.68 1.00 0.68 0.64

CO2  CO2 on W 1.72 1.00 0.72 0.99

CO CO on W 1.44 1.00 0.44

02 02 on W 1.80 1.00 0.80

H20 H20 on W 1.32 1.00 0.32

D2 D2 on W 1.12 0.56 0.56(d) 0.23

(a) From Y.H. Wachman, Ph.D. thesis, University of Missouri, 1957,
pp. 157,158, with the following notes.

(b) inferred from Wachman's He measurement (See p. 123 of his thesis.)
and from Van Cleave, Trans. Faraday Soc. 34, 1174 (1938).

(c) inferred from Wachman's He value of 0.11 assunming a Ne/He ratio
of 2.6. (See L.B. Thomas, in Fundamentals of Gas Surface Inter-
action, edited by H. Saltzburg, J.N. Smith, Jr., and M. Rogers
(Academic Press, New York, 1967), p. 362.

(d) from best fit to acoustic data reported here.

(i
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ltgcnd for figures.

Fi,. IA and B. Reduced sound absorption and inverse sound velocity in

Ne plotted as a function of the reduced parameter, rw. The open squares

are for measurements made after the tube wall had been exposed to CO.

For the open circles, it had been exposed to N2 . The curves drawn

through these poinits were calculated using EAC + TMAC values given in

Table 1. The filled squares and circles are for measurements made with

the surface vacuum flashed. The circles are for measurements made at

the beginning and the squares for measurements made at the conclusion

of the measurements with the various adsorbates.

Fig. 2A and B. Reduced sound absorption and inverse sound velocity in

adsorbate gases plotted as a function of the reduced parameter, r'. The

curves were calculated using EAC + TMAC values given in Table I.

Fig. 3A and B. Reduced sound absorption and inverse sound velocity in

D2 plotted as a function of the reduced parameter, r0 . Curves A are the

theoretical curves calculated assuming no relaxation. Curves B are for

EAC = TMAC = .056. Curves C are for EAC = 0.37 and TMAC = 0.75.

Fig. 4. Sound intensity absorption per wavelength as a function of fre-

quency divided by pressure. The theoretical curve assumes rotational

relaxation with a single relaxation time with the frequency of maximum

absorption equal to 14 MHz per atmosphere.
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