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- ABSTRACT i g

Nhen molecules of a’low den51ty diatomic gas’ strike a solid
surface, both the translational energy and the internal energy modes
of rotation and vibration will. contribute to the energy éxchange that

-'occurs | _ ' o (tﬁ

. .

The, experimental apparatus described here uses the. electron bean

fluorescence detector to measure simultaneously both the rotational

o and the translational energy acconmodation coeffiCient of room

temperature nitrogen reflecting from a heated solid surface. Nickel
51lver, gold and stainless steel surfaces were tested in a bakeable

- |

ultrahigh vac um system built to provide a clean vacuun environ-ent “\

| for control o:jihztzolid surface composition.

» Theoretical studies 1ndicate that the accounodation coefficient

of tational energy should be less than that for translational energy,

‘and this is confinmed by experimental results. - | ‘_
Results show that for the pure metals. - nickel silver and gold

‘the translational accommodation coefficients ar. are 0.5, 0. 4 and

0. 2 reSpectively at 400°K, and the variation of “T uith the increase .

in surface temperature, Ts’ is. given approxilntety hy the equation' |

d“T/dT = -13. 7278 x 10’4 + 2 6042 x 1074 Iu ' | ; -

where u is the ratio of - the masses of the gas lolecule and the solid,

atom.” For the alloy stainless steel, the translational coefficient |

i
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-decreases sharply w1th ‘increase in surface temperature '
‘Based on the above - equat1on an empirical re]at1onsh1p has been

- developed for translat1ona1 accommodatlon coeff1c1ent aT in. the form

.d ' ;
o = aT Ts + constant '

where the constant o# 1ntegrat1on has been adJUStEd by f1tt1ng the
”-eqUat1on to the best ava11ab1e exper1menta1 data. The result1ng
| closed form so]ut1on for “T not only g}ves a good descr1pt1on of the
results obta1ned in the present work but also pred1cts good resu]ts
for a w1de range of gas surface comb1nat1ons and cond1t1ons A |
- The resu]ts also show that the rotat1ona] coeff1c1ent, “R’ is

.approx1mate1y 0.5 for sta1n1ess stee] and 0. 15 for nickel and go]d
There is. very little var1at1cn with surface temperature for these
*mater1als. For s1lver tnt rotat1ona1 coeff1c1ent 1ncreases from
ﬁ‘ about 0.03 at 400°K t0 0.2 at 700°k. . . |
o In add1t1on to be1ng the only known d1rect method of - measurement
o of the rotational accdmnodat1on coeff1c1ent the system used ‘here

| offers an advantage over ‘some prev1ous methods of translat10na]

-accommodat1on measurement in that there are few restr1ct1ons on

‘ _sol1d surface temperature or comp051t1on.
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At high temperatures ;nd Tow” densities, 2 gas in canonically
distributed equilibrium follows the equipartition theorem A diatomic
gas in such an-equilibrium has its,internaluenergy divided betueen o
G4 ttranslational rotational and vibrational’degrees of motion in

proportions which are kept in eQUilibrium/by constant 1nternplecular

collisions. This equilibrium can be disturbed in many ways. '_The

Wit
- passage of 2 shock wave, for, example, would cause. such a disturbance.

From studies made _on the passage of a: shock wave through low density
. gases, it has been established that rotational and vibrational modes"~
require many more collisions to come to equilibrium than the trans-
Tlational mode does.‘ﬂ | »
Since energy exchange between a solid surface and a gas is’ also
acconplished by collisions. it can be expected that the energy transfer
-Jto the internal modes is less than that to ‘the translational mode.t The
'accommodation coeffiCixnt prov1des a measure of the energy exchanged o

| , . !
) each mode. . _ L - | S

As the energy exchange between a solid surface and a gas obv1ously
depends on the mechanism of surface atom—gas nblecule interaction many
| fattempts have been: nnde to predict theoretically. the results of such i
.collisions Thus. Maxwell, in extending to Tow pressure Poiseuille 3 law for
capillary flow, suggested that a fuaction f of the molecules colliding

with a surface would be adsorbed and be diffusely reflected while |



(1=f) of the mlecu]es” would reﬂ“ec‘t' specularly. Qaly the momentum |
history of the adsorb_ed molecules was considered.’ thing was said
ab\ou L?their energies. M Sm]uchowski (]) uséd this idea and
1ntroduced a s1mi1ar fractiomof which. were adsorbed and reﬂected

at the tenperature of the surface. He showed this fraction f to be -

v‘ the same a% the acconmodation coeffiCient defined by Knudsen.

.Sti ckney's

"mean free path of the gas.

l

molecular beam directed against a netal surface, led him to the

(2) experiments measuring norma] mnentun transfer of a

.conclusmn that a fraction are fully accoumdated and reﬂect
‘,diffusely with a ve'locity distribution corresponding to the surface

, tenperature, whiie the remainder, experience no. energy accomnodation :

but are diffuse]y reflected. No special precautions were taken to
remove adsorbed gas layers from the so'lid surface in these experiments-
and di ffuseW-ef‘lection can always be expected from gas covered surfaces._ '

A reView of Knudsen s work can. be found in Loeb' s book (3) on

_the Kinetic Theory of Gases. The foTlowing account is derived from
’ this source. Knudsen employed the kinetic theory of gases rather

'adroiti/y in his investigation of heat transfer at very Tow densities

between two parallel plates s ated by a dlstance less than the
He Lde the assunption that both the’

plates were "mo]ecu]ar]y rough". meaning that gas mlecules which ,

col]ided with the p'lates left them at the tenperature of the p]ates

&



From kinetic theory, he obtained an eipression for the energy

transferred to the cooler p]ate as o , :
. | » . . T - T ) ) ‘ . . )
‘ 2. 3 P é 1 2) - ‘
- Ev _/“l]+1-(k—~i)|3° , . | 1.1

where - k = g-(Y“'])’va is the ratio of the specific heats c /c, .

T is the absOlute temperature of the gas, and p, is the density in
grams per cubic centimter of the gas at 273°K and a pressure of one
. dyne per square centineter T] and T2 are the temperatures of the

' Aplates and P is the pressure of he gas. Sinoe E itself is. difficult

to. measure because of radiation and residual gas conduction losses,

measuring E at two pressures for -a.given T] - 2 gives the ratio

e=AE/APAT R ’ B e
= 1819. 2 7—1- | S o 1.3
where M- is the mlecular ueiglt of the gas. | e ‘

Experimntal results gave louer values for this quantity ooq:ared
to those obtained from equation 1.3. At thls juncture, Knudsen | "&.
. questioned the assuption of mlecular muylness. | He demded that
'v the energy transfer betueen the gas and the surface was not Complete

~as had been assuued This ]ed to the definition of aooo-odatlon
v .coefficients. : Knudsen defined the coefficient based on teq)eratures
‘-'which assumes Ihxuel]ian equihbriu- distribut?inn at rest for the

mlecules._ Huch later, he conducted ‘an experimnt lll vhich he —

obtained the translaX?nal acoo%odation by radimetnc forees and |



the total ~accomodation by the conduction of heat. In ge;leloping

~ the theory for this experlment he assuned that the rotational energy

of the mo]ecu]es corresponded to that of 2 canonical energy

'd1str1but1on at the temperature of the sohd surfaces. The results

obtamed £y hydrogen and helium on a platinum strip, br:ght on one

side and roughened on the other showed that the accomodatlon

‘coeff1c1ents for the trans]at!ona'l mode and for the mternal mode

wereequa] . o R | e
In modern hterature ‘the coeffiment of accouodatwn is

-~

' def'lned as

a = (E '-- .E')’/ .(E - ;) . o o 1.4
where E is the energy of the incident gas, E is the energy of the
:reflected gas, and’ E is the ideal energy if the gas 1s reﬂected |
' _at the tenperature of the surface. This defimtmn reduces to
| Knudsen s origmal def1mt1on of a based on teq)eratures. if both B
“the 1nc1dent and the ref‘lected gas mo]ecules have a Haxwellian veloclty
d1str1bution : - ('\4', - T v
| In the present work, two acconmdation coefficients have been .
' used the translational acconmdation ooeffjment ars and the
| rotationa'l accomnodation coefficient "R These are defined as
fo]lows | i

ST T ) /T =T y s
or LI ‘s, T . | S



A“ ]

where QT is. the translational accommodation coefficient, TT is the
r .

translational temperature of the ref]ected gas molecules Ty is the
i o

trans]ational temperature of the inc1dent mo]ecu]es and T is the

v'temperature of "the surface, Similarly,

OLR=(Tr-.T.)/(T_,fT§1) R s

where TR and TR -are the rbtational temperatures of ‘the ref]ected

i
gas and the inc1dent gas mol cu1es respectively. Since the inc1dent

gas is in equilibrium, its trans]ational and rotational temperatures/
‘ are\the same. The assumption that both incident and reflected gas
molecules have Maxwellian energy or velocity distributions has been
‘made in the above definitions but since TR is not necessarily equal -

, -
to T R the reflected gas may not be in thermal equilibrium.

A]thougd a considerable number of theoretical 1nvestigations

~ of| thermal acconnndation of. monatomic gases have been carried out
~(such as those 1n a series of papers by’ Goodman (4)). very little .
t eoreticai work has been put forward‘on acconnndation of internal‘
des of energy of polyatomic gases. Even among the theories for
therma] acconnodation a majority assume that the surface lattice
s at 0°K and that the energy is given to it by the gas. This
eassumption makes‘these theories inapplicable as far as the present,.

- work is concerned A few theories which do not assume a zero

/ temperature ‘solid are discussed below.



Logan and Stickney's (5) hardcube theory uses a simplistic
model, proposed mainly to reduce the mathematical complexities of\ the
. more realistic models such as those of Goodman (4), and to take 1nto<
conSideration the thermal motion of the surface atoms. These are .
assumed to be hardcubes which have - v1brational motion perpendicular to
the surface.’ - The 1nteraction potential between these cubes and a
gas molecule 1% a step function repu151ve force which does not allow “
.the gas molecule to Spend any time on the surface No trappinghof the
gas. molecules is p0551ble |
- The results from such- a model for molecular beams show one

feature of 1nterest as the surface temperature increases the :
. intensity maximum of the.reflected molecule shifts towards the surface
‘perpendicular, in agreement}rith experimental results Clted by the
authors - S A “ R

| Logan and Keck' 's (6) softcube theory is a logical extension of
, Logan and Stickney's (5) theory and assumes the potential betueen the
solid cube oscillator and the gas molecule to be exponential The
theory was proposed mainly to provide bettgr agreement with experimental
results than the hardcube theory does. It also takes into gonsideration: |
the trapping'of“gasﬁmolecules The agreement given by the hardcube
theory for the behaviour of the intensity maximum with temperature

j comes out of this theory also. |



\ .

Among thebreticalrpapers’dealing'with the internal mode of
energies. those of 6manv(7); Feuer (8) and'Marsh (9) are of interest. .

Oman has performed a computer simulation of the collisions -
between an inc1dent gas ‘of homonuclear molecules and -a solid surface

made up of atoms in a latt1ce; Again, the’lattice has been taken

. to be at 0°K. The interaction potent1al is 6 ~ 12 Lennard-Jones

- type. | The results show that the rotational energy exchange varies

llnearly with the translational energy of the inc1dent molecules.

| Feuer (8) has made a theoretical study based on-a quantun

mechanlcs model assuming a single phonon trans1t1on in the solid

- The results indicate that the rotational acconnnda¢1on coefficient

1is less than the . translational accommodation coeffic1ent. In a later

paper, Feuer and Osburn (lO)’have calculated the two- acconmodation ‘
.coeffic1ents of para and ortho hydrogen on plat1num at two temperatures. |
_ one above and one below the Debye temperature of the solid Table

t 1. belou‘shows their results and is‘reproducedvfrom (10).

L -
. t

Table 1

lheoretical values of translat1onal and 1nternal accomnodation coeff1c1ents

'OD/TS , T°K o ar" ‘i aipara e ipara/a ortho

2/3 - 338 0.337 ,,0,.0344_' 23
32 150 0.395 0.0423 - 7.3

e

3



The internal‘energy coefficient'is verp;much less than the translational ‘
‘ coefficient for both para‘and ortho hydrogen;l The results given in ©
Table 1. were obtained by considering only single phonon tranSition

of thg solid atoms. Two phonon transitions have been dealt Nlth by

_' Allen and Feuer (11) and they show that it contributes very little . t
| touards accomodation. For heliuln on platinum. for exanple. -
acconmodation due to two phonon tranSitions is 1. 33% of that due to s

SIngle phonon transitTons. Therefore the results considering only ’@%%%{'

Y

SR
Y}

single phonon tran51tions should be good -

Marsh (9) has devised a gas-surface interaction mode] based'
on physical'adsorption. Translational and internal energy
accomnodation.coefficients are-obtained from equations similar to

s4phaSe relaxation'equations.- The resulting expressions contain
the relevant heats of adsorption~ Results for diatomic gases,
»pertinent to this work, have not been obtained due to paucity of
information about the heats of adsorption:_ ™ | ’

Experiments to determine thermal accommodation coefficient can
be classified into two main categories. the first. in which the total
therual accon-odation is obtained and the second, in which both
:ftranslational and internal coefficients are obtained. §
| A-ong the -any qethods belongrgg to the first category, Knudsen s
y lou pressuwe -pthod and the teuperature junJ method are perhaps the |

-ost popular. These -ethods are well knoun and have been documented é;jvé .



-.,by various authors, in’cludingﬂaclman (.12). Apart from the fact that -~
these methods .giue only the total thermal acconlnodation, they are also N
| limited in the tenperature and coupos1tlon of ‘the sohd surface that
can be used. ‘
- Trans]atio_nal accommodation coefficient can be determined from
molecular. beam exoerin‘ents.‘ The method usua]ly consi sts of shooting
'v a mnoenergetlc beam of mlecules at a given angle to the test surface,
and then determining the number denSIty and velocity of the reflected
.molecules at var1ous angles with respect to the surface. Normal
‘momentun accommodation is obta1ned from this.  If the reﬂected

' .
: molecu’les are assumed to have a Haxue]han ve]oc1ty dlstnbﬁtion, '

- then the trans]atmnal accoumdatlon coeff1c1ent can al be determined.

+

Accomdation of other modes is not deterunned by 'chls_method

beam f'luorescence technique was developed, nos} ¥ .the exper1ments in
.' "!5
the second category measured the 1nternal energy acconlmdatmn by

subtracting the translatlonal accoulodatlon from the total thermal

accomodation. : . | , . BN .
&

Sasaki Taku and mtani (13) wfe’f al torswn balance to detenmne ,

’ ar.  The test surface. in the form of a strip uhi“ch can be electncal] y

o heated {s attached to one wing of ‘the balance.. A hor1zontal ‘molecular

"

Tr-
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beam. is -shot at this strip The'translational COefficient is a
,function of the ang]es to which the balance: rotates depending on
'the temperature of the strip The total thermal coefficient is .
obtained by Medsuring. the heat loss from the strip when the strip is
at the higher temperature (Knudsen's low pressure method) Ihey,
obtained the values for ap = 0. 393 and ‘ap = 0.314 for a nicke] Strip'
at 518°C with nitrogen at 31. 3°C . "/ng o |
" Ina later paper, Sasaki and Mitani (14) used a circu]ar cross
sectioned filament shaped like an inverted V. They found the ;
dtransiational acconnodation by re]ating it to. the period of half :

"'}decrement when the fiTament is set Vibrating,'with the translationa]

notion of the no]ecuies prov1ding a damping mechanism to impede~

' v1bration“of the fiTament. Again the total thermal coefficient was

found by Knudsen 's Tow pressure method. They obtained oy = ‘0. 48

and” aﬁ : 0. 10 for tungsten at 300°C with hydrogen at 23°C.. Tcr
Variations and modifications of the torsion balance method ‘have

been used by Stickney (2) Carpenter. Humphries and Mair (15) and many

: others but mostly to obtain normal momentum coefficient or trans]ational

| energy accommo ot coefficient.\ . |

. SchafEV and Riggert (16) used a method claimed to be more accurate

than that used% Eucken and Krome (17) to obtain both translational |

o and 1nterna] energy accommodation coefficients. | They heated a band

'»of the test material 1n a Knudsen cel] | A filament of ‘the’ same



zjl,-‘

vmateri,al fixed parallel ‘to the band picked up- heat from the reflected
mlecules : From this they were able to measure the thermal
.faccomnodation of the filament. They also determned the thermal
accommodation coefficient of the fil~ament alone by the Tow pressune ‘
Knudsen method. |

Now, if all the modes of energy were equally acconmodated
thermal acconmodation found for the filament independently would be ‘
' the same as that found’ when it is heated by the reﬂected mlecules
~from the band On the other hand, systematic differences in the two
values can be related to partial accommodation. coeffiments.‘

Their results show that for nitrogen on gold o decreases \
. from 89 to .86 as T increases from 293°K to- 389°K ~and ap deé:reases
from .78 to .54 for the same- temperature range., e

A technique for direct measurement of rotational energy N
distribution of nitrogen molecules after reflection from a target surface ‘k
was developed by Marsden (18),- using electronubeam excited fluorescence
‘of light Fluorescence from the beam at a point in front of the
target was made up .of co[t{ibution from molecules reflected directly
from the target surface and “from molecules of the background qas.
The contribution from the background gas could be deternined separatel y
- _by retracting the - targ@d this was then subtracted from the first

measurement to obtain the contribution due to reflected mlecules .alone,
/ ' : '
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;xResu'lts for a si’Wer target showed that trapsIatmnal and rotatlonal o

acconmodatwn coeff1c1ents are equal and had a value of 0.85. It

| may be noted that the’ rotatiopal enepgy dlstributlon of the ref'lectgd

| molecu'les was found to corre nd to. ‘that of a gas in therml equilibrium.

L P
‘ These results, were for a gas\ t higher teqxeratures than ‘the surface.

i i

The apparatus descr1bed in th1s/tﬁesis uses the electron bea-
) ‘(‘-f]uorescence detector to provide snultaneous d1rect measurement of
'» 'translatlonal and rotatlonal accol-odatwn coefficients for mtrogen
on a sohd surface. It 1s an extension of the techmque used by
L vMarsden | : ] . S |
. Two parameters were deened to be of inportanoe. the teq)eratur'e L
' of the surface -T ] and the ratio u of the ml flar neight of the 'gas
to the atomic . we1y|t of the surface material. These paraeters were
| var1ed durmg the experinent keeping the fncident gas nitrogen at |
room tenpera?a kasurenznts were made for ;Bteq)erature range of ”
= iﬁs 300°K to SOO?K }and a’y range ofO 142 to 0. 483 = -

A
. f‘vn’,\! A
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" CHAPTER I1 -~ Q/ -
EXPERIMENTAL APPARATUS | ) L

-} .
- The stainless steel vacuum system was constructed using inert,-

- 2.1 Vacuum System

: gas weldiag technique for permanent Jjoints and Variéh Conflat type

S l
,flanges with bakeable copper gaskets for demountable Joints. An oven

'f.made of commercially available insulating nnterial -and covered with

aluminum foil, enclosed the system and generated bakeout temperatures E
of about 300°C A schematic of the system is shown i Figure l. » The
different chanbers have been labelled A B and c to faCilitate -

o explanation. : The top chamber A, is connected tor chamber B by a 2 Oamm -
B diameter orifice. as well as by a 37mm diameter valved bypass.’.'The,'

- bypass helps in reducing pressure in chanber A during.bakeout . Chamber

4'B sits atop chanber C and is separated from it by a large passage Nthh

presents virtually no. obstruction to the flow of gas The pressure

L

»'Vin the two chambers are equal R L e

The gas-surface interaction takes ‘place in chamber A. ‘The gas

2.2 Chanber A

| introduction system on the left side of Figure l consists of a big .
plenum chanber from uhich gas is-led into chanber A via a cold trap

. and tuo leak valves,-' A commercial gas bottle and a pump-stand are -

connected to the plenum chamber with the help of a tee-jOint and

._‘ﬁ.“
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- appropriately’located stopfcocks..'~The p;enumléhamber contains gés__
- at high‘pressure and provides constant pressure upstream of the‘leak’
valves. The cold trap eliminates any nnisture present in the gas and
- the leak va]ves areQUSed to meter the flow of gas into the system
‘Chamber-A is watercoo]ed to keep the temperature of the gas constant.
| The test surface is made of 0.005 or 0.01 inch thick, 7mm. wide
sheet metal. - Figure 2 shows the detai]s; “Fhe target is U shaped
: lengthwise. the bottom‘ﬂattlened out to a plane surface about 10mm.
w,J\ong. The arms of the U are attached ‘to_the pinched ends of two
|  heavy stainless steel tubes by screws and nuts Both tubes are '
attached to the flangegon top of chanber A, one of them being insu]ated
from it. The locatjon’ and other details and dimensions of the target )

~are shown in Figure 2.

; _2'_.3, Chamber B
The roughing pump system is attached to chamber B on the right
side in Figure 1. The pump system consists of a 4 litres per second
rotary pump and a ]00 litres per. second oil diffusion pump. It is ”
| attached to- chamber B hy,37nm. stainless‘steel,tubing. A co]d‘trap
.is present in the connecting circuit. Rough punping takes the vacuum
systen to about 1 x 107 -5 torr pressure.‘ _ vv | | 1
_’ Chamber B also contains the electronbeam. A Phillips 902-564
te]evision type electron gun to the Teft of chamber B produces a well



COPPER FEEDTHROUGH

» - THERMOCOUPLE
- CONNECTED TO 50 AMP. - . . _THERMOCOURLE
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: TARGET DETAII.S

Figure 2.  Target Mounting Details.
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collimated e]ectrostatical]y focussedl .5em. diameter beam. The -
Vmechamsm by which the gm is attached to chai:er 8 facﬂitates |
adjustment of the location and directlon of the beam. As shown in
Figure 3, the beam passes throuyi four 2.5mm. diamter ho]es, which
' ]ocate it d rect]y below the 2 08mm. orifice betueen dlai)ers A and B.
-~ The power‘zor ‘the gun is supphed by an N. J E. 0-30KV 0-2 Sma. power l’T
supply. At nornal operating filament current of 2 Oma and acceleratmg

Jtage of 10KV, about 1. lla beam cun'ent is obtained 'nns is. picked |
| up by the receiver on the ngnt side of chaiher B and is mmtored by
a digital mi'llial-eter. | |

- Some stratigically placed hgt bafﬂes in chal)er B prevent |

~ stray light from reaching the light sensmg devices located outsme
a viewing port on chalber B. '
2.4 Chamber C | |
: | Chanber C is the/pwing chad)er. It is large enough to prevent
sudden fluctuations in pressure A 100 htre per second tnode fon
~‘pump and a titanium subli-ation pw provide the ptq)ing. ‘To prevent
heating of the gas by the sublimation ptq; there is a hquid mtrogen _
‘cooled inner sbell in chamber C. 'llns shell also provides a cool ,
' surfaoe upon vhich the swlinting titaniln nlecules can settle. Only
the ion pup was used vhile baking and for the final. plq) down. It
o provided a pressure of 7 x 10'9 torr. ‘ “The subhntlon IZI-) was not
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-') .
“used durmg any part of the experiment ds it proved mcapable of
providing constant pun'pmg speed

2.5 Pressure Measu‘remen‘t |
N A nude-ul'tra"hiyl vacuum Varian ionization \uge attached to
chanber. c wa's' used for the measur‘euent of 'backgro : pressure. " As
will be evident from the theory of this experinent i:he background
pressure needs only to be maintained constant. Since neasureent
of absolute pressure was not neoessary. no accurate cahbration of "
the 1omzat10n gauge was needed. The pwing current of the ion-

pump also provided a rough check on the total pressure. R

2.6 Tenperature Measurement _
The target was heated ohmcally b_y a 50 aq)ene 40 volt direct

. current power. supply. connected to the copper feed througl at the top

of chamber A. A Chromel -Alumel thermcouple was spot welded to. the ‘

target to measure its teuperature. Calibration of the themoouple | _
| ‘was carried out outside the systen and results were: within -l°c of the .
values given in pertinent tables._' The teq)eratune gradient along the
length of the ‘target was: also found by scanning wii:h a radiation |
'thermometer and it was ascertained that. ‘no cold spot was fomd at the
attachment point of the therlaocouple.

The tenperature of the test gas intmduoed into chawer A was

- assumed to be the same as that of the wall of chamber A. ‘Two Chromel -



19

- Alumel thermocoup]es attached to the wa]l neasured the temperature 5 |
Any tendency for the wa]l to heat up due to rad1ated heat from the
target and: the leads was compensated for by adJust1ng the flow of !

cooling water. = The walls were maintained at room temperature at’ all

;).f times<
. 2.7 optics | |
The . sfﬁemat1c of" the optical system is shown in F1gure 3 A
& cy11ndr1ca1 concave mlrror, with its center of curvature co1nc1dent with
she ¢lectron beam, re}lects ‘the fluorescent 11ght to a 150mm foca] h
]ength doufle convex 1ens The 1ens, wh1ch is outside . the vacuum ’
‘system in front of a v1ew1ng port in chamber B, focusses the Image of
the beam onto the entrance slit of the f/6 Czerny-Turner grating
spectrometer The spectroneter was p]aced on its sxde o] that the
- slits were para]le] to the: beam The 1nten51ty_of.the resolved.
. spectrum lines was‘neasured by an'EMI 9502§‘photomu1tiplier‘
|  The power for the photomu1t1p11er was supplied by a Fluke model
4108 0 2. 1 KV supply LIt requ]ates output voltaqe with1n 0.001%. At
- nonnal operating cond1t1ons of -1.5 KV the. photomu]tlplier has a dark
current of 4/ x 107 =10 ‘amperes. | _ _
- The output from the photomu]t1p11er was measured oy a Keithly =
t610 B E]ectrometer and- recorded by. a Honeywe11 Electronik 19 chart

_recorder _
. o
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'CHAPTER 11
| ~EXPlERIMENTAL PROCEDURE

3.1 Surface Target Preparation
The target was cut out to the%required size from 0. 005 or 0. 0l0
inch thick high purity metal fml One face was cleaned with acetone
_-and distilled water, and thenno:z;suple vnres were spot welded on lt
'Hlth a dial -a-weld telephone type welder The target was then bent
to shape and attached to the electrical leads as shown in Figure 2.
Both the target and the leads were thoroughl y cleaned with acetone
and distilled water and dried with hot air The whole assenbly was
' then munted onto chamber A taking care: not to leave greasy- spots or
‘ fingerprints. The vacuum system was roughed baked and punped down
to 7 x lO' torr pressure _ _ ] »
The target was heated to a high tenperature (900°K in the case of
nickel and _gold, 750°K in the case of silver) at this pressure | N
_Imtially. the pressure went up to about 6 X l0 8 torr due to outgassmg,
.but after an interval of about 2 hours, it settled down agaln to )
7 x lO 9 torr, in which condition it was maintained for a period of
t_xelve hours. I _ '
~The stainless steel specimen was not cleaned in as thorough a

-4fashion. since experiments on it were carried out while assessmg the

experimental method. ~

Y



3.2 Introduction of Test Gas “& J ‘- L LW
| e ?&.:Hfét manual leak val ve. gé

first pulped doun to about 1 P 10‘6 torr N1trogen from ::hé&
5 &“ﬁg
" agaln puped down. Tlns process of flushmg the system was - carried

The plenum chamber, the cold trap.. arie

bottle was then lntroduced into them at ab ] They ‘were
out at ]east ten times to insure that the 1ntroductlon system contained
vonly nitrogen. o ‘ .
’lhe plenun chauber was again filled with nitrogen to a pressure
| of about 5 ps1g. Every effort was made to keep th‘lS pressure constant
by operatlng the bottle regulator uhenever the gauges on the regul ator
' shoued a decrease. At this, h1g| upstrean pressure of 5 psig, the sgrvo
driven needle ,tvalve faﬂed to perfom sat1sfactorily. It was therefore .
left open_peuanent'_ly. The manual needle Neak val ve was used to -
introduce gas into the main vacuum system and to control the background ,
pressure. - _ | e | | | - B
Before any of the experilnents were begun,‘ a part'ial‘jpressure gauge
| was attached to chanber C and the partial pressure of nitrogen at various
‘»total pressures was deternnned Figure 4 is a graph of the nesults -
obtamed Tests were repeated a nuber of times and it was ascerta'lned
that the results shoun on the graph did not vary. : e |
After the target had been kept hot for 12 hours, the. test gas was -
g mtroduced into the systeu and with the aid of the manual leak valve, |
" the pressure‘as read by the Jonization guage in chamber C was steadied
toaconstantvaluebetween?xlo'storrtollxlostorr. o

"-'L



108

1076

o
O
[}
© N
2
w
, Of
o' :
(70}
(7o)
w)
[« W
[ |
<
i =
<

S T l_bf‘f |
- TOTAL PRESSURE




24

3 3 Determ1nat1on of Acconnndation Coefficients

After the target had been cleaned by heating, mainta1n1ng it at
~the same h1gh temperature, the R branch of the N, (o »0) band emission
was s]owly scanned with the spectrometer. . The results were recorded
Scans were carried out with the bypass v;?%e between chambers A and,

B both open and.closed. Measurements were made at a series of target

- temperatures varying from bake out temperature to room temperature in

100°K 1ntervals v
5 ‘The Speed of scannxng. the pressure measured by the ionizatlon guage,
the beam current, and the temperature of the incident gas were all kept |
constant dur1ng the ent1re durat1on of" the experiment

The experiment was repeated a nunber of times to test for

repeatab111ty



25

, L

CHAPTER IV
THEORY

4.1 Geometrical Considerations .

A.heatedvsolid surface made up of the material to be tested is _.
‘located in chamber A opp051te a snall orifice leading to chamber B as
shown in Figure 1. '

+  The pressure in chamber.A is of the order.of 1074 torr, and the

B target surface is placed in such a way that substantially all the

molecuﬁes reaching the electron beam from chamber A have come directly-_
from the target surface with no intermediate collisions..M;Theupressure’
in chanber B is kept as low as possible, typically 10 torr; , v

~ The valved by—pass connecting chambers A and B allous for punping
_to outgas 1mpurities that may be -absorbed on the system walls ThlS
by pass is also used to reduce the pressure 1n A and thereby reduce the
contribution of molecules coming through the orifice to a 'small fraction
of the background density so that the contribution of the background
_gas in chamber B can be determined
The number density of- gas at a point Pisn-= n, + "b’ where na

is the contribution to number density by the molecules reflected from ff' _
. j,the target and issuing through the orifice, and n, is the contribution of - “
the background molecules in chamber B. '

- Since the gas- in chamber A is in equilibrium and at rest ‘the

:fvelocity distribution is Maxuellian. It will be assumed that the

'reflected molecules come - from a gas in equilibrium and at rest with a

’,



: temperature TT and number dens1t_y n_ e above the or1f1ce. Consider a

| A sma]l area dA about point P subtending an ang'le do at centre of onfice,

'~,-at an. ang]e © to the vertical, as shown in F1gure 5.
< The nunber of reﬂected mo]ecules in solid ang]e dm passing

through dA mth a veloc1ty c in tule dt 1s.
N(c) = c3f cos6 dcdt dw dA/cos® 4.

Where dm is the. sohd angle si)tended by the onf'loe at point P'and

r'fr is the velocity d1str1but1on functwn of. the neﬂected mlecules. .

coso

. 3 E
Nowtiu-A——c%s‘-——e— anddAv——-Y—-de wherew1sthe|ndthofthebea-”
y .
wh1ch is observed through the sht of the spectoueter, and A' is. the

orifice area. efﬂ . .
. Ty . g}
The nunber p%ssmg throuyi dA in. tme dt \ﬂth veloc1ty c is, .

3t A'coszede dedt a2
Ty @ -

The number density' of ref‘lected mlecules in dA 1s the .umber

N(c)

passmg through dA d1v1ded by cdAdt, . R O o

— >

.‘Nc'_Z 3
C _t'-Cf TCOS

The number: density due to reﬂected -ﬂecules of all veloc1t1es .

6 dc A3

1s obtamed/ by 1ntegrat1ng equation (4 3), ,
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The nu-ber dens1ty in dA due to background mo]ecules is ng (1- r)
-The average number dens1ty in the length of beam viewed by the |
optical system 1s‘obta1ned by taking the integral o

) o SR L
0 ,"r A 3 , - dw ' '
N 'I_e |—4——2-COS o + nB (] - G)IdA S |
n = i 0 y . .'._ . : ' o
IOdA
- -eo

B where + eo marks t»he"'ends 6‘f the ’portion of .electron beam viewed.

Ty , A’ - ,-sin 2 70
2 ¢ (neog) 37 log w2521
. n= ' ' . tng
' tan 1r/4+6/2 A ,
In unﬂa-%m 4.5
~ This can be written as, -
= fi n. (l - ﬁ) ng . R ] b 4.6

The constant Q depends only on svstem geomtrv. ‘
Hhen the bypass betueen A and B is closed, thé orifice is the only
B connectwn between the two chanbers. Let 1ts« conductance be c].- Also

let’ the speed of the trwde ‘ion pump be S, afngs the conductance of the
P
bypass be CZ. Pressure in chauber A 1s related to that, in chamber B
. S+C ~
_by the relatlon P = ( )p when bypass ,is closed, and since the
G '8 -S4

teuperature m the two chalbers is same( A = (T_)"B _'From, conserva-
O /I'ZWT.I—. . Therefore.

» t1on of mass at’ the target surface,
, ; i 'r



29

substituting in (4 6)

s+c] | _ e ‘. .
n-= n(————) /T 7T ng + (l-n)nB 4.7
- and 51milarly when the éypass is open,. v
SN S+C +C _
n-= Q(E—-t—) v‘i 7' n + (l-ﬂ)n ‘ 4.8

4.2 Electron Beam Measurements
The high energy electron beam excites and 1onizes the neutral

v:nitrogen molecules which are initially in’ N2 x'z ground'state, to

. 9
an upper‘state N2+BZZ+ The light emitted comes almost entirely
(19) from the first negative band due to the tranSition N 82 T

2
N; x22; of»the-nitrogen ion. If the doublets are ‘ot resolved the

transitionvbecomes 'S » 'L and the applicable selection rule oK = H,
gives rise to two branches of enﬁssion P and' R. The P'branch‘has a
vertex towards red on the Fortrat diagram and forms a bandhead The
R branch has peaks occurring at ever widening intervals towards the |
ultra-violet. A scan of the R branch of the NZ(O 0) band is shown in
Figure 6 The two to one alternation in intensity between odd‘aéd ‘
| even numbered lines is a characteristic of nitrogen. The excitation ',-”-~
emission mechanism is given in more detail in the Appendix. o
The nmher density is determined by a suntnation of all the light
output from one branch of the NZ(O 0) band or alternatively by measuring
- the total light output from the unresolved band. Light intensity is l,
given by the equation. I = nk’. where n is number density, k is constant';
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dependmg on the optica] syste- and bea- cunent and ¢ is a factor
depending on the spectrw lines being obsened If the mtatwnal
spectrum is resolved o(K' R) depends on mtatmnal quantm ninber K*
and rotatwnal teuperature TR, n and k bemg oonstant If \the s'pectrun
is unresolved and a'll hght from the band ‘lS observed I nké, where
¢ = 2: o(K' R) . 0 is a constant and Iis then proportmna] to n. |
3 The distnbutmn of rotatlonal energy, “and the rotatlona] temperature
: of the gas can be obtamed dmectly from a leasurelent of rotatmna]
hne 1ntensmt1es (19) - Rotatlonal energy m a dlatomc gas has the
'distributwn (32) gwen by equatmn (4. 9), '

S N, —T--(2J+1)e‘B“C

| J nuuber of mlecules in rotational energy leve] J -

J(J+1)/kT o a9

s
3
=2 =

total nuaber of mlecules R -
B = the rotatlonal constant for the mlecu]e o
h = Ptanck's constant
k = Boltzmann s constant
c = speed of hght o

'In'the case of the NZ(O 0) band of. the mtrogen spectrtn the line .
1ntensit_y distr1but1on is~ glven (19) by equatlon (4 10), :

I(K ) - (K' + K P 1)x4[e] v (x +l)hc/kT 4.10
uhere K is. the rotational quantt- m-ber apart frm spin (J = K+l/2)

L ; .



A single pr'lme refers to the upper e]ectromc state and double pri-e

refers to the louer e]ectromc state

'"4_1.[éig; (K +T)eXD[-2 B (K'+1)hc a3l K exp[ZB E%E- K']

T 1) - -'_\, 41
[6] is a function of Tp,
X is a constant re]ated to overall mtensity, and |

v/v is approximate]y constant 'for a given band

.‘tEquat1on (4. IO) is derwed from equatlon (4.9) by gomg throuyl the
process of exc1tat1on (and ionization) of the mtrogen mlecu]es by the
e]ectron beam, fol]owed by a spontaneous decay to the ground state of
the ion mth emission of tht. . The teq)erature TR and rotational

' constant B appearmg in both equations are “the same.

A plot of Log[I\(K )7(k* +K"+]) [G]x“(v/vo) ] against K'(K* +l) will
result in a straight Tine with a slope —th/kT if the gas has a equi-

‘bhbnun rotat1ona] energy dIStr‘Ibution. _

- ~Thus the rotational temperature TR can be deternined fro- a :
-measurement of spectrum hne 1ntensities. ; A

| F1gure 7 shows some plots of masured line 1ntensities used to

rdetermme rotationa] tenperature. '

. 4.3 Trans]ational Accommdat‘lon Coefficients
" The translational energy accomodation coefficient “T’ has been
def'ined 1n equation 1. 5 and can be untten as, '

LY
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Jop = (g /Ty - 1) / (Tg/Ty = 0) ' 4.12
Ty |
where TT is the temperature of the incident gas, TT is the temperature
i r :
‘of the reﬂected gas and T is the temperature of the solid surface.

The ‘temperature ratio T /T is determmed expenmenta]ly as follows-,_ :
Ty T;
Hhen the bypass is open, the number densi ty measured at the e'lectron

beam is, : :
| S b «1"77;' + (1-a)ng, a3
n | Q (T—t-—) n » r ) | . |
-and when the bypass is closed the nurrber densi t_y measured s,
‘ L S+C, o S
2‘,— Q (—— C )‘ n -’T’T /TT + (1-n)n S 4.]{1

Measurements were made with the-target tenperature the same as that of
the incident gas (TS =17 = Ty .), and at a h1 gher temperature resulting
r .

B S N i
SRR esc,
(»n?_-n] )TT | = m nB | R . | »4.»'.|5
and for T, > T U L |
: B ‘ S S -
(n,~n RER n, /T 7T - . 4,16
| ?-")TTr ERCTE R N S |
fTherefore ' .
(n -n s E
L A

E ("2‘"1);1\ i
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Since I = kntb and since k and ¢ are constants, '

/ Tr = (I 2" I])TTf
—

1. M= II)FT

1

ot

- 17 ' :
where I = 1 I(K'), and subscripts 1 and 2 refer to the bypass Open
K'=]
" or closed respectively.

_ From equation (4.12) _ . : :
‘ 2

L(1,-1 )TT /(12 I])TT .- |
T -1 | - aa8

o s

4.‘.44' Rota't'i‘onal Ac'contmdation Coefficient
Line intensities of the R- branch of N2(0 0) band for the molecules
‘ reflected from a heated surface are obtained in this expenment by '
“subtracting the line intensities scanned with the bypass valve betueen
: chanbers A and B open from those when it is closed . The rotational
telperature of the reflected molecules is deternnned from these measdred ~‘-~
line intensities. R o | | |
~ The nunber.density n 'from equation 4.6 is
e n=ﬂn +‘(l -ln)n‘ | |
The intensity of a measured spectrum line corresponding to

vrotational level K' can ‘be written as «
I(K)-Qn kd(K'.T )+(l -&'z)nB k’(K' T ) : o 4,’]9_"

;nhere. as before, k depends on the geometry of the optical system and
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¢ is a function of K' and the temperature of the.gas.

Equation 4 19 can be written as

I(K ) = QlR(K' T ) + (l-ﬂ) IB(K' T ) o . 4.20
‘ 1
b where IR(K' T ) is the contribution to line inten51ty at K' of the

Ry
., reflected gas molecules at a rotational ‘temperature TRr’ and Ig(K' Ta )
e
) is the contribution of the background unlecules at temperature TR
i .

I As indicated befbre the R—branch is scanned with the bypass valve

B

: open and closed, keeping all the other variables constant The gas
-\é number den51t1es in the tuodz§::s are examined below. , |
& Hhen the bypass valve is Open, the number den51ty n-is given by\ |
equation 4.8. Substituting S = 100 liters per secopd, C2 ='20 liters |
“per seFond c = 0.4 liters per second and Q = 0. 001876 (obtained by,
, substituting appropriate values in equation 4 5), equation 4.8 becomes
P n = 0.011072 "B,/T_i +0.998124n; . 4.2]
P B : - T ‘

Tf‘

where the first part of the right hand side of the equation is the

S contribution of the reflected molecules at a translational temperature

TT ’ and the second part is the contribution of the background molecules. :

In the present experiments TT' was aluays greater than or equal to
r

’ TT because the surface target temperature was always greater than or
T

| «equal to. the temperature of the inc1dent gas. In view of thlS, the-v
 maximum value of 7= /IT’ is 1.0, - : | ‘
S i S

i
\
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" Equation 4.21 reduces to

n = 0.011072 g + 0.998124 n 4.22

B
which revea]s that the contribution of the ref1ected mo]ecu]es to the’ 4
wtotal number denSity is about ]% while the background molecu]es contribute

99%. B —

At this juncture an approximation will be nadevthatL

. v - “B} o | ﬁ . -4.23
when the bypass valve is open This approximation will be eliminated
: by a refining process, shown later.
. Hith‘this approxination equation 4.20 reduces to " .
o O IK') = IB(K'T) S e 428
when the bypass valve is open. B '\‘ .

» Since these line.intensities are from background‘gas mo]ecuies knownv
to be at 295°K, instead of taking I(K') directly from the spectrographic
, scan the corresponding theoretical values are taken to e]iminate
unnecessary scatter 1n the results o

" The slope of the line used to deternnne the rotational temperature
is th/kTR. and for TRi = 295°x has:auvatue of 0.904237 on the counon '
“Tog scale.- _
Using the negative of this slope, an equation fbr a straight line
is written as y = -0.004237 x+C . . _
where = log I(K")AK’ +x--+i)[e](n)4) and x = K'(K'). .

"~ C is an arbitrary constant, and fOr the present can be taken as 0.
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From this. equation x and y are calculated for var@ous values of K'.  The
1ca1cu]ated values are given in Table 2.  For even values of K', I(K')

has half the value given by the equation- as exp]a1ned in the append1x

Table 2 ° | '
Theoret1ca1 values of line intensities'at ro;; |
temperature
K: ‘ x ‘ yvb'.:> log”(K'+K"+])[G](§5)4 | I(K')
3 12 -.0508 Nz '. - 5.252
4 20 -.087 g7l o C 3.246
5 30 -a2nm _“v‘,995 ' - : 7.317
6 42 -a78 . 10752 3,986
. 7 56 -.2373  1.1431 B 8051
8 72 -0t am . 3.958
9 90 -.3313  1.2863 7.9
100 -1 s 3,47
M % s 1 goass
12 156 -.6609 . 1.3882 - 2.668 |
13182 -7 1.425 o asm
14 210 -.8858  1.4602- 0 1.ese
15 240 -1.0169 R L 2.994

© In colum 4 of Table 2, [6] is calculated from equation 4.11 and values
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&

!

. of v are taken fran'Chde's (20) paper To d1st1ngu1sh calcu]ated -

.&
~values from measured va]ues of nntensit1es, let the values given in

-Tableé be called It brelk')-

Va]ues of Itab]e(K ) frOm K' = 3 to 15 are summed up. This sum
'1s equal to 60.9535. : Values of I(K' ) from the exper1nental scan of

vthe R-branch with the bypaSS valve open are also added to obta1n
15

CI(K! ). In the f1rst approx1mat1on, IB(K ) is taken to be
]5

IB(K )‘ K‘z s I‘(K')'x Itab,e(K'-)/GO..9535 A

Now, when the bypass valve is closed thelunber dens1ty n is g1ven

Kl

.by equation 4.7.
. Substitut1ng va]ues for S, C], and Q,

= 0.470n Jf‘7‘r‘ +o.998124n | 4.26
I Tr B .. &

where, aga1n the f1rst part of the r1ght hand 51de is the contrtbutlon

| of the ref]ected gas molecu]es ‘and the other part is that of the back-
ground gas molecu]es In the present experiments the maximun value '

that TT reached was 537°K corresponding to “T 0 4 at T = 900°K for
- go’ld This g'lves JTTT_T 0.7.425_., Equat‘lon 4.26 becomes_

n = 0.34%6ng +0998124nB | a7

LS

It is- of 1nterest to note here that the contribution of@the ref1ected
| no1ecules to the. total number density varies betueen 0 3496nB and

0. 4708nB corresponding to TT 537°K and TT = 295°K.
roo
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| ‘Examiuing equatious 4.26 and 4. 20, values of the line iutensities,
R(K ) sndue to the reflected molecules, can be obtained by subtract1n
B(K } (g1ven by equatlon 4.25) from the ]1"8 intensities obtained. by
scanning the R branch w1th the valve closed.  The result can be uritten
as - ) | o

QIR(K ) = I(K ) - IB(K ) B "'» f.“' 4.28‘
A computer prooram was written to fit a. ]east squares line to pornts

"g1ven by p]ott1ng ]ogQI (K )/(K +K"+l)[6]6— ) -against K (k* +l)

ThIS program is glven in the appende. From the negatlve of the
: s]ope of this line, the rotat1onal temperature of the ref1ected gas

"nnlecules T .is obtained
r

As was noted, an approx1nat10n was made 1n wr1t1ng equations 4. 23
and 4 24.  The value of TR found ~above contains this approx1natlon.
A ref1n1ng procedure to correct th1s fo]lous._ ' |

Substituting the value of the translational temperature TT in |
equat10n 4.21, the total light contribution of the ref1ected gas mo]ecules}

can be ‘written as} _ , ‘.‘ o
. ]5 ; Ny ) i } W

| oL s . S I I(Kl) ) . '
- 15 : : T
3 . -

0. -011072 "T‘ + 0.998124
o » o - 4.29
.. and ) S . -

5 .15 35 o ‘ =
EI(K) = ZIK) - ZI (k) a3
3 80 3T R ,



g;‘, .

41

) ’L : ' ' . N
Values of‘EIB(K ) g1ven by equation. 4 30 are used to find the

correspond1ng theoretical line inten51t1es as was done in Table 2.
These theoretical values are subst1tuted into equat10n 4. 28 to obtain .

Ip(k*) and subsequently the rotational temperature\T from. the computer;

progratn.-

In practice, however, it was found that the approx1mate equat1on'

4. 24 fbr'IB(K'), corrected as per Table 2, resulted in values of T

R
whwch were wlth1n 0 06% of- the value found after reflning. T
| Once the rotatlonal temperature TRr is found the rotatlonal
g accemmodatlgn coefficient is given by equat1on 1. 6 o
v o = (Ty T )/(T ) ; '1.6"

\}"

v s and the value of the conductance C2 are known only
;‘approiimatefywﬁbut this does not affect the accuracy very much. In
‘equation 4.21, if the value of S is taken to be 50 llters per- second :

instead of l00 liters per second / BT U e
n= o.oomm ’*—'r—, 7 T *o. 998124n8 and

»vif'TTi[TT is taken‘to be uni , as was done to obtain equation 4 22, then
| . m=0, 00776n8' + 0.998124n, - PR |

,-uhlch uhen compared to equation 4, 22 gives better Justificat1on to"

| the assuuptlon made in- uriting n= nB - It s doubtful that the value .‘

of S uould exceed the 100 liters per second specifwed by the manufacturers.
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» S1m1larly, C2 has been assumed to be 20 liters per second based on
-.the geometrlcal dimensions of the 37 mm. inch tubIng bypass connecting
| chanbers A and B. Subst1tut1ng two values which differ by ten lIters
per second from the\yalue assumed for- CZ in equat1on 4. 8 IR ﬁ—\\S\
| = 0.01991ng + 0. 998]24nB | |
: fbr C2 =10 llters per second 1f T /TT is unity, and
0= 0:008047n; + 0 998]24n T
for C2 = 30 liters per second | |
B ComparISon of these tuo equat1ons to 4.22, uhlch has C2 =20 l1ters
'*per second, indicates that the contrIbutlon of the reflected mnlecules
-(the first part of the right hand side) is altered by less than l%
' Thus -the values of S and CZ’ which are known only approximately,

do not affect the accuracy of the method very much
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CHAPTER V
'RESULTS AND DISCUSSION

5.1 Rotational Accommodation Coefficient _

Figure 8 shows the variation of rotational accommodation coeff1c1ent
ap with target surface temperature T for nickel, silver and gold. The
: value of ap is about 0.15 for nickel and gold There appears to be

very little variation ‘with T . For silver however, “R varies from
0.03 at 400°K to 0.2 at 700°K. - | |
Results of Sasaki Taku and Mitani (l3) show that,at T“a- 791°Kand

TR{ = 304.3°K, op = 0. 314 for nickel and nitrogen ' Results obtained
in the present work for the Same temperature and surface give op = 0. l7
which is about half in. magn1tude.~. The difference is probably due to
the condition of the test surfaces. It is well known that accommodation
coefficients are sensitive to Surface condition v For example, it was
vnoticed during the present experiments that stainless steel, which will’

'have an oxide covered surface. exhibited high values of ap (Figure9).

Sasaki, Taku and Mitani (13) have not given’enough information in thejr "

‘paper to draw any conclusions about the condition or their solid surfage-

Kl

RO
or the reliability of their measurements. "No attempt appears to have

’ebeen made to clean the surface, other than working at high temp'”¥tures

Sasaki and Hitani (14) in a later paper give o = 0 lO for hyd”“ge% and

; tungsten at T = §73°K and TR1 296 K.  This value seems more in
keeping with the values measured in the present experiment for both

Anickel ‘and gold Nlth nitrogen
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- Figure 8. . Variation of Rotatianal Accommodation Coefficient
: of Nickel, Silver and Gold with Surface Temperature. -
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The results of . Schafer and Riggert (]6) ‘show that for gold and

mtrogen oR reduces from 0. 78 to O. 54 as T, lncreases fron 293°K to

389°K. . 'In the two nethods the_y enﬂoy for detennnmg the acconmodatwn- -

by the fﬂanent, the fﬂamnt 'lS heated by hot gas ref'lectmg from a
heated band 1n one case, and in the other lt is ohmca]ly heated
Thus, in the former case, energy 1s be1ng gwen by the gas to the sol_id,
whﬂe in the ]atter “the heated solld gwes energy to a oolder gas.
| k Both Sasalu et al and Schafer apd‘Rrggert have used 1nd1rect nethods *

' to deduce °"R  The accuracy of such methods is ‘hard to assess. B

~ Results of both Knudsen (21) and Harsden (18) shou that the
rotatlonaluand translatlonal accomdatmq mefﬁments are equal. .
| Knudsen found that the d1fference in both translat\onal and thennal
coefﬁcients ,for rydél and snooth surfaces was equal for -)natolnc and
diatomic 'gas. Harsden obtamed °'R 0. 85 for mtmgen on sﬂver It
‘should be noted that this result was obtamed with the gas heated and
.the surface co]d 1;contrast to the res-.ﬂts obtalned fro- roon
'tenperature gas and hot surfaces in the present expenmnt

| The amount of theoretica’l work that has been done for pred1ctmg
rotational accouaodation coefficients is very lnnted Feuer H (8) &
.theory. based on a quantum nechamcal model, states that °"R shou]d be
| less than o.T : This has been fomd to be- generall_y troe in the present -

- Oman‘s (7) theOry. based ‘on ooq)uter si-iliation of-th_e‘ coili.siion’

P



process, states'that the energy exchange to the rotatwnal mode is
- hnear’ly proportlona] to the energy in the translatmnal mode of the -
incident gas The theory is based on a solid assnmed to be a 'latt1ce »
of discreet atoms at 0°K. ._ It has not been possible to check thls
‘,theor_y because the translatwn energy of the incident gas was constant
and the surface was at a hi gher temperature in ﬂ\e present experiments. _
An analys1s of the expected accuracy of the present expenmnts bs
gwen be]ow, fo'llowmg wh1ch some aspects of the method used for .-

'determmmg the rotatlona'l teuperature of the gas are discussed. »

o } : o

5.2 Estimation of Accuracy of Heasured Rotatlona'l
* Accomnodah on Coeff1c1ent )

‘Rotational accommodation coefficient ap i-s Vgiven by equation 1.6: ‘

'“Rfs(»r'-r)/(r R S oTe

- Both TR and T were neasured by cahbrated thenmcouples. - The error ’

. s not expected -to-be more than +1°K. Expenmnts conducted uith

T;S = Ta. = 295°K (room teuperatune) showed that the scatter of experinntal
R;

‘ pomts from a least squares best fit line had a. standard dev1atlon of
3.2% correspondmg to extreme values of mtatlonal teq)erature

: TR R +9°K  The slope of the least squares f1t line gave the -
r

* values of TR to be 295°K +5°K. The results of a typical run are

ofT

. shown in the appendj'x. The calculated value of ‘TR} was foimdfto be '
1290°K for - this. data. Ll o |
~ -At higher target temperatures, TR . neas'ured by swtracting‘ two
o : o , Ly T L !
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sets of line intensities, one of which”is 1.5.times the other, shows
considerabfy'more scatter. The computer program given in the appendix _
_‘prints out the rotational temperature after points lying more than a
standard dev1ation away from the least squares f1t line. are removed.
It also prints out the extreme rotational temperatures corresponding
‘.to the variation in sTope due to standard deviation. The resu]ts gave :
‘a scatter in the rotational temperatures of less than +4%
. Since the scatter, and the line inten51ties are independent of.
o temperature and the sTope of the best fit Tine is proportional to
T/TR » the error in TR » namely ATR , will be proportional to TRr
Hence the scatter w1TT cause ATR to be 10. 04TR ‘

r. r

The rotationaT accommodation coefficient can be written-as
Hs:;"vi- TR

o (Tq +AT -T' )/(T"'-T ) = 10.04 + N

aR r ‘Ri S-Ri,- GR GRT—_—T

'S Ri

._f"‘ '. . o 5 . .- o i . ‘ 5.1
The limits of error given by this expression have been plotted on
Figure 9 which shows the results for stainless steel. It is ev1dent
= that the possible error increases beyond 10% for T beTow 440°K »_The'
error decreases as T increases and “R decreases._'A . |

’§5. It seems appropriate at this stage to examine the accuracy “of the
- method used for determining the rotationa] temperature - The method
was developed by Muntz (19). Its accuracy "has been questioned by

Ashkenas (22) and Harbour (23) among others.
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Experiments by Marsden (18), Rob /ben and Talbot (24% Ashkenas
(22) indicate that the measured rotationa] teﬁnperature is too hIgh

- The error increases -With increase in denSIty of the gas and decrease

in its temperature. Ashkenas further suggests that the tenperature
depends on the number of peaks considered

Ashkenas concludes that above T = 300°K, the rotational tenper;ature _ |
'v «»(can be masured with less than 10°K erro%thout applymg correctlons he
'has suggested for den51 ty, tenperature and the nunber of peaks. Based

‘on a nulber of results, a stat1stica]ly corrected equation of the form

Tspect'rometer / T,

true. = A *+ B ]°9°‘ | 5‘2.

s

has been developed The vaTues of A.and B_are gwen in F1gure 10 of' |
'hjs paper. At 300°K for the nunber of peaks (10 to 13) and density
v(7} X ]O"B gms per. cubic cm.) used in the oresent work A 1.36 and

B =.0.05. The equation 5.2 then becomes | .

=136+005]og7x'|08 N
= 1.002255 o 5.3

/T

‘ Tspectrometer true

This shows that at 300°K, which is the lowest gas temperatinre used in
‘ the present experunents, the error is- about 0.2%. ; For higher

‘ .teq)eratures the error is expected to be less than this. , |

| The discrepancy in rotationa] teuperature has been attnbuted to -

A seoondary electrons produced

ich do not necessarﬂ_y fo] Tow the

optical se]ection rule AK =
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electrons are taken 1nto con51deration by altering the eQuation put

%

forth by Muntz (equation l7 of (19) ) to
I(k* )/2K (G +n6 ) proportional to exp K'(K',+l)/TR . 5.4

‘%where GpvlS the same as [6] in Muntz' equation for primary -electrons,

_GS is similar to Gp for secondary electrons, and n is the number

density of the gas. The above equation reduces to that of .Muntz as

- n=>0. Experimental data Clted by Ashkenas (22) confirms the veracity'l
'.of equatlon 5.4, , ‘ '

- ~Lillicrap has plotted a graph of line intenSIties normalized by

d1v1d1ng them by the highest line 1ntensity, (1(3) at 80°K) against -

den51ty. | The plot shows that the use of hlS method gives good

' agreement for. all den51t1es It also shous that equation given by

- Muntz produces good results below 1 x 10]6 molecules _per. cubic centimeter.'
The present experiments were conducted with a number density of 1. 54 x

10'5 molecules per cubic centimeter. "

Harbour (23) contends ‘that there is a possibility of very high
concentration of the secondary electrons.‘ Experimental results of.
 Dunn and Self (26) in parallel geometry colli51onless flow are cited

It should be noted that their experimental set up was dissiudlar to- the

one used during the present experiments. Hean energy of the secondaries

s taken as 20 eV and the most probable energy as 0 6 eV. The secondaries

are assumed to reach equilibrium temperature of 2 ev quickly. Harbour f'
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‘_‘:

arguesethat the electrostatic field of the ions reduces the radial
velocity of the secondaries, and the’ field of the secondaries increases
the radial velocity of the ions. This argument does not apply to the

g present experimental set up as the primary beam is not confined and

there is no reason for ions to congregate near the beam centre. | The'

- field of the primary should stay negative. The extent tounhich Harbour.s
argument holds may be: the reason the results improve at higher temperatures
.In a geometry like the one presently used the ions which inhibit the

: radial velOCity of the secondaries should move out of the region of
interest more quickly at higher temperatures because their own veloc1ty

: would be very near that of the thermal agitation velocity of the gas-

k unlecules. . v

Since the density in the present case is very much lower than those
- used in the experiments by most of the others mentioned and the
temperature equal to and above 300°K the measured rotational temperatures
| are eppected to be within the 0 04T scatter predicted by the analysis

of experimental errors.

: 5.3"Translational Acconmndation Coefficient

| v Figure lO shows the variation of translational accoumodation ‘

acoefficient “T with target surface temperature T » for nickel, silver |

*i and gold ~ The translational accommndation coefficients are 0. 5, 0. 4
?and 0 2 at 400°K respectively for nickel, silver and gold - The variation

of “T with T approximates ‘to “the equation ' o
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-

' daT/dis = -13.7278 ,x.]o“‘ + 2.6042 x 1074 - 5.5
where u is the ratio of the molecu]ar maSS of nitrogen to the atomic
mass of the material of the surface. w.

Among the works cited before the results of Sasaki, Taku and
| Mitani (13) show that at TS = 791°K and TTi=304‘3°K’“T = 0.393 for
~nickel and nitrogen. Present resu]ts give a; = 0.18 for the same '
| conditions. The.difference can probably be attributed to the difference
.in the condition oP the test surfaces’ in the two experiments. Sasaki,
' Taku and Mitani calculated “T from the rotation of the torsion balance
when a beam of mo]ecu]es impinged on the test surface. The method used
- by Stickney (2), con51sting of rotating of the ba]ance shaft to keep
" the test surface in the same p051tion, appears to be a better method
of conducting th1S type of experiment. | |
Sasaki and Mitani . (14) have given the value of “T 0. 48 for '
hydrogen on tungsten at 573°K. Neither of the above mentioned works
give the variation of “T with T. - _' | . A
Resu]ts of Schafer and Riggert (16) fbr gold and nitrogen show that
af decreases “from 0.89 to 0.86 as T, 1ncreases from 293°K to 389°K _Th%
values appear rather high.
Marsden (18) has given ar = 0. 85 for 511ver and nitrogen. but his
nvalues are for a. heated gas on a coid surface. *ﬁf' L '@
The more interesting result qf the present study is the behaviour

of “T w1th changes in surface temperature. VThere.appears to be a
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:llnear variation betuein aT and TS, the slope daT/dT belng 91ven by
equation 5 5. |
-Some data-whichvsupport the behaviour'Of oT predicted by equation, '
5.5 1is given nou: Carpenter, Humphr1es and Mair (15) have reported
results which show the lope duT/dT for nltrogen on tungsten to be
2.6 x 10 4, while equat1on 5 5 gives the slope as 3.38 x 10 -4 for thﬁ
~ same cond1t1ons , ' o : - o @
Results of Roach and Thomas (27), u51ng the temperature Jump-
method, show the slope to be pos1t1ve for neon and helium on tungsten,h
as: predlcted by the equat1on though the magnwtude of the slopes do not

show agreenen ‘TThere is houever good: agreement for argon, the STOpe

.pred1cted by the equat10n for argon belng - 0. 47 x 10 -4 and the results
g1v1n%w: slope nf 0. 38 x 10 4 . ’ 7 | ‘ |
‘f& ‘ ults -of. Thomas (28) us1ng the low pressure method show the S
sgope to be - 7 7 x. lO4 for mercury on plat1num - The equation-predicts‘
.the sl}(’)pe to ‘be --11. l X lO The results are for mercury wh1ch was &
nd; strenuously cleaned and Thomas states that the results are probably '
t,for merCury on an adsorbed f1lm of mercury The accnmmodatIOn coefficient _

"i1s probably hlgh at h1gher temperatures due to evaporatlon of the

el -’?..,-'f-z :

'iadsorbed molecules
" Equat1on 5 5 g1ves good agreement with results obtained in thlS
=exper1ment for n1trogen on . var1ety of metals but uhen applied to other :
:,coannat1ons such as hellum o tungsten, it g1ves values of duT/dT whlch
are too. large 1t would. appear that, the constants ln equatlon 5.5 are

_ funct1ons of parameters other than T _ Equation.53§_1s.proposed to

PRI

L
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‘replace equation 5.5.
o = Yo (_13'4_-" e 1 4T
N3 10° l(meg) /™ 0 /. s

~Thjs eouation‘satisfies the resu]ts of the present exberiments and
agrees well with most of .the exper1menta1 results cited prev1od;]y.
Slnce not many resuTts are available in T1terature showing the var1at1on
of o with T » @ better check on its va]1d1ty could be made if it were

-to be lntegrated to glve uT d1rect1y as a funct10n of T and other

knoun parameters, such that ‘
=:(do.T/dT ) T, - Constart . s
uhere the constant of Integratlon is 1ndependent of T The constant

‘ uas detenmlned by f1tt1ng equat1ons 5 6 and 5.7 to. exper1menta1 data
' glven by Thomas (29) for hel1um, argon and krypton on cTean tungsten

'and bu]k potassuum The resultlng expresswon is given by equation 5. 8

: =5
Constant %g—-(G] 19M-]2525 2 /ﬂ'+ 28451 63)(32+Y (Y+1)(1.:67- Y)M-H )

‘ -5, N . M(184-M.) © )
- 4107 (62.07M - 5.6224M - 99.47 2@'0"5??54}33. 6 |
| (TT - 84, 45.4°r+ a. 7583M +342.87) 58

In thlS exprESSTOH the rat10 of the specific heats were used
to make it flt the results of the present work for d1atom1c nltrOgen

The real test of emp1r1ca1 equat1ons such as those g1ven by
equatlons S. 6 to 5.8 is how. well they pred1ct resu]ts for a wwde range
of gas-surface combinatlons and cond1t1ons . other than those used to

‘ detenm1ne the constant Th1s is d1scussed below for monatom1c d1atom1c, .

.- and polyatom1c gases separate]y. 2

/
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Monatomic gases: -
The”table-below shows seﬁe of the results predicted by the equations.
These have been compared to experimental results given by Thomas(29).

. The d1fference betueen surface ‘and - gas temperatures have been taken

to be 17°K.
TABLE 3
Predicted accommodation coefficients for monatomic gases . -
Combination | d _.TTi°K s aT(Qredicted) aT(weasured)
Xe/W 153 -, .8, . g9 o
. 183 >, S
| 193 .81 .85
43 ;s g1 o~
3 - 68 . .1 . | \E>
He/Na =~ 78 o4 035
o .90 085 . .03
v | 195 067 .065
298 089 .09
ANa g a5 g3
. L% a4 .3
195. 42 R I
- 298 4 .46
He/Ni 100 088 1 048
B 20 ., .057 . _os9
00 . .72 072 |
L . ) A._*‘,__’;_;__._’_______ L



—The experimental: results for helium on nlcke] ar%]taken from Goodman S iv,f“’
(4) paper. It appears’ from the table 3 that the equations predlct e
good results for the gas-surface comblnatlons given'there It was
~ found, fﬁpwever that for neon on tungsten they g1ve ar vary1ng from
- 0.2 to 0.14 for a temperature range of 153° to 303° ) These values
.are much h1gher than those given by Thomas (29) for the same cond1t1ons b
but are about half those predlcted by Goodmans (4) original: s1mp1e |
cublc lattice theory (@ '
It can be stated in general then that the equations work
well for a Iarge range of gas surface conblnat1ons for monatomic
gases neon excepted | | A
_Dlatom1c gases .

,.As stated. before the equations have been adJusted to give an excellent
description of the results obtained here for nltrogen on gold, s11ver
and nickel. ' Of the other gases”tested w1th ‘the equat1on hydrogen
on platinum gave values of aT varylng from 0.17 at 100° to 0.2 at
600°K, the tenperature of‘the surface being 17° h1gher Though the |
trend of “T versus TT is oppos1te to that shown by curves 7 and.9 of

: flgure 2 of Thomas' (28) paper, the overall values compare weﬂ] Oxygen
on p]at1nun. on the other hand gave values of ar which were ]ower than

vthose given. by Thomas (28), varylng between 0. 42 at 100°K to 0. 22 at -
¢Q4OO° compared. to about 0 5 at 400°. ~Weinberg and Merriﬂl s (30) expezlments

%have shown that platlnum behaves ]1ke nickel when reflect1ng 11ght gases

such as helium and like 511ver when reflecting heavier. gases such as

argon and th1s may exp1a1n the dwscrepancy between measured and

o K ’ > r
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&
.
predicted results in this case, It 1s unfortunate that dependable

results for other metals are not available in literature:

Polyatomic gases:

The on]y gas tested with the equat1on in this category was carbon )
d1ox1de The equat1on predicts ar on p]atlnum to be 0.45 at

300°K and 0.33 at 400 K compared to 0.48 at 300°K and 0. 36 at 400°K
given by Thomas (28). At higher temperatures, however the exper1mental

resu]ts are h1gher than those pred1cted

0bv1ous]y equations 5 6 to 5. 8 need tovbe checked more A,
‘fthoroughly before their va11d1ty 'is established, but the results
g1ven here are deemed suff1c1ent to support the proposition that -

oy varles lrnearly with T accord1ng to equat1on 5 5.



a:w1]1 be assumed to be + ]%. Scatter in (IZ - I )T /(I - I )T
. _ , | Tr

5.4 Estimation of Accuracy of Measured. Trans]at1ona]

Acconnndatlon Coefficient

From theory, equation 4.17 gives

1 r )

Experiments conducted wlth TS TT-

1nd1cated that the scatter 1n (I2 -1 )% ” was”+ l"i,
T; . '

42 Y
[, - W Mg |-y -

T-'
1

and the error in them is not expected to be more than +]°K. -

2.7

The temperatures T and TT were measured by cal1brated thermocoup]es

5°K (room tenperature)

Slnce there is:

no reason to expect (12 - I])T ' Io be any d1fferent the scatter th it
T v

is ca]cu]ated below, based on’ th1s

T r-—(I -I ) amip=ql
Sl Li )

Let. q

Then an error 1n p can’ be wr1tten as .{”;

-Jl(ng;Ar"
r

where Aq/ ?-Ar/r =i;0.01 as note% before.s‘; -

Q] .
Results of a typ1ca] run gave values of q =

~units corresponding to T 790°K

Substltuting these values

- .

1632 units and | r

e

5.10
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Then or can be Written as’

='(qp~.+'t?> 3”/“ T, TN Eep 00T . - s
T - i : - ‘
pﬁbtted on Figure 9. It is evident that the results

This var1a$1oﬁ Is
fa]] within th1s probab]e error.

| It should be noted here ‘that (12 - i )TT- is measured on1y>once
for each set of expemmental runs. Hence, the values of @at vanous

T w1]1 be affected to the same extent by the error in this variable in

'each run.

For each run p can be written as p = q/r, where qis constant

Then | 9§-Ar | - » . 5.12

| Subst1tut1ng va]ue5f1nd1cated before

2 ¢ .
A 5 % ,o 01 0.0125.
o

...,

'-'aT o.T+00]ZS/(T /Ty - 1) S sa3

1 .
Therefore values of “T for each exper1mental run have a probable error

+0. 0125/(T s/T ~ 1), when the1r magn1tudes at d1fferent T are compared
to each othery . In other words, the s]ope daT/dT is more accurate

3

»than the absolu$e value of ar. o ¢

: Throughout this work “T and “R have been def1ned on the basis of

' vtemperatures . Such a def1n1t1on assumes that both the 1nc1dent and the

reflected gas are in equ111br1um. , The Justification fbr maklng such

NG
4 o N

.\"
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, an‘assumption'is as follows. Equation 4.10 is der1ved from equat1on

4.9 which depends on Maxwelllan dlstr1but1on of the molecules. It has

l

been stated prev1ous]y that a plot of In'I(K )/(K' + K"+])[G]( ) !

| Yo
' aga1nst K'(K' + 1) w111 result 1n a stra1ght Tine only if the gas has

":an equ111br1um rotational energy d1str1but10n F1gure 7 shows such a
p]ot and is typ1ca] of the results obta1ned dur1ng the exper1ments It
'can be seen from the figure that a stra1ght Tline is obtalned confirming
equ111br1um d1str1but1on of the rotat1ona] energy. Th1s Just1f1es the
use of temperat es to define the rotataona] accommodation coefficient ‘
as in eguatfon 1N6. With regard to the translat1ona] energy d1str1but1on,
the 1nc1dent gas nn]ecu]es are in Maxwe]]1an distribution. Hence whether
'they are ref]ected d1ffuse1y or specu]ar]y " the number reflected in ‘_
var1ous d1rect1ons should still correspond to equ1]1br1um 41str1but1on
The results of mo]ecu1ar beam experiments carr1ed out by var1ous authors
'1nd1cate that the ve]oc1t1es of the ref]ected nn]ecules also retain

equi]1br1um d1str1but1on .~ For these reasons equat1on 1 5 def1n1ng

aT based on temperatures is expected to be we]] Just1f1ed

5.5»~Surface Condttions ‘

The values of both trans]at1ona1 and. rotat1onal acconnndat1on
- coeff1c1ents are dependent on the surface cond1t1ons Measurements ..
of energy acconnndat1on b;ﬁnolecular heat transfer methods have shown h
that adsorped gas layers can change the therma] acconnndat1on by a

factor of 10. I
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ot ‘i,~"l'
)

- ‘ o f.-b,v-::-‘:.,:w T
Wachman (]2) has reported 0 02 va]ues of therma1 accqnnndatxouA

coeff1c1ent of helium on c]ean tungsten 0.185 for he11um on tungsten Lf"

'I)J

with gas layers. No data is ava11able 1nd1cat1ng the effect of'gas

layers on the rotat1ona] coeff1c1ent _:~ ' ‘5'jﬂ - ‘il.t- "?f .‘}"° |

To obtain results . fbr c]ean meta]s efforts were made to conduct
_tests on surfaces which were (a) pure as. far as mater1a1 compos1t1on
was concerned and (b) free from adsorped gas ]ayers dur1ng the : RIS
experumgisq} The compos1t1on of n1ckel, s11ver and go]d sheets used“J -

- for target mater1a1 are g1ven in Tab]e 4 as supp]1ed by tNe manufacturer

'; ' N Tab1e 4

Typvcal Analyses of Surface Mater1al Compos1t1on -
[ F1ne‘Go]d A_ ,“ o F1ne S11ver S Nickel”
Mu99.99% . pg 99.9% o N99.98
Copper .005% . v .09g - . ¢ o0y
Silyer L0017 © . Pb .03 7w ;ooiz,v :
|  Fe  .005% o {'Féf 013 B
Ni .02 s .001%
- : (Zn' .005% “P' Cosi 0012
) td .005% w0
J Al o053 N
) Bi  .01% L
detai'OEherbv .
T e <7

L ‘

,-:(J o 4. N . T
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The steps taken to keep the surface clean have been detailed 1n

exper1menta1 procedure A1l the experlments were conducted at h1ghp

; ‘temperatures and at these temperatures no gas layers are expected to

hbe phy31cally adsorbed. As far as chem1ca] adsorpt1on goes, Table 5,
,ftaken from Lew1n (33), shows that at room temperature silver is 1nact1ve

7but n1cke] and gold are act1ve

o O\ ~ Table

-rChemfcal_Adsorption

.Meta]:‘ N2 ‘HZ €0 "C H C,H 02 Co

| A 2 -ty
Ag. N NN
AN N N YooY N
NN Ay Yy Ty Ty N

where Y 1nd1cates chem1ca1 adsorpt1on and N 1nd1cates none.

011 from the d1ffus1on pump is- the Tikely source of most of the

:v:fhydrocarbons._. Two co]d traps ‘on the rough1ng pump ]1ne as well as the -

n\length of the pump 11ne are expected %o prevent 0il vapours from gett1ng
'11nto the system ' H2 and,og\are fonned by desoc1atwon of water vapour
‘lln places where hlgh temperatures are generated such as near the
:llonlzatlon gauge Baklng of the vacuum system should exc]ude most

- of the water vapour 0n tﬁe bas1s of th1s d1scu5510n 1t is expected :

,J’that the results are for c]ean metal surfaces

'l_‘



5 CHAPTER VI . A
Uy S - S

f .‘concwsmns
1) A techn1que fbr the s1multaneous measurement of rotatlonal and
translatlonal accommodatlon coeff1c1ents of: n1trogen on a variety of
solid Surfaces has been developed Rellable and repeatable results

" have been obta1ned with an accuracy of ‘
%T oT+003/(T/TT —l)anda.R aR+004(’aR+TR/(T _TR))

2) Values of op were apprec1ably less than af. in agreement Nlth
theory, but the absolute values .are much greater than. m1ght be expected

;from the few theoretical. results that predlct quant1tative values They

/'.*also showed little var1at1on w1th T

3)" Values of Qrs> On- the other hand varied with T : Results from :

' :three metals, nlckel, s1lver and gold could be corE?lated by the equatlon
 dop/dT_ =13, 7278 X 1074 4 2.6042 x 10” /u |

‘ Integrat1ng thlS equatlon and adJustlng the constant of 1ntegratlon
using ava1lable experlmental data, the resulting closed fbrm solution

for translatIOnal accommodatlon coeff1c1ent “T

iwl; 1 .
aT viv- (3) l(wz)e”T fnM ],

..5 :
’—02— (61.19M - 12525 2/M + 28451, 63)(32 +y (Y+l)(l 67-y)M-H, )

3 -5 M(184-M )
- lO 62. 07 /ﬂ'- 5. 6224M - 99 47
f - 2F-TO.BBM + 33.6

,Tr 84. 45 M+ 4.7583 + 342, 87,
' | & S ,.1;%-14’, 3
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not only gives an excellent descrlptlon of the results obta1ned here,
.but a]so predicts correctly fbr a large range of. gas-surface combinations
and conditions. |

The proposition that the translational acconnodat1on coeff1c1ent

var1es l1near]y with surface temperature appears to be valid.

4) As ar can be measured by this method for other gases and- surfaces,
1t would be 1nterest1ng to check the above equat1on for gas- surface
comblnatlons such as helium, and argon on var10us Surfaces ‘One of
the advantages of the present techn1que is that it p]aces few

restr1ct1ons on the materlal of the surface.

5) H1gh temperatures of the surface can be emp]oyed Theoret1ca1
'error analySIS shows that the accuracy increases as the d1fference in

temperature between the gas and the surface increases.

6) Absolute pressure measurements are not required. This not only
faCIIitates the perfonnance of the experlments but also adds to the

lnherent accuracy.‘
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APPENDIX

The mechanism of, excitation of the nitrogen molecules from the

ground state N, &> to an ionized state by the elegf%on beam has been

given in detail by Muntz (31). Only the h1ghl1ghts w1ll be mentioned

l

below.

T

It has been\stated,in”reference (19) that the limiting pressure

%
at which a direct excitation to'NZBZE'state and subsequentiemission‘can‘

t_.f;f,J;_take place, unaffected_by ggs'kinetic collisions, ii'about 470 x lO'3

@
o

ftorr at ‘room temperature _The pressure used in these exper1ments was

'S orders of magnltude lower. _
“In none of the experlments dld the temperature.of the gas exceed
;EOOOKf Hence there was no. s1gn1f1cant exc1tat1on of. the v1brat1onal
mode (19) F1gure 1 shows schemat1oally the exc1tat10n process at

the top, the emission process in the m1ddle, and the exc1tat1on em1ss1on

J

pat.. voltage levels at the bottom, and 1s reproduded from reference (19)."

nhe 1on1zation, 1nply1ng the carrywng away of a secondary electron ;'

'v\

with a spin of l/2. is the cause of change 1n mult1pl1c1ty of q during

1 2.

T:thé§e§c1tatwon from N2 ) 3 to NZB T The spln coupl1ng 1n the upper

a,state is very weak and 1t can be assumed that, the doublet states are

—’f
-

unresolved The tran51t1on is assumed to belong to Hund s case (b)
3 _(32) and _the appl cable selectlon rule AJ = +1, except for the sp1n
»change of 1/2: due: to the removal of an electron } The rotatlonal levels :

are des1gnated K = J+l/2 and the selection rule, then AK = +1, gives '

-

-
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x

tuo paths of excitation, P and R, as shoun in Figure 11 (top) correspondlng
to populatlng of energy level K* of the upper state fron two levels of

the ground state whose energw levels. correspond to K' + 1. Thus, as
shown' in F1gure 11, the rotat1onal energy Tevel of NZBZZ state, K' = 2

1

‘is populated from the energy levels of the Tower state N2 X]Z K**

and 3 along R and P branches respect1vely. AK ‘= 0 transitions are

2. 2,

The trans1tlon is “from N,B°E to N2 X°z. The middle part of Figure 1

shows the tranSItlon schemat1cally. -There is no mult1pl1c1ty change

and the lower state also has a very ueak spin coupl1ng. - The 22 to

ZE trans1t1on reduces the ]2 to 12 tran51t1on, if the doublets are .
'f unresolved Thls agavn correSponds to Hund's case (b) (32) type, and
| -the select1on rule AK = +l w1ll lead to P and R branches of em1ss1on
A theoret1cal calculat10n of line 1ntens1t1es has been carr1ed out
-+ by Muntz (l9) | This . has not been reproduced here.ii One notable feature ;A.-

o of the l1ne lnten51ties 1s that in the ground state N2 x]z of the nltrogen )

i¢:nolecule, the nuclear spin causes the odd rotatlonal levels (K"'— 1 . 3. 5
’_{ etc.) to have exactly half the populatlon of the.evéh levels (19) '
;. Select1on rule AK = +1, populates the odd numbered levels in. the upper

| . State w1th tw1ce as many moleCules as the even numbered This causes 3
the peaks correspond:ng to. K' :1,3,5, etc.’ to be twice as 1ntense as_

, , ew
those correspond1ng to K* = 2, 4 6 etc.



73

4

Only ‘the R b*anch of\\/J551on is of 1nterest as 1t is the only

" branch the spectrometer could resolve. The P branch fbnms a bandhead
and turns back on 1tse1f mak1ng it ve;y difficult to reso]ve ‘.

- Given be]ow are the wave lengths at wh1ch the peaks of the R
branch occur. These va]ues correspond to rotat1onal energy ]evels K* \

- from 3 to 15. They have been taken from a paper by Ch1]d<(20) The‘

d1fference in wave lengths between succe551ve peeks in Angstrom units

is also g1venfv Th1s forms the cr1ter1on for work1ng out the d1mens1ons:

. of the slits. | ; "ai’\
| Table 6 -
Wavelengh of peaks nn the R- branch\
F'K;ug‘ B Have]ength A | ~:Difference :
e 3. . 3908298 -
kR T 07533 0.7
C5. - oga03 T - 0.830 |
6 .. ;3' bseadl,; . 0.862 o
A RN T S VR /
o g l‘h'jﬁr~“03.é§§ ﬁg“f“ ; f ’;ngsa)r‘ .
S T T w;ozlgsé"zhA o o a
: "’310‘;‘€A?,,;. C o o :‘11?4]
om0 T oo 1.086
iz e P BT
as 98.499 a2
B T o AR
15 - 0 95:9%. . 1e2n
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As stated, the spectrometer cou]d resolve onTy th1s band. 'By o

o -
‘&yresolut1on, it 1s meant that when one of the peaks is centred over the
£ °

Lexit s]1t the ne1ghbour1ng peaks do not 1nfTuence its 1ntens1ty

: The reso]v1ng capac1ty of the set .up was dependent mainly .on

-

ey three 1nterre2§§ed fac@%rs :‘was the 1nherent ~Capacity of .

the Spectrometer to resoTve.'x,Tgﬁﬂfdepends on the 11near resolv1ng K

power of the. spectroneter and the w1dths of the entrance and exit.slits. |
‘ The detalls for calcu]at1ng proper. sT1t w1dths -are g1ven by Marsden (18)

'5_ ahdathese have been: 1%corp6rated into the set up The sT1t widths

| ~a Were a comprom1se between oﬁta1n1ng good reso]ut1on and 1ntens1ty of ~:;:

N ]1ght s1gna] Too Targe a width resu]ted 1n poor resoTut1on and too..

) narrow a w1dth reduceq the 51gna] to be]ow acceptable s1gnaT no1se

rat1§§°’ The w1dths were set at 0 003 1nches for entrance and 0. 004

11nches for exit sT1ts, as these gave the best results. , r', o
The second factor affect1ng resolutlon was the speed at which “the

» 4
speCtrometer scanned. Too fast a scan resu]ted in poor resolut1on because

S

_ 'of7the\t1ne constants Jnherent in- the coup]ed eTectr1ca1 measur1ng
r %dev1ces Interna] fr1ct1on of - the scanning- mechanﬂsm prevented 1t
: frbm be1ng run beTow a certa1n speed R L
' The third factor s re]ated to the second: the time constant#pf
the measur1ng dev1ces used name]y the electrometer and the chart recorder
and noise produced by the photomu1t1p11er and the two ab;ve nent1oned

1nstruments . The fluctuat1ons in the output of the EMI 9502 S photo—



» 7 P . . ' o 75 .

}

multiplier depends on the ]1ght 1ntens1ty being- measured If, for
examp]e the light 1ntens1ty causes a nominal 1005 pulses per second
and this 1s averaged over per1ods of 1 second, then the root mean
square of the fluctuations is stat1st1ca1]y equa} to the reciprocal
,of the square root of 1000 or about +3%. The greater the line 1ntens1ty,
the higher the number of pulses produced and the l1dwer will be the
stat1st1ca] fTuctuat1on To “integrate out this noise,'a-Sdb mFu :
Capacitance was inserted across the anode ‘and the'ground of the
4photomu1t1p11er\near the e]ectrometer term1na1s T o

An 1ntegrat1ng RC circuit was 1nserted between the electrometer
and the . chart recorder It cons1sted of a 10 K potent1ometer and a
T-mF capac1tance The potent1ometer res1stance was adJusted unt1] the
~ .noise from the eTectrometer was damped'out The eTectrometer was on

10 x TO 10, ampere scale. o Its output -was three vo]ts Y The chart

recorder was adJus%ed to g1ve fuTT-scaTe def]ect1on at ‘two’ vo]ts It

o ,was offset to read about 1/10 of the fuTl sca]e def]ect1on when the

", about ]0 m1nutes

o eTectrometer was read1ng ‘the dark current wh1ch had a. value of 4.x. 10 ]0
o ?

o amperes Power supp11ed to run the speﬁtrometer séann1ng mechanISm
-nntor was adJusted o) that the scan between peaks a K' ;1 to 17 took' :
A computer program was: wr1tten to ca]cu]ate the rotat1ona1 tempera- ‘

Tture tﬁf data supplled were the 11ne 1ntens1t1es at K"--3 to 15 as

‘ g1ven 1n Table 2. The fo]]ow1ng steps were carrled out by the program p
’ o ) \\‘ .

wh1ch is attached_
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; 1. | The temperature dependent factor [G] was ca]cu]ated at TR 300°K
| for all- values of K'.  Ln(I(K')/(K* + £ K + ])[G](—-) ) were then :
~"calcu_lated.; (%-)4, a constant for each value of K' was stored in. the

’» 5pf0g;am;ﬁ»i, 0 - —_ |
‘r:Z;i A least squares straight line was fitted to these po1nts w1th
X (K"+ ]) as the abscissa.  From the s]ope of th1s line, , Tp was |

‘calcu]ated If this TR differed from 300°K by more than 25°K the

new temperature was used 1terat1g¢]yﬁln step 1.
. : /A} : )
3.  The variance was ca]cu]ated and all ‘points lying outside this

»7<were thrown out 'Step 1, .2 and 3 were repeated until all outlvers
were el1m1nated Then the rot2:1onal temperature extreme temperature
g correspondlng to the standard deviation and the percentage dev1at10n

e

gwere printed. . o S N u

~For purposes of checgwng the nunber Qf p01nts used to define the
. llne the prtnt Bht conta1ned -data po1nts -used, the po1nts thrown out. :',
Abe1ng pr1nted as zetges A pr1nt out of the results fbr the case .
when the surface temperature is equa1 to room tenperature is'also , -

attached
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-KOUNT=0
52
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DIHENSION A(30) 3%50) .Y(30), x(30),
ST(10),6(30), YCAL

READ(5.20)N ,NUMBR o '
FO T(2110) 4 . "
READ(5.22)(B(1),1= 1w4J) '

,FORMAT(BFIO 3)

B(I) . HAVELENGTHS OF R-BRANCH PEAKS
D0 2 1=1,17

B(1)=3908.2/B(1)
B%I}-B%I;*Bglg

B(I)=B(1)*B(I
X(1)=1*(1+1) —

CONTINUE

B(T)=NEW/NEWNOT RAISED T0 4
X(I)=K'(K'+T) ‘

READ(5.21)(A(1),1=3 N)
FORMAT(8F10.3) :

~A(I) MEASURED LINE INTENSITIES STARTING AT K'=3

READ(5.112)TEMP

FORMAT( F10.3) —

WRITE{6.,111) TEMP

FORMAT(//T8, 'SURFACE TEMPERATURE DEGREES KELVIN-' ,F10. 3)
Y(1)=0. .‘ _

G(I)-O L

OTATIONAL CﬁﬂﬁwﬂNT IN GROUND STATE

HPLANCK'S CONSTANT™ 5 .. " e

C=SPEED QF LIGHT,
K-BOLTZMANN S CONSTANT

K=0

DO 4 I=3, N

. IF(A(1).EQ.0. )GOT070

IF(X(1).EQ.0.)GOTO60

- 6(I)=(1+1)*Exp(-2. *B(19)*1+1)/T(1))

G(I)=G(I)+I*EXP(2. *3(19)*1/7(1)) S -

&(1)-G(1)/(2.*1+1) €
6(1)<ALOGIO(G(1)*B(1) - o

Y(I)-ALOG]O(A(I))-G(I)-ALOG]O(Z *1)
GOT060

¥(1)=0
M=M+]
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45

49
10

51

'I.i.
b

w0

- T{2)=2<00
T(2)=mBs(T(2)) -

C T(3)=ABS(T¢2)-T(1)) < -
T()=T(2)" . * " o

o

WRITE(6,45)6(1) ,Y(1) ,X(1) ,AC1)

FORMAT(/,4F10.3)

G(I)=(G) OF MUNTZ'S EQUATION
Y(I)=L0G I(K')/(K'+K"+1)(G)B(I)

CONTINUE
SUMY=0.

SUMX=0.

SUMXY=0. :
SUMXX=0. *

DO 5 I=3,N
IF(A(1).EQ.0.)60T05
IF(X(1).EQ.0.)6OTO5
SUMY=SUMY+Y(1)
SUMX=SUMX+X(T)
SUMXY=SUMXY+( X(1)*Y( 1))

SUMXX=SUMKX+(X(1)*X(1)) *

CONTINUE

WRITE(6.49)SUMY ,SUMX,, SUMXY , SUMKX

FORMAT(//,4F14.3)
SUMYX=SUMY*SUMX / (N-M-L «2)

- SUMXP=SUMX*SUM)./(N-M=L-2) '
SLOPE=( SUMXY-SUMYX)/( SUMXX-SUMXP)

CONST=SUMY-( SUMX*SLOPE)
CONST=CONST/(N-M-L-2) -

WRITE(6.51)SLOPE ,CONST .

FORMAT(ZFgg.G) ,
5*1.4

(1)

CUK=KH1 L
CIF(K.GT.7)GOTO11 , ‘
WRITE(6.40)K,T(1) .. - =

. FORMAT(//T8,110, ' APPOROX, TEMP.=*,F10.3)
“M=Q T T IO

1F(T(3).6T.25.)GOTO3
SUM0. . . . -

DO 6 I=3,N

P
L

YCAL(1)=SLOPE*I*( 1+1)+CONST

IF(A(1).£Q.0.)G0T06

IF(x{I).EQ.0.)G0TO06

- SUM=SUMH(Y(I)-YCAL(I))**2 |
- CONTINUE L ,
- SIGMA=2.*(SUM/(N-M-L-2)**

S
- SIGMA=2.*SIGMA o

2

384/(2.302585%SLOPE) —
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75

-
25

30
31

a0 7

. XSQ=XSQ+( X(I1)-XBAR)**2

SIGMA=VARIANCE
WRITE(6,61)SUM, SIGMA
FORMAT(2F10.3) - '
WRITE(6,75)(YCAL(1),I=3,15)

_FORMAT(F10.3) -

J=N

C=Sumy

DO 9 I=3,N
IF(X(1).EQ.0.)GOTO9
IF(A(T).EQ%0.)GOTO9

'IF(ABS(Y(I)—YCAL(I)).LT.SIGMA)GOTOQ

J=J-1

- C=SUMY-Y(I)

SUMX=SUMX-X(T)
SUMXY=SUMXY-X(1)*Y(1I)

SUMXX=SUMXX-X(1)*X(I)
¥(I)=0. '

X(1)=0.

L=L+1

CONTINUE
IF(C.EQ.SUMY)GOTO11
SUMY=C

_GOTO 10
" WRITE(6.25)T(1)

FORMAT(//T8, 'ROTATIONAL TEMPERATURE=',F]O,3)

XBAR=SUMX/(J-2) -

XSQ=0. " -
D0 12 I=3,N- -
IF(A(I).EQ.0.)60TO12
IF(X(1).EQ.0.)GOTO12

CONTINUE - =~ = -
SIGMA=SUMA(J-2) - . L -

'SIGSP=SIGMA/XSQ . -

STDEV=SQRT(ABS(SIGSP)) =~ ",

- STDEV=STANDARD DEVIATION - e
T(4)=ABS((T(1)*SLOPE)/(SLOPE+$TDEvf§{ )

T(5)=ABS((T(1)*SLOPE)/(SLOPE-STD
WRITE(6,30)T(4),T(5) = -

" FORMAT(//T8, 'EXTREME TEMP.=',2F10.3),
T(4)=(T(4)-T(1))/T(1)*100.

T(5)=(T(5)4T(1g)/T(P)*100. ‘

WRITE(6,31)T(4),7(5) ~ ‘
PORMAT(//T8, 'PERCENTAGE TEMP. DEVIATION=',2F10.3)
KOUNT=KOUNT+1' S o

D0 100 1=1,17

X(1)=1*(1+1)

_ TF(KOUNT.LE.NUMBER)GOTO52 -

/9



-0.007

.41

0.001 |
0.003 .323
0.005 232
0.008 125,
0.010  -0.015

10.013 0108

0.016  -0.233

.748
2
.670
617
.557

£

0
0
0
0
0 :
#-0.001  0.487 -
0
0
0
0
0

12.000

l:

20.000

30.000
- 56.000

' 90.000
110.000
132.000

95,008

156.000

182.000

210.000
240.000

4.555  1352.000  182.238

-0.004305"  0.798158

7

1APPOROX.  TEMP,=  290.281

kol

SURFACE TEMPERATURE, DEGREES 'KELVIN= 295.000 . -

33.000
40.600

- 46.200 -

49.200
50.200

49 000 ;<i

46.500

42.400

38.000
32.600
27.600
22.500
18.200

208312.000

A
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0.000
YCAL 0.746
0.712 - | |
0.669 o | | S
0.617 » . -
0.557
0.488
0.411
0.325 .
0.230
0.127
0.015 : " : o S ETeR
-0.106 o o Y A
-0.235 - |

ROTATIONAL TEMPERATURE = 290.281
" EXTREME TEMP.= 290.624 289,939 | o

PERCENTAGE TEMP. DEVIATION = 0.118 = -0.118

. - FO5046A8 = (00509E38 . 00509808 00000132
00000001 00000004 - 00000000 . 00509130
. 43132000 00000000 - 43122480 00000000

T



