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ABSTRACT

Our extensions to conical orifices of Clausing's aunalysis of angular
distribution of molecules effusing from cylindrical orifices has resulted
in numericsl values for transmission probabilities and recoll-force correction
factors which are tabulated. With these results, it is demonstrated that
the optimum orifice geometry for (1) vecoll force measurements is & diverging
conical orifice with semi-apex angle of 30°, (2) delivery of maximum fraction
of effusing molecules onto (or into) & target (aperture) 1s a loag cylindrical
orifice,

Modifications to the angular distribution apparatus arc described and
experimental results given for four orifices snd two gases over the pressure
range 5 to 900 dyn/cmg. The most interesting aspect of the results, one
apparently not previously noticed in angular distribution results, is the
presence of maxima and minima in plots of A vs. 0, where 4 1is the (expexrimental
value - theoretical value) of Pg, the fraction of effusing molecules which
flow per steradian at angle 6 from the orifice axlis. 7hese maxima and minima
have been correlated with the relaLive contribution from the orifice wall
to the total flux at angle 6.

litional 1esults for experimental transmission probabilitics of orifices

.
Cu

determined by the Multicell technique are generslly in agreement with theo-
retical vslues within 2 to 59.

The Miker technique for simultaneous determination of vapor pressure by
rate of effusion and by recoill force measurements has been refined to the point
that recoil force data are as reprodncible as rate of effusion measurements.
Several sources of spurious recoil force have beer ldentified and elininated.

A new furnace and & wodified gutomatic control system for the microbslance

are described,

111
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SZCTION I
INTRODUCTION

The Knudsen effusion techniquel,? 1s widely used, in varied guises,
to obtain vapor and/or dissociation pressure detas, especially at high
temperatures. In actual laboratory operation the conditions under which
effusion occurs are rarely, if ever, the ideal conditions assumed in
the derivation of the simple Knudsen equation. This report summarizes
work on several approaches designed to clerify the understanding of the
effusion process under non-ideal conditions. More detailed introductory

paragraphs are included in each of the following sections.
SECTION II

THEORETICAL ANALYSIS OF MOLECULAR FLOW
THROUGH CONICAL ORIFICES

Vapor pressures and the composition of vapors at high temperatures
are often determined by effusion techniques®, e.g., Knudsen effusion,
torsion-Knudsen~effusion-recoll, and target-collection methods; furthermore,
mass spectrometry of high temperature vapors 18 often facilitated by the
use of an effusion cell as the vapor source®. Derivation of thermodynam-
ically significant data from the results of effusion experiments requires
knowledge of the relation between the measured quantities and the equilib-
rium pressure in the cell; this relation must take into gccount, among

other factors, the non-ideality4 of the geometry of physically-realizable

effusion orifices.




through the orifice has becn analyzed by several investigators™ , whose
r~sults hLave usually been given as numerical values for the transmission
probabiiity, i.e., the probabliity that a molecule which enters the orifice
through onc end will exit from the opposite end. The effect of orifice
geometry upon the angular distribution of molecules cfiusing from an
orifice has received less attention but an analysisl® for cylindrical
orifices has been made and the results have been used'’ to obtain the
"recoil-force correction factors"™ applicable to torsion-Knudsen-effusion-
recoil messurements>.

In Part 1@ of this report and in a contribution to "Condensaticn and
Evaporation of $olids"13 {subsequently cited as CES) we have presented
an anslysis of the flow of rarefied gases through and from conical orifices.
Equations were derived for calculation of the incident molecular flux
density along the orifice walls, the transmission probability of the orifice,
the angular cistribution of molecules leaving the orifice, and various
other functions. In Part I, but not in CES, the results of extensive com-
putations of the various functions were reported; for convenience, one
table and two Figures from Part 1 are repeated herein, and the results
discussed briefly. Subsequently, these results are compared with other
theoretical results; comparison with experimental results is deferred

to Section I1I C and IV of this report,

In the last portion of this Section we shall exploit the angular

distribution functions for conical orifices, which have not previously

been avallable, to consider the determination of an optimum orifice geometry

(within the class of right circular cones) for particular experimental

configurations.
A, RESULTS OF THE NUMERICAL CALCULATIONS

In Figure 1 the various critical orifice parameters are defined by
11lustration. Vealues of the transwission probability W, and the recoil-
force correction factor f are given in Table 1, and in Figures 2 and 3, ‘
respectively, for conical orifices with 05(L/xp)510 and with =90°<T<+90¢,
1.e,, for both converging (I negative) and diverging (T positive) conical Cod

orifices. Transmission probabllities are given only for the diverging )
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Conical Orifices and Parametcrs:

A, Diverging

Figure 1.
Configuration, T positive; B, Converging Conviguration,

T ncgative.




TABLE 1

TRANSMISSION PROBABILITIES AND RECOIL FORCE CORRECTIONS
FOR CCNICAL ORIFICES

a 2. a
(L/rm) W f _if*/rm )
0,1 0.952399 0,968322
0.2 0.909215 0.937308
0.4 0.82408 0.87847
0.6 0,77115 0.82471
0,8 0,71778 0,77620
1.0 0,67198 0.73269
2,0 0.5142 0.5725
4.0 0,3566 0.4024
6.0 0.2754 0,3125
8.0 0,2253 0.2564
10,0 0.1909 0.2177
0.1 0.967347 0.986104 0,980330
0.2 0,93835 0.97200 0.96127
0.4 0.88938 0.94451 0.92584
0.6 0.84990 0.91904 0.89445
0.8 0.8176 0,8960 0.8670
1.0 0.7908 0.8756 0.8432
2.0 0.7058 0.8035 0.7621
4,0 0,6348 G.7581 0,6899
6.0 0.6051 0.7107 0.6589
8.0 0,5895 0.6970 0.6425
10.0 0.5802 0,6892 0,6328
0,1 0.978646 0.,999546 0.988540
0.2 0.96027 0.99816 0.97764
0.4 0.93057 0.99407 0.95804
0.6 0,90793 0,98941 0.94150
0.8 0.89034 0.98492 0.92770
1.0 0.87642 0,98087 0.91625
2.0 0.8370 0.9682 0.8813
4.0 0.8108 0.9633 0.8564
6.0 0.8022 0.9660 0.8480
8.0 0.7984 0.9699 0.8442
10,0 0.7963 0.9736 0.8421

PO



¢ T (l-/rm)a W I (f./rme)a

{ 30° 0.1 0.985915 1.008954 0.991868
0.2 0.976141 1,016307 0.988198
0.4 0.95973 1.02782 0.97848
0.6 0.94812 V.,03652 0.97079
3 0.8 0.9396 1.0434 0.9646
{ 1.0 0.93338 1.04919 0.96004
. 2.0 6.9177 1.0687 0.9473
4.0 0.9095 1.0908 0.9401
6.0 0.%$373 1.1044 0.9381
1 8.0 0.9065 1.1140 0.9373
10.0 0.90060 1.1212 0.9309
: 40° 0.1 0.992680 1.014589 0.997083
} 0.2 0.987008 1.026941 0.994494
: 0.4 0.97902 1.04663 0.99034
: 0.6 0.97389 1.06220 0.98732
. 0.¢ 0.97044 1.074464 0.98513
i 1.0 0.96800 1.08446 0.98352
2.0 0.96288 1.11632 0.97974
4.0 0.9607 1.1462 0.9780
. 6.0 0.9603 1.1618 0.9776
8.0 0.9601 1.1720 0.9775
10.0 0.9599 1.1793 0.9774
45° 0.1 0.994775 1.016077 0.998104
0.2 0.990881] 1.029628 0.996468
0.4 0.985662 1.051287 0.993949
0.6 0.98249 1.06782 0.99221
0.8 0.98047 1.08086 0.99101
1.0 $.97512 1.09143 U, 49015
2.0 0.9764 1.1242 0.9583
.0 0.9754 1.1536 0.9875
6.0 0.9752 1.1654 0.95874
8.0 0.9751 1.i778 0.9873
10.0 0.9750 1. 1844 0.9873
50° 0.1 0.996420 1.016729 0.998831
0.2 0.993877 1.030584 0.997855
0.4 0.990606 1.05207 0.99042
0.6 0.988583 1.00918 0.995494
0.8 0.98772 1.08202 0.9948Y
. 1.0 0.96701 1,042 0.99447
2.0 0.98570 1.12359 0.99363
4.0 0.9853 1.1504 0.9933
6.0 0.9K°2 1.1630 0.9993
8.0 0.9851 1.1717 0.49y732
10.0 0.95) 1.1774 U.yy3?

A




i Le L

! (/)" t (ga /e 9

60 0.1 0.998591 1.015712 0.999044
0.2 0.997715 1.028324 0.999374
0.4 0.996761 1.047307 0.999026
0.6 0.990.304 1.060889 0.998831
0.8 0.99600 1.07108 0.99873
1.0 0.99592 1.07904 0.99866
; 2.0 0,99571 1.10207 0.99854
4.0 0.9957 1.1205 0.9985
6.0 0.9957 1.1289 0.9985
8.0 0.9956 1.1338 0.9985
10.0 0.99506 1.1372 0.9985
70° 0.1 0.999631 1.011961 0.999936
0.2 0.999450 1.020864 0.999895
0.4 0.999296 1.033229 0.999853
0.6 0.99924 1.04141 0.99983
0.8 0.99921 1.04724 0.99982
1.0 0.99920 1.05160 0,99982
2.0 0.9992 1.00635 0.9998
4.0 0.9992 1.0721 0.9998
80° 0.1 0.999960 1.006048 0.999999 .
0.2 0.999957 1.009755 0.999997
0.4 0.999951 1.014072 0.999996
0.6 0.999¢5 1.01651 1.00000 .
0.8 0.99995 1.01809 1.00000
1.0 0.99995 1.01919 1.00000
2.0 1.0000 1.0219 1.0000
4.0 1.0000 1.0236 1.0000
a. r - radius of swaller end of orifice. (i*/gme) is the asppropriate

recoil force correction for Converging orifices when (L/x) for the

orifice is calculated with X, rather than ro (see Figure 1 and

references 12 and 14).
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configuration because, for a glven o1ifilze geowctry, W {s the same for gas
flow in either divectionr %, The logaritlivic scale on {hic abscissa of
Figurcs 2 and 3 is used only to simplify prescntation of the vesults,

Table 1 and Figure 2 reveal no unexpected variation of W, 1t decreases
with increasing L/ro and increases as |T] increascs, as would be predicted

intultively. However, Figurc 3 reveals an unexpected variation of f with

I: for T3 22°, f is pyeater thay unity. Heare, the recoil force generated
by molecular effusion from a conical orifice with T > 22° is greater than
that from the coxrcsponding4 ideal orifice. This result arlses because

(1) the average angle at which molecules cffuse from conical orifices is
smaller than for the ideal orifice, and (P) as T increases above 207, the
transmisslon probability rapidly approachics unity; the momental component
along the conical ovifice axis 1s therefore greater than that along the
ideal ovifice axis and the recoil force is greater. This “focusing"

effecet of couical orifices is a waximum at ~44°
on (1/xa).

Numerival values for various other quantitics, e.g., the incident
q ’ by

s, the precise value depending

molecular flux on the crifice wall and the angular distribution of effusing
molecules, have been calculatod but are not presented here; an extensive

tabulation of these functiions 1s avallable elsewhere®.
5. COMPARISON WITH OI'HER THEQRETICAL RESULTS

It was shown 1u Part 1 and in CES that, where comparison was possible,
the results presented were 1n agrecuent with those of other workers. In
particular, our results are in excellent agrecement with the transmission
probabilitices of lcckowski, et a).” for conical orifices, ard with the
closely-bounded values for the transwmission probabilities of cylindricel
oritices obtained by DeMarcus aud Hopper®, In view of the different
approachics, the fndcpendent verification ot derivations, and the :onsider-
ably different numerical techniques used i1 solving the integral eqaations,
by four groups”r®rts 23514 there can be little doubt of the validity of
the numerical values for the transmission probability for cylindrical and
conical oriticcs; these values apply rigeiously only to the assumed wodel,

of course,




We know of ne other aunalysis of aywdar disirvibutijon for conical

orifices, and for cylindrical crifircs only of Clausing's analysis 10,
Clausing assumed that the normalized incident density {eor molecular flux)
on the walls of a cylindrical orifice could be expressed as a linear
function of the distance, zlong the orifice axis, from the entrance.

The accuracy of this approximation has been discussed by Edwards™® whe

bas also shown that, with tils approximation, Clausing’s distribution
function9 11 I(B) may be derived in detall directly from our more general
distribution functions which apply to conical and cylindrical corifices;

it has also been possible to inteprate in closed form the resulting
angular distribution equation for cylindrical] orifices.

One further argument may be advanced for the validivy of our angular
distribution results., In selving the varlous equations™® the first quantity
obtalned 15 Y{x) the normalized incident density on the orifice walls;
these values of ¥(x) are then used to obtain ¥ in a direct way. The saume
values of ¢{x) are used in the more involved cowputaiion of ¥ by numerical
integration ¢f the angular distribution functious. The two values of W
are in good agreement with each other®3 and, as alrcady neted, with the
values of Iczkowski, et al.d, which would seem t» indicste that both y(x)
and the aungular distribution functions are correct.

It is difficult to cowpare our tesults with those of Davis, ct al.¥’;
their paper lacks detail in both derivatic, aud results, Qur fmpression
is that their derivation is not rigorous. 1In any case the result: showa

in their Figure 7 for the transmission probability of “conical nezzles®

4]

@
appear to be higher rhan those cof Table 1 by several percent for smsll
angles T and lower for large angles T.

Sparrow and Jonsson®™ have also aualyzed the mass flow threuph conical
orifices and have used the resulis te formulate analysis of energy transier
between gas ovd orifice walls, If, in thely equation (12) acd the ordinate
of their Flgure 3, Pp 1s made zero, the resviting term is equivalint to
our transmiseion probability W. The results in their Figure 3 appcar to
be in good sgreement with values of W in Table i, and f(x/1) of theix
figure (2) appear to agree with out W(x)14. Sperrow and Joncson e¢htaln
a number of useful but seldom used relations (thei: equations 6-11), some

of which we have also generated??r 3%,
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Richley and colleagues have yecently rveported a scriecs of analyses

]

of molerulay flow through oylindrical tubeslaﬂyc, convergling and diverging

1oL , _ 1ub
tubes* ' aud SIOLSJ'LJd,

and ¢hrough eyvlindrical tubazs with centyriburion
from surfice diffusion?@S™ | Tue investigation by Couk and kichley of
angular distribution from cylindrical orifices is based on Clausing'ﬁ
analyvsisl® yhich has alrcady been correlated with the present results.

In their analysis?®P

of flow through convewplng and diverging tubes and
slots, Richley and Reynelds obtain, by jterative sclution of the appro-
priate Fredholm integral equation, valucs for the normalized ivncident
density $(x) on the erifice wall {(Lheis "flux ratio ggﬂﬁln) and use these
valucs to obtain the flux distribution over the plane of the exit end of
the orifice; finally, the exit planc flox distribution is Iintegrated over
the exit area of the orifice to obtain the trausmissicn probability W
{thelr gt). The minor discrepancies which exist between their results
and ouww appear tv arise from (1) thelr use uf an itervative solution for
us/ny rather than enr more dircet sclucion®3; 2 for ¢{x), and (2) their
introduction of an addiiional numerical integration (i.c., to evaluate
the exit plane flux distribution) in the cumputational sequence leading

to W, rather than calculaticn of ¥ divectly from the ¢{x) in one step?3,
C. OPTIMIZATION OF ORIF1CE GEOMETRY

An orifice peometry will be considered optimem 1f, for any given ratc
of effusion, the quantity being mcasured 18 warimized with respect to the
orifice paramcters T and <L/lo)§ the effusion rate way slways be adjusted,
if necessary, by varying the orifice area a; while mzintaining a fixed
geometry, i.e., f{ixed values of T and (&/so)- This critcerion for optimie
zation 1s directly applicable when any one of the following typical con-
ditions cxist: (a) a very smegll amount of sample is svailable; {b) intco-
duction of new sample into the apparatus reguires a comparatively long
dewn-time (as 1n mass spectrometry); {c¢) the material undsy study vaperizes
incongruently and vaporization characieristics change with the composirion
of the condensed phase; and {a) a low evaporation coefficient lwposes the
need to minimize the total Liux from the cell, thereby minimizing the dis-

slacercant of the ectual pressurce from the equilibrium value. Under cach of




these conditlons it is cleavly desivable to maxiwize the measured quantity
while siwultancously minimizing the total rate of effusion of ssmple fxom
the cell.

We shall now deteruinc the orifice geowetry which maximizes each of
the following: (1) the ncar-axial flux density of the effusing wolecular
stream; (2) the recoll force generated on the effusicn cell; and (3) the

force exerted on a target suspended in the effusing gas stream.

Optimizatiop of Meleculur Beam Intensity en and near the Orifice

1.
o 13
Axis. In Part 112 and CES we obtained cxprescions for what we shall

here call the Incremental transmission probabllicy dWg, ..e., the
probability that a molecule which enters vne end of the orlfice will
exit from the oppositc end into the incremental solid angle dy lecated
at angle 6 from tho ocifice axis., With the solid angle dw expressed in
sphericel coordinates and the assumption of circular symmetry in the

distiibution around the orifice axis, the equations may be wiitten as
dg = 2Q, Sing Cos@ db; (1)

the Q, (n=1,2,5) are complicated functions of the orifice parameters

T, (L/zo0), and, depending on the range in which 6 lles, also of 6.

The integral of dWg over ¢ < A < m/2 is just the transmission probability
W (designated Wg in Part I and CES to distinguish a calculation from
angular distribution considerations).

We now define the quantity Wy,
Y N ¢
wy = [ dig = ¥, [, 2Q, Sine Cose ds, (2)

which may be called the angular transmission probability, i.e., it is
the vatio of the number Ny of melecules which effuse per second into
a cone which is coaxial with the orifice and has semi-apex angle Y,

to the number Ng of molecules which enter the orifice through ro per

second,

The quantity to be maximized is ihe ratio of Ny to the total
number Iy, of molecules which effuse from the orifice, 1i.e., EY/EI =
(gy/go)/(yL/ﬂo) = Wy/W, and from equation (23,

. Y , :
Wy/W = (2/W) jo Q, 1ing Cos6 do. (3)

If we restrict Y to Range 13,14 ({.e., to 0 5V < ;T]), Qn becomes Q.




and is independent of @; equation (5) may be now inteprated to obtain
Wy/W = (Qy/W) Sin™ V; 0 =Y s |T]. (k)

Quite oiviously, the fraction of effusing molecules which flow into

the coue defined by the orifice exis and tlic augle y can be varied by
varying yi the pertinent problem is to maximize that fraction for a
glven « determined by a particular experimental apparatus. Considering
then that Y is fixed, we re-write equation (k) as

Wy/(W s1n® Y) = (Qy/w), (0 =¥ s 1), (5)

and note that the quantity (QJ/E) now to be maximized is a function
solely of orifice geometry.

A plot, prepared from data tabulated elsewhere14, of (QJ/E) vs, T
for various (L/ro) is given in Figure 4. It is readily apparent that
a maximum exists at T = 0° for each (L/LO) and that the
maximum becomes sharper as (L/IO) increases, We now note that under
the restriction 0 < Y s |T|, when T = 0°, Y can have only the value
0°; hence, the points in Figure 4 for T = 0° apply only to the beam

intensity along the orifice axis where Y = 0°.

To determine whether Wy/(W Sin” V) is also a maximum at T = 0°
when Y has typical experimental values of 5° and 10°, values of Hy
for cylindrical orifices (I = 0°) have been calculated, in effect by
integration of equation (2), but in fact from a closed~form solution®s 1S,
The results, plotted as EY/(E Sin3y), are in Figure 5 in which the
curves for T < -10° and for T = +10° duplicate those of Figure &
since in these ranges (v < [T 1).
It is evident in Figure 5 that for v = 5°, E\/(E Sin® y) is
larger for I = 0° than for any T > 5°; similarly, for y = 10°
(EY/E Sin® y) is larger for T = 0° than for eny T > 10°. It appears

to be true in general (although we have not made extensive computations

b v Flem thl oY elioe Fav o ooferemes (T /7o NV oA o ot o frva /11 032 a/\
L0 COMaaiy CiIlLQ Lilias AV a AT \_J_J./_-._O[ aiiyd a gL vell 1, \_“V_YII_V;'. Aol
18 larger for T = 0° than is (Q]/E) for any T = v.

For a short orifice (L/IO < 2.0) and a given v, the two quantities
(_QJ/LJ)TnY and (EY/E $1n® y)qap are tie same within 1%; for longer

orifices the difiference is gomewhat greater.

13
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he questdou of the relative value of ('\_JY/}_i sin® y)
for T = 0° and for some T <Yy, c.g., for T =0° and T = 5° with Y = 10°.

For these cases (W /L( Sin® Y) is larger for the conical orifice

—‘\I
(I > 0) and incrcases slowly with increasing T.
2. Qvtimization of the Effusive Recoil Foxr:e

In CES™ (cquation 19) it was demconstrated that the "incremental

recoll-force correction factor" dfg (designated dFg in CES), (i.e.,
the recoll force dgp generat: 1 on a cell by effusion of wmolecules into
the incremental solid angle dy at angle 6§ from the orifice axis,
divided by the total recoil force ¢; for the corresponding‘* ideal
orifice: dig = d¢/¢i) 1s related to dWgy by

dfg = (3/2) Cosg dwy

or, with equation (1),

dfg = 3Q, Sing Cos® ¢ do. (6)

The (tatal) recoil force warreotion factor!®S is then given by
8=r/2 5 by 2 .
£=foo 0= 2 Ian 3Qn Sing Cos® 6 dd; (7

The integration limits (apy, b,) are discussed in CES and reference 1k,
The factor £ is, of course, the quantity tabulated in Table 1,

Optimum oxifice geometry in this situation requires maximization
of recoil force for any given rate of effusion, which is equivalent
to maximizing the ratio (_f/y) In Figure & this ratio 1s plotted vs,
T for various (L/_x_o}. It is evident from Figures 2 and 3 that a maximum
must occur in a plot of (gﬂ) vs. T. However, it is rather surprising
that this maximum occurs at, or very near, I = +30° for a very wide
range of L/ro. It is quite clear from Figure 6 that the optimum
orifice for recoil force measurements would have a semi-apex angle T
of +30° (1l.e., diverging) and would be as long as practicable (within

the range of L/xo covered in Figure ().

3, {ptimization of the Force Exerted on a Target in an Effusing
Molecular Beam: We shall restrict our consideration to cases in
which the target {8 eircular and coaxial with the orifice, and in

which the woleculesé striking the target efther all condense ox all

ke
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yevaporize. The angle subtended at the crifice by the target is
designated 2Y; ¥ then has the same meaning as in equation 2.

If all wmolccules condense on the target, the ratio of the force
EY exerted on the target to the force Fg which would be exerted by
all molecules effusing from the coxresponding® ideal orifice, is given

by equation (7) with intcgration over 0 s § < y:
- . Y . Py .
£, = LY/bO = fo 3Q, Sing Cos“6 do. (8)

If Y is restricted to O £ ¥ < |I| so that ouly @ (= constant) is

required in the integration, equation {8) becomes
fy = Qi(1 - Cos3y).

We wish to maximize this force at a glven flow rate and for a given Y;

thercfore, we write

£ =
w1l - zosﬁv5 W

The quantity to be maximized is Q;/W, as in subsection 1 above, and
the arguments given there apply.

If the molecules revaporize from the target, there will be
exerted on the target an additional force which, with all extra-
orifice parameters fixed, will depend on the molecular flux onto the
target”®. Maximization of this flux at a given total flux from the
orifice was the subject of subsection 1 above; again, Qi/W is the

quantity to be waximized.

15




SECTION II1

MEASUREMENT OF ANGULAR
DISTRIBUTION O MOLECULAR FLOW
THROUGH CONICAL CRIFICES

0f the various quantities which are derived in the thecoretical anal-
ysisle:13:14 (see Section II) and which are amenable te experimental study,
the most critical is the angular distribution of molecules effusing f{rom
an orifice, i.e., the variation with 0 of the number dN;, of molecules which
pass per second from the orifice into the incremental solid angle dy located
at angle 6 from the orif{ice axis. The theoretical analysis predicts that
dN, 1s proportional to Q, cos 0; Qn is the complicated function of orifice
paramecters which arises from the non-ideality of the orifice (for the ideal
orifice, Q, is always unity). Measurcuent of g§¢ or an cqulvalent quantity
would provide experimental data which could be compared directly with the-

oretical values for @, cos 6.
A. EXPERIMENTAL APPARATUS

To accomplish these measurements the apparatus described briefly in
this section (and in detail in Part 1I%?) has been constructed. It 1s
designed to allew a study of the effusicn of a permanant gas (e.g., Nz,
He, CO0,) at any suitable pressure from any orifice with a geometry which
can be machined into a small circular plate., DPermanent gases are uscd
as effusants so that the apparatus can be operated at room temperature;
concern that the reservolr-orifice system may not be isothermal is there-
by minimized. For this advantage the ability to study the effusion process
as a function of temperature is sacrificed.

The angular distribution of c¢ffusing molecules is determined by a

molecular beam method®® incorporating a modulated beam technique™®, The

reservoir from which the molecules effuge can be rotated on an axis which




passes through, and is parallel to, the outer f{ace of the orifice under
study. Two staticonary collimating orifices and the effusion orifice under
study define a molccular beam, the beam is modulated by a mechanical chopper,
and its intensity is determined by a ncutral-beam detector.

The apparatus, a diagrammatic horizontal cross-sccticn of which is
shown in Figure 7, consists of five principal components: (1) The Main

Vacuum Chambey, which can be maintained at a pressure very low wlth respect

to the pressurc in the gas reserveir, and wnich contains the rotating
effusing cell; (2) The Gas Reservoir, a large chamber from which gas
flows to the effusion cell and in which the pressure can e kept constant;

(3) The Buffer Chamber, a small independently-pumped cliamber which is

separated from the main chamber by a plate containing the first collimating
orifice, and which contains a chopper capable of interrupting the beam

about one hundred times per second; (#) The Detector Chamber, an independ-

ently-pumped volume which is separated frow the buffer chanber by a plate
containing the sccond collimating orifice, and which contains an electron-

impact moleculaxr beam detector; (5) The Detecter Eleetronics, which con-

sists of a power supply for the beam ionlzer and a system to amplify,
measure, and record the ion current from the ion collector.
Each of these components was described in detail in Part 1171; we shall

describe here only significant wmodifications.

1. Modulation of Mocular Beam: As experimental techniques were

refined, it became apparent that the frequency of the mechanical
beam chopper (Figure 5, Part I1) was not stable; the cause was
found to be an overloaded driving motor. When the motor was re-
placed by one with higher torque, a new motor mounting and chopper
housing (items & an. 12, Figure 5, Part II) was fabricated from
stainless steel (rather than brass). The new drive mechanism per-
formed satisfactorily at times, but at others exhibited erratic
chopping frequency. This difficulty arose from binding in the
bearings which support the chopper shaft; the binding in turn
was caused by a slight misalignment of the new motor mount/chopper
housing when it was welded into the vacuum system.

At this polnt an electronically-driven tuning fork chopper

20




T

|
2
!
4 lal
8
°o_ 2 & 9 12
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1. The Main Vacuum Chamber
2. The Gas Reservoir
3. The Buffcr Chamber
L.  The Detector Chamber
5. The Rotating Effusion Cell
(.. The Beam Collimating Orifices
T. The Beam Chopper
8. The Beam lonizer
9, Connectors for Tygon Tubulation Which Carries Gas
from the Reservoir to the Rotating Cell
C. Tumping “I"s Which Accommodate Liquid Nitrogen Traps
1. Glass Windows
12, Rotary Vacuum Seal Through Which the Cel! is Rotated
13. DBrass Bellows
1%. Clobe Valve
15, Copper Pipe, 1 llh = in., Diaucter
1.  Port for Attaching L5~Liter Stainleas Stec! Tank
17. Valve for lotroducing Effusant Gas
18. Conncctiens to the Lyuibar Pressure Meter

Figure 7. Diagram of thc Experimental Apparatus.




(type LO) was obtalned. Nominal frequency of the chopper is 170 Hz;
the chopping vanes attached to the tines are 10 wm high and have a
maximum aperture of 8-10 mm, An electronic signsl synchronized with
the mechanical oscillations of the tuning fork is an inberent feature
cof the driving cirecuit, and is readily available for use as reference
signal to the lock-in amplifier.

The new chopper was mounted in the BUFFER CHAMBER (krgure 7),
but directly on the flange which is welded onto the MAIN VACUUM CHAMBER
and which mates with the BUFFER CHAMBER flange. A new BUFFER CHAMBER
equipped with aluminum-foil-~sealed {langes?‘1 was fabricated {from
stainless stcel.

No particular problems have beecn encounteved with the tuniug
fork chopper; it was used {n obtaining esscntially . * the data
reported in Section B.

Ll

“. Detector Chamber: The Detector Chambeyr described in Part IL

operated satisfactorily, except that the ultimate pressure was rel-

\

0% terr). Cousequently, the life of the cathoade

atively high (~2
was seriously shortened and the emission currvent available from the
cathode was low. A new chamber was fabricated fyom stainless steel,

1

s . )
aluwminum foil flanges™ were used, and all clastomer O-rings were

eliminated; a more afficient liquid nitrogen trap ("Cryoscrb") was

inserted betwecn the 2" diffusion pump and the chamber.
Afrer 2 shert bake-out at 200-200°C, the new Dotoctor Chawmbex

reaches 58107% torr aud operates at 5%x1077 torr with a bear, from
a 0.1 tarr souvee, entering the chamber.

The basic beaw detector design and electronics have undergone
no significant change. In the improved vacuum system the beam
detecter has performed quite satisfactorily; cathods life is vematk-
ably lengthened {ne quantitative data, as yet) and the emission

current is increased by a facteor of five.

3. Valve: The sensitivity of the beem detecter cathode ta oxygen

made it desirablie to keep the detector chamber evacustad coutinnously.
. P S RS

To achicve isolation of the Detector {and Buffer) Chamber while the

Main Chamber was opened, c¢.g., to change orifices, a silding, O-ring

W
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sealed valve was installed in the Main Chawber in such & way that
closure of the valve scaled the {irst collimating crifice from the
Main Chamber. The design of the valve was adapted {rom that of

Shef{ield”®. 1t has worked satisfactorily.

b, Alignment of Orifices. The apparatus was deslgned and constructed
to permit dircct, visual alignment of the beam defining orifices,

if the Faraday fon collector 1s removed from the beam detcctor
assenbly. Aligruwent of the effusion orifice and the various colli-
mating orifices is rather easily accomplished by viewing with a low-
powered telescope along the beam axis. However, with only this check
on sligmment it is possible for the plane of a given orifice to be
tilted apprcciably frow the desiiced perpendicularity to the beam

axis and the tiit be undetectable rthrouplh the telescope.

Thevefore, tu insuvc parallelism o3 the planes of all beam-
defining orifices while simultanrcously cestablishing all orifices to
oe coaxial, & Sccond aligrment procedure was adopted. A low-powerad
telescore was fitted with a Gaussian eyepiece and the telescope
operated as an sutocollimator: A& lighr source un the side of the
eyepicce illuminated a cross-hair the lwage of which was then pro-
ijected through the telescope onto an optically f£lat (both sides)
front-surfaced mirror attached fiwwmly to the orifice plate being
aligned; the orifice plate was adjusted unuil the reflected image
of the cross-hair coincided in the eyepicce with the image of the
actual wross~hair; coincidence of the Lwo images regquires that the
mirvor {ovifice plate) be perpendicular to the light {molecular)

besm.
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B. EXPERIMENTAL RESULYS

Given the apparatus described above and the desirved experimental
weasurement, i,e., the anguler distribution of the effusing beam, experimental .
procedure was rather straightforward. After a given orifice was insexted
inte the Rotating Effusion Cell and aligned, the entlre system was eveacuated,

e.g., overulght. At the beéinning of a run the Gas Reservoir was isolated
from the vacuum pumps (hy closing valve 1k, Y¥ipure 7) and filled with gas
(helium, nitrogen, nitrous oxide) Lo the desired pressure as measured by

a variable capacitance sensor (Equibar 12Q0). Cases were obtained from high-
pressure cylinders; pressure in the reservoir was controlled wiih a variabie=
leak valve (Type 9101-M) in the linc between the usuai cylinder regulator and
the reservolr. After steady state flow was established throughout the gas
flow system, the pressure in the reservoir remained surprisingly constant

(=1 to 2%); a precision pressure regulator originally planned for insertion
in the gas line between the cylinder regulator and the variable-leak valve
was not required. Purity of the helium and nitrogen used was >99.5% and

of the N,0 >98,0%.

While steady gas flow was being established, the electronic circultry ‘
was energized, adjustment of the lock-in amplifier checked, and, in partic-
ular, the filament current of the bLeam detector was adjurted to provide an
electron emission current of IlmA, The isoclating valve (section III.A.3)
was then opened; the molecular beam could then pass to the detector and
measurements were begun.

With the gas pressure in the reservoir constant, beam intensities in
arbitrary units {i.e., the output from the lock-in amplifier) were recorded
with the Effusion Cell rotated to orientations varying by angular increments
of 5° betwecen 0° and +90° and also between 0° and -90°. Typical concordance
between data for +¢ and for -6 is illustrated in Figure B.

Angular distriburion data have been obtained for five orifices with ’

thiee

y + 1\ A
pe gases at ue presg !

Ao 421 ~£ &%
Lile uCLdiio vl 1

rr

gives
paramaters.
In Figures 9-14 the results of varlous measurements are plotted as Le

ys. 9; Iy is the relative molecular beam intensity normalized te 1.0 at
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TABLE 2

ORIFICES, GASES, AND PRESSURES
USED IN
ANGULAR DISTRIBUTION STUDIES

PRESSURE, millitorr

Orifice GAS
Number T, deg L/rg Ty, Cll e N> N-Q

e P e -

1 25.65 L, o010 0.0k60 190., 70.0, 670., 200., 195., 69.0,
4s.0, 20.2 T2.7, 4.0, k5.0, 22.0,

27.5, 20.2, 6.9
7.0
2 8.50 10.08 0.04k55 190., T1.0, 660., 210., 207., T70.0,
41.5, 21.0 70.0, 22,0, 41,5, 20.0,
7.0 6.2
3 -58.,03% il.01 0.0292 230., Th.o, 700., 180., 690., 200.,
k1.5 66.0, 14,0 69.0, 24,0
4 27.98 1.987  0.0951 - 126,, 120., -~
91.0, T3.0,
40.0, 2k.0
5 0.0 2,439  o0.0782 k5.5, 33.0 70.0, 46,0, .-
23.5, 22.0,
8.y

&
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Figure 9. Experimental [I{®)] and Normalized Theorectical

[QqC088] Angular Distribution Data for T = C.0°, L/ry = 2,Uk,
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Figure 11, Normalized Experimental [I(6)] and
(Q,Cos0] Angular Distribution Data for Nitrous Oxide through
Orifice 2 (T = 8.500°, L/r, = 10.08).
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Figure 12. Normalized Experimental [1(6)] and Theoretical
[QnCosej Angular Distribution Data for Nitrogen through
Orifice 3 (T = -58,93°, L/r, = 11.01).
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[QCo0s8] Angular Distribution Data for Nitrous Oxide through
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6=0°, i.e., g™ 15/13, with IB representing the measured ior current at 6.
In Figures Q and 10 the experimental pointe are shown, and the lines

asre drawn through theorctical values. In Figures 11-1l, the dashed lines

1epresent smoothed curves drawn through the experimental points for both

positive and negative angles; the scatter of points about the smoothed curve

in Figure B 1s typicgl, i.e,, not the minimal. The solid line in each

figure 18 drawn through theoretical values which are discussed in the follow-

ing section.
C. DISCUSSION

1. Remarks on Theory: Tmplicitly in Part I'® and CES™ and explicitly

in Reference 1k the theoretical angular distribution 1is expressed as
dNg(L) = 2mio Q, Sing Cost de; (9)

dNg(L) is the number of molecules which effuse per second into the
sclid angle 2n Sing d@, po 1s the molecular flux incident on the
entrance of the orifice, and Q, (n = 1,2,3) is the complicated functicn
of T, L/ro, and ¢ which describes deviations from the "ideal" cosine

lagw distribution., We now define

QV“Qn/" (\)ﬂn=l,2,§), (10)

insert ro explicitly (Io and L are normalized to xo = 1 in the theo-

12'14)’

retical analysis and write in terms of a generalized incre-

mental solid angle dw:
dNg(L) = ponre® Q, Cosd (2 Sing de)
(11)
dN (L) = ponrg® Q, Cosg du.
The transmission probability W may be expressed as (number of wolecules

affugine from ori £ gn\ /(nnm}\nv oenterine orifid ca) oy with equation (l'i\
........ g from orifice)/(numhey entering orlilice], or wit 2quatio (i)

W= (1/ponrc?) f Lomlo” Qy Cos? dw ((a
12

= [ q, Cosb du (b)

= jg/a Q, Cosg (2r Sing dg). ()

Equation (12¢) may be compared with equation (l), if equation (10) 1s

noted,
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R T

Lo

T

We assume that the apertvre of the moleculay beam detsctor
subtends et the effusion criflce & solid angle ({,) sufficiently smail

that Q, Cosp mey be considered conatsent over (3y. For twe angles ¢

%

and 8’ we may now write

(L) gr = wanr® Q7 Coso’ oy {a)
and (13)
Na(L)g = ponio” Q, Cose Gy {b)

The rstic of equation (13b) to (13a) 1s, if ¢’ 15 taken as I°,

Egz(y)g o Q Cous, ()
NETESO th (7f7:7
Equation {14) gives the theoretical value uf the vatio of {aumber
entering detec.or at §) to {number eatering at 6 = C°).
The besic sssumption concerning the operation of the beaw
detector s that the mcasured ion currest gf is proportionel to the

number of neutral wmclecules entering the detector, or

- -+
i&ii(_l )T‘ .:_0* = I, (15)
No(L 1o

jJexp

We row define the symbol 4 to mean uwis (theoretically) predicted teo

be equal to", and combine equations {14) and (15) to obtaln

1g + 2y 0%, (26)
kQ’)l‘O

For any crifice, at @ = 0° equation (14) becomes

\ -

 +
1Q=-I—9;=1¢(Qv)°- 1=1; (17)
R (QVSO

hence, both the experimental and the theovrectical results ave self~
normalizing to unity at g = 0°, Eqguation (16} is the basis for the
form of the graphs in subsection B.

As indicated in equation (17), the plottiug method suggested by
equation (16) and used in Figures 8-1' forcee =2greement between
experimental and theoretical results at § = G°. Furthermore, the
nature cf the experiment essenticlly forces ggreement at § = 90°,

Therefore, whatever the actusl nature of the discrepancy between

Si




experimental and theoretdcal results, in plots of lg and. Q,, 0059/(Qv)0
y&. © the epparent disciepancy near § = 0° is swgll and any reel
discrepanciee are forced to appear in widrange of ¢ and ere therefore
overemphasized, To circumvent this difficulty Phippe and Adams™ have
introduced, and Wahlbeck and Waug®’ have also used, a probability
deneity function Pgq which we now consider.

The experimental probability density function I} is defined®™:*7 py

Pg - Ie+/Jg/2 Ie+ (2n Sing da). (18)

Obvicusly, i{ normelized ion currents {cf, equation 15) are substituted

for 104, Pg is unchanged:

Py = Ia/foﬂ/g I, (2nsing do) (19)
We alse nore that stfuce leﬂo = 1.0,
15 = 1/j2/2 Iy (20 Sing dg) (20)
ana
Py = 180 (21)

Tt 18 apparent from eguation (21) that a plot of fg v8. @ will

differ from a plot of Igus. o only by the facror E%. For a given set
of [10,9] data E% is obviouely {ixed, bui there 1. no requirement on
the constancy of Eé from run to run; hence, Eg ia net self-normalized
and can reflect dis:repancies betwean erperiwentsl and theoretical
data at g = O° as well as at other valuer of Q.

The interpretation of Eg ac a probabilicy density function follows

dy 18

immediately from its definftion (cquation (18) or (19)): 2;

the probability that an effusing molecule will traunsplerce du at 6,
or stated diiferently, 22 is the fraction (of efiusing molecules)
N X
G

an e€xniession for Lhe correspounding theoreticyl

which flow, per steradian, at §. With this Interpretation of P

nn vel + )
Bl wa sl

Mt

coantd o (71

Cyuaes Uil o\ s
t

quanticy ge may bc obtalned:

Pt = an (L) w HOTTE0T Qv Cosd du

® dw'N(L) dw‘uoﬂldz W

or,

L
Poo=(Q, Cosn)/W (22}
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t
The quautity Eg also is not sel{-normglized, but may be converted
to a self-normalized form by multiplying by E/(QU)G; the result is
then to be compared with equation (16):

W g/ ()0 = (QCos8)/(Q,)0 + Tg- (23)
From equetionsa (25) and (21) one obtains
PS4 (Q)o/W: (2k)

From the above abservations we drew the following conclusions:
(1) & plot of Eg vs., § reveals no informstion not alresdy
provided by & plot of 15 vs. ¢ end by the value of gﬁ

(ef. egquerion 21)

—~
no
N

} X
Tf ouc attempte to nomnalize EU vig equation (23) and compare

the rerults with Ly (e.g., 612 1g - Pgw/(Qv)o), one ohtains

rothing new, since

b1 = Iy - Pv/(Q))a = 1g {2 - Pow/(Q,)0) (25)

¢
and the bracketed porrtion of the equation is a constant
for a given yun. If, ¢n the other hand, one attempts

. t !
to compare Ly directly with EEQ/(hu)O (equation 23) by

defining

52 = [Ig - Wi/(Q )01/ [WPg/ ()0,
onc finds that
b2 = [14(Q)o/WPg] - 1, (26)

and, by virtue of equations (17) and (22), &z is inhereatly
normalized to zerc at g = 0°, Furthermore, a plot of §5 vs.
g 18, except for a shift in the zero point of the ordinate
caused by non-identity of Py and v9,)o/¥ (cf. equation 24),
ideriice” to the more useful form now to be described.

{3) The most informative scheme for comparing experimentsl aud
theorevical results is that obtained by defining, and plot-

ting v8. @, the quantitiee A and £(a):
X t
SR o)

f(A) = A/’Pa = (Pe/l‘o) - 1.




A plot of f(p) vs. ¢ provides a direct, non-normalized
indication of the Jdiscrepsncy between experimental and
theoretical results, expressed as & fraction of the theo-
retics value. The only restriction on the value of £{a)

ig that géo 3 0 and Pag (i.e., Jop) is &djusted to zero

by subtracting background ion current; therefore, j(A)go = 0,

The one difficulty presented by the use of j(A) 18 that
t
6
the value at g = 0°); the difference A may be small com-

at g > ~J0° gg and P may be rether small (e.g. 0.02 of
pared to experimentsl error in obtaining 1y, but j(A) can
be quite large (e.g., 0.20 = 0.L0) because 38 is small,
In other words, the fracdonal errors are magnitied as Eg
approaches zero. For this reason, one might prefer to
plot 4 vs. g; both types of plots are illustrated subse~

quently.

2. Experimeats} Results: Figures 15-20 present variocus portions of

our results in the form: (gg/gg) - 1uvs. g, f.e. £f(p) vs. g, except
for Figure 16 which is & replot of Figure 15 in the forn (Eg - Eg) V8.
g, 1.e., A vs. g. Comparison of Figures 15 and 1¢ illustrate the
point made in the preceding scction: the lsrge excursions of g(A)
at 9 > TC° do not vealisticelly reflect the discrepency between EE
and 25. At g < 60° plots of A v3. g and of £(A) vs. o are very similur
excepl for scaling.

Figure 21 is a replot in the tfoim [(IG(Qv)O/WPg) - 1] ¥s. o,
tce. g2 8. 0, (cf. equatiorn 26) of Run 125 in Figure 15, and is
included to illustrate two points: (1) a plot of §» vs. ¢ i8 nox-
malized to zeio at g = 0°, and (2) except for point (1) end scaling,

the shape of the curve is the same as that of f{p) wvs. ¢ in Figure 15,

b

tefore we exgmine the v rious curves in detgil, 1¢ msy be usaful

32 10y yamitn H s < Ty

L}

2
to ncte agnin the gecuetry of the couical orifice and tlie two important
angles T and g¥; thuse are Lilustrated in Flgure 22 for the diverg-

ing nrifice (I > 0). For G gg <7, the detector may receive molecules

;
dirget)y from sl of the circulay entrance to the orifice and from gll
13

to Renge 1 and n = 1

elencnte of the orifice well; this corresponds
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(¢f. equation 9 and 10}, For T < g < g*, the dctector may receive
welecules directly from elements of the orifice wall over the entire
length of the orifice and frow part of the entrance to the orifice,
but a portion of the wall, and of the entrance, are shielded froum

the detector by the outer rim of the orifice; this case corresponds

to Range I1*® gnd n = 2. Finally, for o* < g < n/2 the detector
receives molecules only from pgrt of the orifice wall; molecules which
traverse the orifice entrance cannot proceed directly to the detector;
this 18 Range IIT*3, and n = 3, For the converging orifice (I < O),
the above statements are also valid (1) 1f T is replaced by III, and
(2) 1f the description of Range I is modified to read: wreceive
molecules directly only from . portion of the ocifice entrance,

The significance of T and g* with regard to angular distribution
may be summarized: TFor g < lIl, gll elements of the orifice wall
(T » 0), or no elements (T < 0), contribute to the flux at the decector
aperture, As g Llpcreades in the range ‘I' < g < 6%, & decreasing
portion of both the orifice entrance and the orifice wall contribute
to the detected flux. For ¢ > g%, the orifice entrance makes no
contribution, all molecules reach the detector from a portion of the
orifice walls, and this portion decreases to O as ¢ - /2.

We shall now examine the features of the curves in Figures 15-20,
beginning with Figures 20 and 15. The agreement between experimental
and theoretical values for 26 for the 420 series (Figure 20) is very
good except in the range 40° < § < 60° where there i8 & maximum in
each curve. Similarly, in the 120 series the discrepancy j = gg - 23
for the lower pressure runs (121 ond 125) is zero within 2 to h%,
{.e., very nearly within experimental error, for g < T; however,
there 18 again a maximum in the curves at ¢ & L0O°. At higher pressures
(Runs 125 and 127) £(p) 1s =0.05 to -0.10 at ¢ < T, the maximum in
each curve i1s higher and is shifted to larger g. We now note the
correlation, in Figures 15, 16, and 20, of the maxima with the angles
T and g%, and that the magnitude of both the maxima and the discrep-

ancy £(a) increases with increasing pressure und with increasing

(L/x).

L6




Support for this last gencialization was sought in Wang‘s data
for the effusion of cesium chloride through eylindrical (T = 0.0°)
copper aund nickel orifices; data requived for the p vs. a plots in
Figures 2% snd 24 have been calculated by us f{rom R /1U+;6] data
tabulated by Wang®'. Maxima in the various curves at 10-15° and minima
at 00-T0° are immediately obvious (but note that the A scale s expaunded
by a factor of five compared with Figures 15-21). The discrepancy A
does indeced gppear to decrzase with increasing pressure, but this assertinon
must be qualificed: FRun 75 in Figure 24 is "out of ordevY for no apparent
rcason; in Figure 23 Runs 21 and 26 were made with one experimentsl
coufiguration, Runs 27, 28, and 3YH, with another; withiu each group
A <Qecreases with increcasing pressure; the reason for the discrepancy
between the groups 1s not sppavent. The shift of the maximum to higher
8 with increasing pressure is quite evident in Run 91, Figure 2, but is
not clearly exhibited in Figure 23, perhaps because data were not taken
at sufficicntly high pressures

1t might appear that Wang’s data, then,provide support for, if not
confirmation of, our generaglization about the variation of A with (L/L)
and with pressure. However, we were surprised that for low pressures
the maxima in Fipures 2% and 24 occur in the same angular renge (10-15°)
despite the difference in (L/r) for the two orifices. Upon investigation,
we find that in Wang’s apparatus™ the angle from the orifice to the annulus
which surrounds the batfle plate in the front cven is in the range 10 to
15°. 1t is therefore not clear whether the mexima in the curves from
Wang’s data erise from gas 1low-orifice phenowens or from the baffle-
ennulus acting as a (wlatively) concentrated source of molecules,

An obvious question, then, is whether the maxima in Figures 15, 10
and 20 arise from =z cell effect rather than an orifice effect. The
cylindrical irterior of our simulated Knudsen Cell {s 1,00" in diameter
and 1.10" high; the bortom of the cell irs completely open to the f{low
of 14,21,

from the regservoir The interior wgll of the cell

ig mgero-

I

gas o
scopically smooth. Hence, the only discontinuity in the emitting surface
“seen" by the detector through the effusion orifice is st the "botiom

corner” of the cell; the angle from the orifice ro the "bottom cormer”

bt
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18 ~25°. For ( greater than ~%° molecules can travel directly frow

the cell wall through the orifice (4f 0% 5 25°) to the detector; for g
less than ~25°, the detcctor cannot Yeee" the cell wall and receives no
molecules directly from 1t. Wc now examine Figures 19 and 20 for evidence
cf a cell effect an. find that in Flgure 10 I 18 80 near 25° that one
cannot hope to distinguish cell effects from orifice effects; in Figure
20 the eituation is similar. However, the data for Figures 18 and 19
were obtained for a converging orifice with I = -53.9°; in this case the
orifice presents no obstruction to molecules traveling slong a © & 25°
trajectory from the region of the susface discontinuity to the detector.
Figures 17 and 18 provide no evidence (i.e., no mexima, Ao winima, no
breaks in the curves) for a cell effect at or near 6 = 25°, but there :
18 a definite change (more pronounced at higher pressures) in the curvature
of the various curves 1n the narrow range |I| =8 s p* . We therefore
conclude that the deviations from theoretical behavior, exhibited by the
curves in the varicus figures, are orifice effects.

We return our attention to Figires 10 and 20 and consider the two -
mechanisms frequently cited as causes of devistion from thecreticel .
behavior: specular reflection from the orifice wall and surface diffusion g
along the orifice wall®, One would expect any enhancement of intensity
by specular reflection to vccur at angles § « T. Enhancemen: at angles
o > T requires speculer reflection through angles greater than 2T, and
the naxima of Figures 16 and 20 would require preferential enhancement
by specular reflection through angles > S50° with no coucurrent depletion
at smaller anglees (_j. especially Figure 20). Availsble experimental
dats® on angular distribution of molecuies reflected from surfaces do
not support these rather stringent requirements.

If surface diffusion occurs along the orifice wall, the concentration

of molecules resident within any incremental area on the wall is expected

s

to be greater than if surface diffusion did not occur; consequently, the
flux from the orifice wall to the detector {8 expected to be greater.
Therefore, one might expect any discrepancy between theoretical and

experimental data for angular distribulions, which results from surface

diffusion, to be most prominent in the range(s) of g in which the flux




from the orifice wall arca mahes the maximum velative contiribution to the
total flux into the detector.

The arca A, of the projection of the orifice wall onto e planc pers
pendicular to the orifice-detector line defined by ¢ may be calculated

from the following equations (secc Figure 1 for sywbols):

Ay = anQ Cos @
AO L] nl’oe Cos ¢ (28)
Ap = AlDo; D) Cos ¢

[A(Do; DL) is the area of overlap of the clrcle nron with the pro-
Jection at angle g onto the plane of that circle of the circle ﬂrLz;

derivation of this quantity has been described in detaillzllaJl‘.]

1f g > g%, A, = AL
Li[Tf< o < 0% Ay = Ay = Ag (23)
1 ¢ s|lend T > 0.0, A, = A = Ay

1f ¢ g‘l!and T <« 0.0, A, = 0,0

o

The resulis of these colculations for the exrifices for whidl wagilar
distribution dats were obtained are shown in Figures 25-20 wherein,

for convenience in plotting, the areas have been normalized to AL(Q=O.O)HI.O.
In the ranges ¢ » o* and g < T, the variation of A, with g is given by

Cos ¢. However, in the range T = g s ¢#, A, exhibits a rather different
behavior which produces a wminiwm (or virtual miniwum) in Ay at o= T

and a maximom (or vivtval maximum) at g = g¥,

As ¢ increasces over the range T < g < g% for a diverging (T > 0.0)
orifice, the entrance of the orifice is eclipsed by the ecuter rim of the
exit, and therefore the fractionsl contribution from the wall to the
total flux to the detector increases to unity at g = git. In the range
(9 > %) over which the fractional contvibution from the wall is unity,
the prejected wall grea "seen" by the dotector 15 a maximum at g = .
Therefore, 1f there were an increase {u the flux from the oritice wall
above that predicted by our extension «f Clausing’s Model, one should
expect to sece maxima In p vs. g plots (L or near g = g.

This 18 preciscly what {s obhserved in Figures 15, 1, 1, and 20, and

in lieu of any acceptable sglternative, we tentatively conclude that the
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increased flux {rom the orifice wall results from surface diffueion.
We have not yet made a more detailed analysis of g model including surface
diffusion; Ruth and RirthZE have reported the corresponding analvsis for
cylindrical orifices.

Other festures of the f(a) vs. g plots, e.g. variations with pressure
and nature of the gas, are being analyzed and will be reported in the open

literature.




SECTION 1V

THE MULTICELL TECHNIQUE FOR EXPERIMENTAL
DETERMINATION OF TRANSMISSION PROBABILITIES FOR
MOLECULAR FLOW THROUGH CONICAIL ORIFICLS

The Kaudsen effusion techniquel”3 has been widely used to obtain
vapor pressure data in the range 1072-10"Y atm, The tcchnique has several

3

variants®, but basically the experimentally mcasured variable is the

isothermal rate of flew of vapor through an orifice, e.g., 1 mm in diameter

3
and 0.5 mm long. The equation which relates the pressure of the gas to
the flux through the orifice contains a factor which is often called the
Clausing tactor, or more properly, the transmission probability, of the
orifice, i.e., the probability that a molecule which has entered one end
of the orifice will exit from the opposite end. Numerical values for the
transmission probability are available from theoretical analysesS™8r 12714

of molecular flow of gas through orifices with various gecmetries. Although

23 ysed to coricect

taese theoretical transmission probabilities are widely
the observed rate of flow for the effect of finite orifice lengih, reliable
experimental data with which to compare the theuretical transmission prob-
abillities are scarce”,%%,33,

The Multicell technique, which we describe below, provides a simple
method for obtaining experimental values for trensmission probabilities
and slso offers a means Zor critically testing various assumptions which

9, 34738 concerning molecular flow within a Knudsen cell,

have been made
Application of the technique to the determination of experimental transmission

probabilities 18 discussed in this section.
A. THE MULTICELL APPROACH

In a Multicell effusion experiment a number (e.g., 4 to 10) of ef-

fusion cells® > which arc as nearly idertical as possible except in the

——
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variagble under study are subjected simultancously to a given environment

for & given time. Comparison of results (c.g., welght lost from each cell)

for the reveral cells in a given experiment permits isolation of the

effect of the variable of intervest since all orher variables are constant,
or vary simultancously and identically, for all cells.

In the applicaiion of this approach to the determination of experimental
transwigsion probabilities, Knudsen cells ere fabricated to be essentially
idertical except that each orifice 18 different from the others; each cell
is loaded with an equal amount of a given sample (e.g., cedwium or merc:ury)J
and then heated simult.neously in vacuum for a given time + and at an
appropriate temperature g which sre identical for all cells. The welght
lost from each cell during the experiment is determined by weighing before
and after the heating period. The weight dggy lost from the ith cell in
time dt is given by™’

dg; = aiKi[P(M/EnRe)L/adt} (30)

in which P 1s the pressure in the cell at temperature 6, M is the wolecular
weight of the effusing meclecule:, Ky 1is the experimental transmission
probability and aj the cross-sectional area for the ith orifice. For

the experimental conditions described above, P, 8, and M are, at each
instant, the same for all m cells; therefore, the integral of the bracketed
portion of equation (30) over the interval O to r is the same for each cell.
Hence, if gy is the total weight lost in time T, we write

teaT
le=0 98t = 8y = 8;K41

with 1 representing the integral which is constant for the several cells
in & glven run, but which varies from run to run. Since the various g,
and g, are directly measurable quantities, it is convenient to define

J; = 8;/a) and then to write

Jy = KL (31)

Clausing’s theory predicts®™®,13 that, for conical (-n/2 <« T < 1/2)

and cylindrical (T = 0) orifices, the variation in a given run of the values

gi for the warious cells depends only on the ratio of length L to diameter

D for the orifices and on T the semi-apex engle of the cone of which the
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orifice is & truncated section. .herzfore, if the values Iy are plotted
ayainst some suitsble function of (L/Q) and T, designated hy I(L’Q)l), and
cxtrepolated to F{0, T), one may write frow Equaticn {31), Jo = Kcl, 1n vhich
D= 0) defines” ), 13

the subscript designates the condition: L°D = 0. B (L7
tlo nidecaln orifice for which the transmission probcLilit; Lo s unity
1cgardless of the value of T (which in fact i: meuniugless when L/D = 0);

therefore,
Jo = 1 (32)

Heuce, the intercept at ¥(0Q, T) is just the weight loss per v-it area Jg
to be expected, under the conditions of the run, frow an idesl orifice.
with this experimental value for i, the experimental transmission probability

for cach of tio cells is calculated Irom Equations (31) and (32):

Ky = J3y/J0. (33)

The most suitable choice for £{L./D,T) appears to be W, the theoretical
traa3smission probability 576,13 szlculated from the orifice dimensions. This
choice results in a conveniently bounded plot with abscissa values ranging
from zero to one; wore important, if the theoretical transmission probabilities
-9 13

2

redicted by Clausing’s theor 5 and its extensions® are corract, a plot
p B y ’ |

of J, versus E(L/Q,E)i = Wy should give a straight line which way be precisely
extrapolated to Wy =1 (i.e., to L/D = 0) to obtain the ir:iarcept Jn. The

slope of the straight line resulting frorm such a plot should also equal Jo.
B, EXPERIMENTAL RESULTS AND DISCUSSION

The results reported here were obtained with a typical Multicell
configuration: various sets of ecight nickel-plated, steel Knudsen cells,
machined to be "ideutical" except for the lengths of the cylindrical orifices
and/or the semi-apex angles T of the conical orifices, were placed into
closely-fitting, symuctrically-arranged cavities in an aluminum {or copper)
block which, during a run, sat inside a suainless steel vacuum chamber.
During the heating period, the entire vacuum chamber and several inches of
connecting stainless stecel vacuum line were inside a circulating-hot-air,
constant-temperature oven. The cells were charged with equal amounts of

high-purity cadmium metal.




The dimensions of the orifices and the detailed results of the various
runs are available elsewhere®Y74C; the resuits of a typlcal run are presented
in Table 3 and in Figure 29 in which the leasi-squares straight line (gic -
oy + b) for the dats points ie also given.

For each run, the expeiimental transmission probabilities were calculated
in two ways: (1) the ordinate value of cach experimental point (i.e., each
gi) was divided by J, (cf. equation 33) to obtain the values 51p; (2) the
cecriesponding ordinate value (gic) on the least-squares line was divided by
Jo to obtain the values Eic' In Table 3, the transmission probabilities cal-
culated in the two ways from the date of Run 7 arc comparcd with the theoretical
transmission probabilities.

For cach orifice the transmission probability calculated from the results
of several runs will be more reliable than a value obtained from any single,
arbitrartly-chosen run. "Average" transmission probabilities 21 for the
various sets of orifices, and the transmissicn probabilities Ki calculated
from the individual runs are given in Tables 4-G. Two values are given for
each orifice: the upper of each pair of numbers is the transmission probability
calculated from the experimental poin’: (gj. Eip, Table 3), and the lower
number 1s the value calculated from the least-squares line for the poiuts of
a given run (cf. ﬁic, Table 3).

As shown in the last column of Tables 4-6, the discrepancies between the
experimental values for transmission probabilities (for cadmium vapor passing
through nickel-plated, cylindrical orifices) and the theoretical values lie
in the range 54 {with two notable exceptions in Table 6, for which we have
no explanation), 1f the experimental points are considered. If th2 results
from the least-squares lines are used, the discrepancies are sppreciably
smaller. Similar agreement for a very limited number of "short" orifices
has been obtained by McKinley and Vance®® and by Carlson, Gilles and Thorn®”.

In gencral, the experimental values Ei are less than the theoretical
Wi, and there 15 & slight trend for the discrepancy to become larger as L/D
increases. These observations are exactly opposite to what would be expected
1f surface diffusion® 3® thrcugh the orifice contributed significantly to the
total efflux.

The agreement between theoretical predictions and the experimental

results reported here (especially Table L) 1a appreciably better than the
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TABLE 3

COMPARI"ON OF EXPERIMENTAL AND THEORETICAL
“140MISSION PROBABILITIES: RUN 7

Orifice, 300(KP=W) 100(KE=W
L/D Wi £1,M8 xP v X< W
0.195 0.837 L2.3¢  0.843 +0.7 0.831 -0.8
0.290 0.777  3B8.16  0.7%9 -0.3 2.70T -1.3
0.41h 0.711  35.62  0.709 -0.3 0.693 -1.8

G 448 0.695 32.94  0.656 -6.0 0.682 -1.8
0.521 0.66h  33.8%  0.073 +1.h 0.049 ~2.2
0.522 0.663 31,91  0.635 <Ly 0.0649 2.2
0.667 0.609 28.85 0.5T4 ~6.1 0.592 -2.9
0.800 0.567 28B.5%  0.565 +0.2 0.5%9 -3k
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Figure 23. Weight loss through orifices with varicus (L/D)
ratios vs. theoretical transmission probability.
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TABLL 4

EXPERIMENTAL TRANSMISSTON PROBABILITIES
¥OR FICHT CYLINDR'CAL ORIFICES (SET 1)

Orifice, K 100(K-W)

L/D W Run 4 Run 5 Run { Run 7 X W
0.195 0.837  0.83548 08510 0.8550  0.8429  0.BLG +1.1
0.6297%  0,8%92  0.6378  0.8305  0.834 -0.4
0.290 0.7 --- 0.7207  0.7TH4G  0.T493  C.ThS -4,
- C.T791  0.7772  0O.7672  0.TIY -0.3
C. L1k 0.711  0.09:27  0.7393  0.0888  0.7058  0.708 -0.4
0.09732  0.7151 0.7 0.098G  0.706 -0.7
0. 448 0.595  0.60367  0.15I8 00991 0.6555  0.6TY -
0.6610 0.0880  0.0460  0.662h  0.090 -0.°¢7
0.521 0.06h  0.6510%  0.7h13  0.0905  0.C¢f32  0.68Y +3.8
0.6h7TY 00,0672 0.6643  0.6h9z  0.0457 -1.1
0.522 0.663  0.6617%  0.0572  0.0828  0.6350  0.659 -0.6
0.640697  0.60665  0,0036  0.4485  0.055 -1.1
0.667 0.606  0.57908  0.4120 0 0.589%  o,57h1 0 .98y -3.3
0.5903P  0.6130  0.60Y6  0.5921  0.001 -1.3
{
0.800 0.567 0.55498 0.5250  0.5701 0.5681  0.557 -1.8
0. 5465 0.5710  0.50679  0.548y  0.559 1.4
m = slope 38.15 3T 30.7¢C 52039
b = intercept R
at (W; = 0) -1.71 +0.38 +0, 20 -2.1%
Jo= intercept B )
at (wi = 1) 3644 34,95 30.05 50,25

e o T, LD

a. The upper number of each pair is the value obtained from the experimental
points.

b. The lower number of each pair 1s the value obtgined from the least
squares line.




EXPERIMENTAL TRANSMISSION PROBAB1LITIES
FOR EIGHT CYLINDRICAL ORIFICES (SET 1I)

TABLE 5

&,

b.

urifice, —_— K 1ﬂ7[§-w)
L/R W Run 2 Run3 Run ks Run 6
0. kG2 0.819  0.577a 0.854%  0.809 0.814  0.83Q +2.7
0.848b 0,811  0.797 0.802 0.815 -0.5
0.6014 0.79% 0.73% 0.752 o.75h  0.751  0.748 -0.8
0.761b 0.Th2  0O.72% 0.731 0.7h0 -1.9
1.016 0.669 0.647a 0.649  ©0.591  0.599 0.622 -7.0
0.680b 0.652  0.629 0.638  0.650 -2.8
1.291 0.616 0.6lka 0.594% 0.541 <C.577 0.982 -5.5
0.603b 0,598  0.57T0 0.595 0.592 -%.9
1.627 0.563 0.5908 0.535 0.497  0.520 0.536 -4.8
0.575b  0.541 0.510 0.523  0.537 -4.6
1.946 0.521 0.53%a O,L84 0o, 4l2 0.486  0.L497 =4.6
0.535b  0.k97  o.k6h  0.LT7T  0.493 =5.4
2.263 0.485 0.508a 0.456  0.419 0.kOk  O.4LT -T.6
0.501b 0.L60 0.423%  0Q.437  0.45% -6.
2.573 C.455 0.46La 0. 4B 0.414  0.4LE  0.443 -2.6
0.469b  0.428  0.390 0.405 0.423 -7.0
m = slope Le,67 66.15 84,28 T73.14
b = intercept
et (W = 0) +1.2k <«3.10 =9.07 =6.12
Jo= intercept
at (Wy = 1) 47.91 63.05 75.21 67.02

The upper number of each pelir is the value cbtalned from the experimental

points.

The lower number of each pair is the value obtained from the least
sguares line.
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TABLL

¥}

EXPERIMENTAL TRANSMISSION PROBABILITILS
FOR EIGHT CONICAL CORIFI1CES (SET I11)

Orifice, K 100(E—w}
L/R T, deg w wun U Run Y X W
1.050 22,0  0.86%y 0.837a 0.850  0.8h N7

0.887b  0.885  0.886 <U. 1
3.889 26.8  0.8B8k8 0.942a 0.860  0.901 +1.8
0.880b 0.88%  0.885% <0.1
1,005 BT 0.8005 0.832a 0.936 0.08% +2.0
0.807b  0.B02  0.804 ~0.3
0.4216 0 0.8252 0.870a o.BYT  0.80h +4,7
0 827b 0.82 0.826 +0.1
ko051 15,2 0.7375 0.020a 0.%81 0.000 -18.7
0.7h2b  0.736  0.739 +0.2
2,183 9.05  0.0898 0.877a 0.829  0.853  423.0
0.6Y5b  0.G88  0.0692 +0.3
3.857 9.15 0.6187 cC.568a 0.995 0.582 -6.0
0.625b 0.017  0.622 +0.3
2.072 0 0.5059 ©.505%a 0.4%8  o.500 -0.8
0.515b 0.5  0.510 +0.8
m = slope 37.97  35.88
b = intercept at {W;=0) +0.68 -0.17
Jo= 1ntercept at (Wi=l) 38.65 35,71
a. The upper number of each palr is the value obtained from the experimental
points.

b. The lower number of
squares line.

each palr 1is the

(e
n

value obtained from the least
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typical agreement between measured vapor pressures reported by two laborastories,
both of which use supposedly the sawe Knudsen elfusicn technique, and is

better than the reproducibility in vapor pressure measuvements often cobtained
within a given lsgboratory. 1t would thercfore appear that the source of

these discrepancies in vapor pressure measucements may lic in phenomena other
than flow of gas through an orifice.

Concurrently with our work, Macur, Edwards, and Wahlteck®! have attempted
to circum-~nt this probicm ot poor reproducibllity in Knudsen effusion measure-
ments by using & Multicell technique in which the cwphasis is on the simul-
taneous detcermination of several vapor pressures at the same temperature; the
average deviadion in the pressures calculated from the scveral cells in a
given run range from 1 to 34 for indium and from 1 te 8% ror gallium. The
agrecement from run to run (i.e., with change in temperature), as reflected
in the calcvlated values of AHigs of vaporization, is equally impressive;

the uncertainty quoted is 0.10 Kcal/mole,

I
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SECTION V
THE MIKER TECHRIQUE g

The Miker technique for determination of vapox pressures and of molecular
weights of vapors at high temperatures was described in detall in Dart 1154,
In this technique a vacuum microbalance 18 used to obtain both the rate
of effusion from a suspended Knudsen cell and the vecoll force which 18
exerted on the cell as & vesult of effusio.,

The results reported in Part I17? dewonstrated the general validicy
of the technique, aund also denonstrated the need for various refincements
if the technigque was to provide & significant fwprovement over typlcal
Torsion-Knudsen effusion-Recoil dats. The various refinements will be

rcported.
A. MODIFICATIONS TO API'ARATUS

The carly results®?! with the Miker apparatus indicated two major de-
ficicncies: (1) Whern power to the furnace was terminated in the course _
of meesuring the recoil force, the furnace cooled so slowly that en un- ii
desirably large correction for effusion during coecling was required.

{2) Manual control of the vacuum microbalance was satisfactory for rate

of effusion mcasurements, but not for recoil force measurcments; automatic
balance control appears to be a requirement for valid recoill f{orce measure-
ments. Most of the modifications to be described were made in the course

of overcoming rhese two deiiciencies.

1. Furnace and Power Supply: Rapid cooling by the furnace appcared

to be most easily achieved through the use of elements with very low
heat-capacity and with high surfaece area. Tungsten wmesh furnace
elements were considered but rejected in favor of praphite tape for

the following reasons: (1) Graphite tspe retains its flexibility

e
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alter maony cycles 1o apevatin res; (27 Rey

O temoe it
18 tuempoeraly

rod furnoece
temperatures were nob, at Jeast initialily, so high that vaporization
fiom the graphite ¢l ments posed a problem; (2) Furnace fabrication

is simplitied and 1s readily accemplished in our shop; (&) The resis-
tivity of graphite is so high that one may casily fabricate o furnace
vhich operates direci ly from an SCR-conirolled, 1C0A, 110V, 63H» line;
power ot this voliage-current level is much more easily handled and

introduced into the vacuum system than is the lower voiltage = very

-

high current levels required by metallic heatin; elements.,

f—

The furnace has a c¢vlindrical configuration and consisty of six 13-cm

lengths of 1.27-cwo-wide graphite tape held ac top and bottom by machined

[EP I

grophite rings with graphite screws. Flectrically, the three lengths
of tape which form one hemicyl nder are in parallel, as are the other
throe; the two sets of three are then in series, conuocted eleceri-

cally by the bottom gropaite ring. The reststance of the furnace is

2

RIS

1.0 ohm at 257¢,  With ne radiation shiclding, 2 current of ~50A rms

om0 .
produces a temperature of 13007 € in a ccll suspended in the cente,

of the furnacc. VWhen power Lo the furnace Is terwinated, the suspended .

cell coals initially at a rate of ~25-30 deg C/sec,

As indicated above, power to the furnace is controlled with a
siugte 1104 silicon-contyolled-rectifier the patc of which is driven

R ||\;]‘. R lse gponer 3 L42
by a "Silicontyol” palse genervating unit —.

The other units in the contyol Toop are a tungsten-rhenium thur-
mocouple whicl responds to changes in furnace teaperature, a stable,
variable refoerence voltage, an electronic null detector which responds
to any error voltage between the thermououple and the veference voltage,
and & Controller which accepts the ouiput of the null derectar, provides j
proportional, cevivaetive, and inteygral control actions, and supplies an
appropriate de ecurrent to drive the Silicontrol unit. The thermocouple
is used only for control; temperaturcs are weasurced with an gutomatic photo-

electric PPhotomat ic™ pyrowmcter,

G8




2. Automatic Control of Microbalance: Several changes have been made

in the automatic control system, although the basic control loop
(Figure 20 in reference 21) remains the same. The magaetic amplifier
which supplied current to the ceompensating coils has been replaced
with a well-yegulated de power supply and an emitter-follower circuit
whi.h is driven by the output of the Controller. This substitution
eliminated a significant ripple voltage from the coils.

The "Photopot" light beam position sensor- has been replaced
with onc of leter manufacture, which is more stable and which can
be readily operated in high vacuum. The new "Photopot' was mounted
inside the balance chamber about 6.3 cm from tbe mirror affixed to the
center of the balance beam. The light beam originates, cutside the
vacuum system, in a 50W projector lamp, is defined by a 0.010~cm slic,
reflected through a lens and window into the balance chamber and onto
the balance mirror, and focused onto the "Photopot'. The output of
the projector lamp is monitored and controlled by a nodification ol
the circuit described by Rosenthal*® . Power for the "Photopot" bridge
circuit is now supplied by mercury batteries.

The weight change which can be compensated by change in current
through the balance coils (from 0 rc ~100mA) is 28mg. To avoid
opening the vacuum system to re-tare the balance after each 25-30mg
weight loss, a taring mechanism operable from outside the vacuum
system was installed. A hellows-sealed shaft, driven cutside the
vacuum chamber by a micrometer screw, carries four _20-mg ring weights
formed from Alumel wire 0,020 ¢m in diameter, As the micrometer screw
is rotated, the shaft is translated downward (upward) and the four
ring weights are scquentially placed on (removed from) a cross-arm
attached to the balance becam,

3. Miscellancous Modifications: In the Miker technique effusing

vapor is directed downward, dirvctly toward the window/prism through
which optical pyrometer measurcments ave made. A shutter protects
the window during the interval betwcen pyrometer reading; cven so,
the window acquires a significant deposit rather rapidly. 7To avuid

0,ening the entire vacuum system to the atmosphere while the window/
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prism is vemoved, cleoned, and veplaced, a very thin, bellows-
sealed gate valve was installed in the window mount and between the
1 window/prism itself md the furnace chowber. The valve 1s a modifi- '
catien of the design vepovted by Shff[icldaﬁ, and has performed
satisfactorily.
% The offect of building and cquipment vibrations on the micro-
balance has been minimized by mounting the vacuum eystem on 3 steel-
reinforced concrete block (2x2x3 fr. high) which was cast in place
on the basement floor; mechsnicel vocuum pumps in the vicinity have
been mounted on vibration-absorbing pads, etc.

For increascd pumping cepacity, there has been iunstalled in the
vacuum system a larger diffusion pump (PMC-720) and a liquid nitrogen
E trap (Cryo-sorb).

&, Spurious Recoil Forces: 1In measurements of rate of effusion and

bl 2 Y bR o B s va

of recoil force made immediately after the wodificstions described
above were eftfected, the measured recoil {orce was much larger (e.g.,
1 by & factor of 1.5-2.0) than expscted from the rate of effusion

measuremculs, A major source of the spurious portion of the recoil

force has been identified as an interaction between the fields

suvrounding the furnsce power leads and the magnet attached to the

balance beam. This interaction has been minimized, and all but elim-

R

inated, by arranging the furnace power leads and the furnace elecments

themecelves in a configuration symmetrical with respect to generation

S TRPE R

of spurfous nagnetic fields in the balance chamber.

A second major source of spuriocus vecoil force was inadequate
shielding of the "Photopot' from stray light in general, and specifi-
cally from light from the furnace. Stray light from the furnace ;
caused a shift in the null point of the "Photopot'; when the furnace
power was terminated to measure the recoil force, the stray light :
from the furnace was also terminated. The null point of the 'Photopot"

e

shi back to ibe “"furnace coil¢" position, but since this shift

£e
oliLalL

18]
Cu

coincided with a recoil force measurcment, the shift was incorporated
into the apparent recoil force, Shielding of the "Photopot" was

velatively simple, once the difficulty hed been identified.
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The residual spurious forces which remain appear te arise from
pressure-dependent phenomena, e.g., thermomolecular flow forces®%,
However, these residual spurious forces now constitute ouly ~1% of
a typical expected recoll force, compared with ~50 to 100% before

the various corrective actions were taken.

B. EXPERIMENTAL RESULTS

We have only recently eliminated {or minimized) the spurious recoil
forces discussed above. The experimental data we report were obtained
with the modified furnsce and automgtic control system, but hefore the
spurious forces were identified and eliminated, and are presented to
indicate the precision which has been obtained in reccil force measurements
with the microbalance.

The data in Table 7 for the vaporization of tin were obtained with &
graphite Miker cell®® the conical orifice of which is described by I =
28.8°, (L/ro) = 4.98, W= 0.908, and f = 1.088.

The vesults of Table 7 are typical 1llustrations of the reproducibility
obtainable with the Miker system. It should be noted in particular that
the reproducibility in measurements of vecoil force is at least as good
as the reproducibility ip measurements of rate of effusion,

We expect to observe similar reproducibility sand good agreement
between effusion and recoil measurements in subsequent vapor pressure

deteruinations,




TABLE T

HMIXER DATA FOR VAPORIZATION

OF TIN
Rate of Recoil Recoil + 2
Tewp, effusion,  Current, Masot, Eressyre’, dvp/cw”
=K —ua/sgc.  __mA_ —HE i 2
1466 1.061 0.306 100.4 1.2 21.7
1470 1.078 0.310 101.7 11.L4 22.0
473 1,138 0.238 97.7 22,1 21,1
1473 1,067 0.302 - 99.1 11,4 21.4
1486 1.156 0.328 107.6 12,3 23.2
1489 1.070 0.327 107.3 1.4 a3.2

¥ Recoil mase is that mass which, under the acceleration of gravity,
counterbalances the racoil force; balance calibration = 0.525 mg/mA,

1 P.. {a peleonlated €from rata nf affusion: P

£vmn wana
18 celulatel ITOR TaIE OO SIS hv.., < <To0 TSC8S

R
The "accapted" value* is 7.8 dyn/cm ot 1480°K.
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SECTION VI

CALORIMETRIC STUDIES OF
VAPORIZATION PROCESSES

Determination of equilibrium vapor pressures and/0r decomposition
pressures, with subsequent calculatlon of enthalpy of vaporization and/or
decomposition and of enthalpy of formation of the gaseous species evolved,
occuples a key role - one is tempted to say the keystone role - in high
temperature chemistry (HTC). From the various measurements of (supposedly)
equilibrium pressures in various laboratories have arisen numerous dis-
crepancles: between Knudsen effusion data and maess spectrometric data;
between Knudsen effusion data and Langmuir vaporization data; and even
between two sets of Knudsen effusion data, both of which were obtained by
reputable workers using, supposedly, the same technique. Attempts to
resolve these discrepancies have resulted in, among other things, the
formation at the 1966 Gordon Research Conference on HTC, of a committee
to study establishment of vapor pressure stsndards above 500°K and below
10™3 atmosphere.

In addition to refinement and standardization of effusion techniques,
an endeavor to which the previous sections of this report is devoted,
new approaches are needed. A more or less obvious one, except for
experimental difficulties encountered at high temperatures, is direct
calorimetric measurement of enthalpy of vaporization and/or decomposition.
Sunner and Morawetz*® (at the University of Lund, Sweden) nave studied
intensively the problem of calorimetric mcasurenent of heats of vaporization
of various hydrocarbons and other organic compounds at 25°C. They have
successfully measured heats of vaporization with a precision and accuracy
better thén 0.1 kcal/mole for materials with vapor pressures gs low as 10°%
torr at 25°C., They have also measured diffcorences in heat of vaporization

as a function of the effusion orifice peometry.
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In conjunction with work supported by another contract we became
interested two to three years ago in the poasibility of direct calerimetric
measurement of enthalpies of decomposiFiun, e.g. A(s) - B(s) + C(g)° Our
initial approach to the direct measurement of enthalpy changes was essentially *
to copy the furnace and calorimeter configuration of Speros and Woodhouse's
“quantitative differential thermal analysis" (QDTA) system®’ and to make
various changes 1in the electronic control circuity &nd the output eig: al.
In evaluating our QDTA system‘s, we measured enthalpies of fusion of several
metals with a precision of 0.5-1.5% and an accuracy of 1-3% in the range
150-450°C. Subsequently we investigated the decompostifon of PbC0s, ZnCOg,
and NHg Cl; with QDTA we were able to determine with reasonable precision
and accuracy the enthalpy change for these decompositions, including the
change fotr cach of three steps in the decomposition of PbCOC.
Our experience with the QDTA concept has led us to make several sig- i
nificant modifications in the furnace-calorimeter configuration and in

the control-output circuitry; we rafer to the new system as "Differential
)48,

Scanning Calorimetry" (DSC
1967) being debugged and tested. We expect that with this new DSC w:
shall be able to measure in the range 30-1000°C, endothermic enthalpy

These modifications are presently (Summer,

JEr——

changes resulting frca fusion, vaporization, decomposition and phass
transition, and perhaps even exothermic enthalpies of reaction.

It is our further opinion that it is feasibls, within the present
state-of-the-art, to design and build a DSC eysten which would provide

L e 1 A

direct measuranent of enthalpy changes in the range 1000-2000°K, and
perhapa to 2500°K, Such & system would make availabls to "higher" tem-
perature chemists the capabilities precently availsble in commarcial
@quipment‘g up to 500°C and expected in our DSC system up to 1000°C.
Another virtue of tha DSC technique is this: with the one allump?

T

tion that the rate of energy input to the calorimeter is proportional to

the rate of the (endothermic) process occurring in the calorimeter, the

data one obtains ere directly interpretable as the rate of the process

as a function of temperature and of time., It is then rather atraight

forward¥ »>° to obtain rate constants over a range of témperatures, and

hence the activation energy, from a single 1l-to=-3~hour run. With the -

older QDTA system we have obtained® energles of activation for the variocus

Th




steps in the decomposition of PLCO;, and for the homogeneous decomposition
(in solution) of a complex organic azo compound.

In sumuayy, we are convinced that direct calorimetric measurement of
enthalpies of decomposition, vaporization, etc., are presently achievable
to 1000°C, and with a relatively modest development effort could be achieved
at 2000°C, \hile these techniques are¢ net likely to replace effusion
techniques In the near future, they can provide for high temperature
processes data obtained by other-than-equilibrium techniques; such supple-
nentary and complementary data are sorely needed in many high temperature

chemical systems.
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TABLE 8

IDENTIFICATION OF MAJOR COMMERCIAL COMPONEMNTS OF APPARATUS

Item

Amplifier, Leock-in
PAR JB-5

Controller, C,A.T.
Type 10877

Lamp, Projector
8v, 50W, Type 13113C-04
Philips (Holland)

Null detector, d.c.
Type 9834-2

Photopot

Power Supply,
30V d.c., QB28-1

Pressure Meter,
Equibar Type 120

Pump, diffusion, oil,
4 in,, PMC-720

Pyrometer, optical
Photoelectric, "Fhotomatic"

Valve, wvacuum,
variable leak
Cat. No, 9101-M

Silicontrol Pulse Unit
Type VS6332AF

Trap, liquid nitr.gen

LL S P
Cryo-sorb

Tuning Fork
Type 40
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Supplier
Princeton Applied Research Corp.
Princeton Junction, N,J,

Leeds and Northrup Company
4901 Stenton Avenue
Philasdelphia 44, Penns.

Local Photographic
Supply Shop

Leeds and Northrup Company
4901 Stenton Avenue
Philadelphia 44, Penna.

Giannini Controls Corporation
55 N. Vernon Avenue
Pasadena, California

Sorensen Products
Raytheon Co.
S. Norwalk, Conn.

Trans-Sonics, Incorporated
P.0. Box 328
Lexington 73, Massachusetts

Consolidated Vacuum Corporation
1775 Mt. Read Blvd,
Rochester 3, New York

Pyrometer Instrument Co.
Bergenfield, N,J,

Granville-Phillips Company
5675 E, Arapahoe Avenue
Boulder, Colorado 80301

VecTrol Engineering Div.
Sprague Electric Co.
P.0. Box 1089

Stanford, Conn,

Granville-Phillips Co.
5673 E. Arapahoe Ave,
Boulder, Colorado 80301

American Time Products
61-20 Woodside Ave,
Woodside, N.Y. 11377
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