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The Sticking Coefficlents of Carbon and Iron

Atomie Beamé

le Introductione

The accurate determination of the[vaporépressures'of the

olements is of great importance in the establishment of their

~-—

'thermodynamié.prOperties. For many of the elements it is con-

vanient to carry out vapor-preséure meagﬁrements using direct
manometric methods which usua11y~jieldf§ccurate results above
50 mm Hge In the case of the refractory metals the use of prese
sure gauges is unsatisfactory because of the low vaporupréssures
and the high temperatures involved in such determinationse -
Two methods which are capable offyieiding accuraté results,
in the low pressure range arse thebeffusioh method and the measuree
ment of rates of vaporization from a free surface in a facuum.
In making effusion measurements, the vaporizing material is-

contained in an inert vessel which has a small hole through which

_ the vapor may escapee In order that the equations of the kinetic

theory of gases may be applied to this_system the construction of
this hole must meet two condltions: (1) the thickneés of the edge
of thé hole must be much smaller than the diameter such that the
probablility that.an“atom arriviné at the aperture passes through
it 1is esseﬁtially unity, and (2) the diasmeter of the aperture must

‘not be greatér than the mean free path of the atom such that the

velocity direction of the atoms in the containing vessel are not
disturbed by the act of effusione It is then a simple matter to
collect a known fraction of the effusing atomic beam and calculate

the total amount effusing from an ideal aperture in a given time
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interval by applying the cosine dependence of the beam densitye.
The relation given by gas kinetics for the calculation of the

vapor-pressure 1is

P = ZAMT ‘ . (1)
44 ,383 g st

wherein p is the pressure in atm, z the total number of moles
effusing, M the molecular weight of the gaseous species, T the

2, and t the time in

temperature in °K, a the hole area in cm
 seconds. |

In these considerations of the equilibrium between a gasecus
and condensed phase one must ‘consider a factor o, the sticking
coefficient, such that 1f p is an apparent_Vapor—preésure which

determines the rate of evaporation from a surface, and if p° is

the equilibrium vapor-pressure, then

p = ap®

This means the atdms in the gas phase do not have unit probability
of condensing upon striking the surface if a is not unity and that
the rate at which atoms enter the gas phase 1s proportional to p
rather‘than to the equilibrium pressure pP°e The factor a may alsoc
be expresssd as a fraction of the numbsr of gaseous atoms which
strike unit surface per unit time that condense,

Now it can be shown that measureﬁents made by the effusion
method are independent of the sticking coefficlent within the
effusion vessel if the area of the hole is considerably smaller
than the vaporizing arca, If a rep?esents the area of the hole and

s the vaporizing area, the relation
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P =D
o+ =
S

expresses the dependence of the measurementkbf‘the equilibrium vapor=
pressure upon the sticking coefficient within the vessel. It is
obvious that in making measurementsmby‘the effusion method that one
should wvary his hole size in order to establish the fact that one
is not dealing with an abnormally low stiéking coefficiente

However, thls factor 1s of importance at the coilector,where
the effusing'beam is condenseds Since the.measﬁred vapor=-pressure
is directly dependent upon the amount collected, a sticking ccoeffi-
clent which is quite small leadlng to considerable reflection will
introduce serioué errors into the final measurement . |

In the determination’of vapor~pressures by the measurement of
rates of vaporization from a frese surface inia vacuum the factér o

is of direct importance since the relation given by gas kinetics is

m T h -
U = e o 2
PE = T .ees {M S | | (2)

wherein p is the pressure in atm,'a the sticking coefficient; m the
weight loss from the surface in gms/cmz/sec,'T the temperature in °K
and M fhe molecular weight of the gassous specless In this type of
measuremnent go collection 1is neceséary ahd ﬁhe sticking coefficient
is of importénce only in the above relations |

There is one possible situation in which‘equétiqns (1) and (2)
will give a caleculated vapor-pressure which is greatly ih efrof§ That
is when account 1s not taken of the aétual vaporizing SPQCieép For in-
stance, Melville‘and Gray(l) have shown ﬁhatfred phosphqrous évaporates
to give P2 molecules and only Po molecuies‘gondense on red phosphorous
sven under conditions where P, is the predominate gaseous speclese

When P4 molecules hit the red phosphorous surface they condense %o
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the more volatile white phosphorous which evaporates again to P@
gas without convérsion to red phosphorous. Thefefore, if the equili-
brium pressure measured consists of Pé(g) with only a small amount
of PQ(g), the small equilibrium pressure of Ps(g) should be used to
calculate the rate of vaporization. Such'cases, hOWever, are rare
and in the case of the refractory ﬁetals discussed in this paper the
vapoerization is predominately to the monatomic gase

In general the method of vaporization from a free surface yields
results of greater accuracy than the effusion method when a is known
or is quite close to unitys This is a result of difficulties
encountered in determining'the true mean temperature within the
effusionvcella DeSpite great care in experimental details, serious_,
temperature gradients usually exist When runs are.conducted st high
témperatures.' One imﬁediate reason for this is that it is not
possible to include radiation shielding in the space about the
effusion cell where the'exit gas atoms tfavel_to the collector., Thus
the area about the hole acts as a heat sink and not cnly introduces
a factor which_lowers the apparent vapor-pressure but leads tc error
in the measurement of the.tempefature within the cell by the optical
pyrometer due to ppssible deviations from black body conditions
when the temperature is not uniforme.

If the emissivity of the material is known at the temperature
of the measurement, the temperatﬁre’of'the free surface may be
measured relatively accurately and the difficulties encoﬁntered in
the effusion method‘are notvencountered in the vaporization methode

Unfortunately very few direcﬁ determinations have been made
of the sticking coefficient of the reffactory metals., It has

generally been assumed that a is essentially unity in conducting
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the Vaporization'measurements. In the first paper to report the
determination of vapor—pressures'by free surface vaporization,
Langmuir‘z) discusses this problemo  Since Knudsen has shown the
thermal aﬁcommodation coefficients of gases increase with increasing
molecular weight, Langmuir concludes that it is extremely probable
that the sticking coefficient of gaseous metallic atoms will be
essentiaily unitye In a recent paper Holden, Spieser and'Johnston(z)
have determined the vapor-pressure of beryllium'by both of the
methods described above and find agreement within their experimental
error, which indicates that the.sticking coefficient 1s unity at the
temperature of their measuremént within the accuracy of théir
measurements, | |
Actually very few qualitative obéervgtions of the reflectién
of metallic atoms have been reported. It.ShQuld be.emphasized thét
we are interested only in those metals who#e vapor-pressures are
vanishingly small At room temperétﬁfe, bf the temperature of the
target.méterials It is well known(4, that atomic beams of volatile
metals such as mercury and cadmium show considerable reflection,
because of re-evaporation from the collector. Such cases will not
be discussed.~>Rudbérg'and Lempef£(5);rep6rt~no eitensive reflectioh
occurring when barium atoms strike a colleétbr; Rudberg(6)'also
finds no evidence for the reflection of éalcium‘atomic beams by
visual inspectiéh of surfaces adjacent to the coiléctor. Weber.and
Kirsch<7) report no visual evidence: for fhe reflection of bismuth
:atoms from a bismuth'deposif on a collectﬁro Johnston and Marshall(8)
cbserved no condensation of nickel ‘on re—eﬁtrant portions of their
apparatus during ﬁeasurements of the vapor=pressure of nickel. Of

not direct bearing on the reflection of metallicvatoms, but of

~
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interest from view of large molecuiar welght are the experiments
Verholk and Marshall(gb in which the vapor-pressures of triem-cresyl
phosphate, tri-p-cresyl phosphate, dibutyl phthalate and dibenzyl
sebacetate were determined at 100°C by both the effusion method and
‘the measureﬁent of the rate of vaporization of the freé surface,
Tre sticking coefficient was found to be essentially unity for éach
of these compousds since in all cases the two methods gave the same
Vapor=prgssuree
The vapormpréssures of several of the refractory ﬁetals have
been iInvestigated by at least one of these methods. In a review of
the Vaporwpressﬁres of monatomic vapors Ditchburn and Gilmour(10)
give the pressure ranges which have been measured, and in the case
“of the ﬁore refractory metals give'the vapormpressurés for Cu, Ag,
Au, Be, Al, S8i, Pb, Bi, Cr and Mn, Kelley(ll) has givén Vapore
pressure data for these elsments and also C, Fég Mo, Ni, Pt, Sn, and
Wo _Brewer(12) sumarizes the thermodynamic properties of the elements,
giving vaporepresgsures at high temperatures for the elements given
above and also for Ti, N, Th, Cb, Ta, U and other elements determined
by these methods ¢
It is seen that the vapcore-pressures of many cf the rsfractory
metals have been measured by either of two methods, both of which
are subjeét to error if the sticking cgeffiéient is not closs to
unitye Furthermoré, essentially only one meaéurement has been madse
%o determine these stlcking coefficients to test the Validity of the
reported svapor=pressureses
A current caée of interest is'the determination of the vapor-
preasure of graphite by Brewer, Gilles and Jenkinso(IS) In this

work the beam of ecarbon atoms was collected on a water-coocled

i
4
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platinum diseco The primary purpose of the determination was to
allow the fixing of the heat of sublimation of graphite, there being
three values "allowed" by spectroscopic data: 170439, 141425 and
125003 kcaiﬁn@lee While the results of this measurement gave close
égreement to the first value, it can be shan that this would result
fortuitously if the true heat were 141,25 keal/mole and the sticking

-2 or if the twue heat were

ccefficient on the collectcr werse 107
125603 kcal/mole and the st&cking coefficient on fhe collector
were 107™%, Conasidering the;orders of magnitude involved 1t should
be possible tovdetermine the amount of reflection of the carbon atoms
from the graphite deposit on the collector»in order to distinguiéh
between these possibilifieso Such is done in this paper under
essentially'the same experimental conditions as used by Bfewer,
et alg in their determinationso.

The sticking coefficient is also reporfad for .iron atoms on
the collector under the same experimental conditions used by Brewer
and Mastick(14) in the determlnation-of the vapore=pressgure of iron
by the effusion method. If the iron atoms condense completely it
would be possible to compére the vapor-pressure values obtained by
the effusion wiﬁh those obtained'by the measurements of ratés of
volatilization from free iron suffaces(ls)s(lﬁb‘and thus obtaln a

measure of the sticking coefficient at the temperature of the actual

measurementse

2. Experimental.

The equipment and experimental techniques involved in the
carbon measurements will not bs deseribed in detail as'they have

been given elsewhereo(lg) Graphite poWdéF~(Acheson grade 38) was
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contained in a graphite crucible which was fitted with a snug
graphite 1ide. Surrounding this was a heavy tantalum crucible and
an 8 mil tantalum sheet with a % inch ciréular hole which resteq on
top of the graphite 1id whose.circular hole was % inch in diametera
Figure 1 indicates the tantalum crucible surrounded by tantalum
ratiation shielding and collimator plateses The tantalum assambly
55 contained in a zircon crucible which is about 5 inclizs high and
200 inches in diameter., Suspended above the zircon crucible, in
line with the effusing beam is a water cooled copper ring on which
a 2 mil platinum collector disc rests., This disc has a central hole
% inch in diameter to allow sighting on the effuslon hole with an
optical pyrometer. A short platinum cylinder with one end open and
the otlier end closed with a large hole cut in this closed snd was
slip=fitted into the bottom of the ring so that the open end just
touched the cbllector disce The interlor of this cylinder was lined
with 1 mil platinum in thé form of a ring resting on the bottom and
a strip around the walls. ' These surfaces acted as collectors for
the atoms reflected from the collector disc. During'the runs the
portion of the disc intercepting the beam was heatsd to about 900°Ke.
Table I gives éhe essential results of the carbon reflection
measuremnents . Runs 4 and 5 were blank runs in which thsere was no
collector disc in order that the amount of In-beam scattering to
the 1 mil ring and strip could be determined. This amount was
subtractad from the weight found on these surfaces during reflection
runs l1l; 2, 3, and 6e¢ In view of the relatively large amount of
reflection observed in these runs, run 7 was conducted without the
lcwer 1 mil surfaces to determine the amount of reflection from

them back to the collector disce This was necessary to determine
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Table I
Wte C on Corrected ratio
. Time " Wte C oOn ring and of C on disc
Run °K secse x 10 disc (mg) strip (mg) to total C

I Collector disc and ring and strip reflection collectors in nlace:

1 2775 10374 1,535 1.029 0547
2 2765 1,440 24042 1.164 04585
3 2760 1.440 2,496 1.247 00816
6 2674 1800 1.292 0,774 ' 0581

II Ring and strip reflectiocon collectors in place onlys:
4 2760 1440 — 06088
5 2760 14440 e €049 R

III Ccllsctor disc in placey no reflection collectors under disc:

7 2760 1440 . 16705
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the magnitude of single reflection from the deposit on the collsctor.
S8ince the experimental conditions of runs 2, 3 and 7 are the same,
the first two runs glve the total amount of the beam collected and
the ratio of the weight on the collector in run 7 to the total
welght striking the collector as determined by runs 2 and 3 gives
the desired sticking coefficientes To determine the total amount of
Carbon In runs 2 and &, it 1is necessary ﬁo correct for the fraction
of the atoms which escape back through the hole ih the bottom of the
cylinder, This factor, calculated from the geometry of the system,
1s 1,32 timeé the weight on the collector disc. Column six of
Table I gives the raﬁio of the corrected weights of carbon found on
the collector to the sum of the corrected weights of carbon found
on all surfacess This ratio is not the sticking coefficient, but
vapproaéhss this coefficient in the limit as the amount of reflection
approachGS'zerd. The sticking coefficient calculated from runs 2, &
and 7 carbon atoms on the déposit 18 04454 -
The,iron-feflection runs were made with the same equipment and
geometry with two exceptions: the radiation shields and collimators
- were conétructed of molybdenum, and the iron was cbntained in a
beryllium'okide effusion cell.(lé) Table II gives thé results of
these runs; Runs 4 and 5 were made to determine the blank correction
for the amount of iron found on the l_mil ring and strip when the
collector disc was left out'of-the systeme. Because of the slight
reflection observed in runs 1, 2 and 3 it was considered to be of
no further advantage to attempt to determine the back reflection

dus to the 1 mll surfaces. The sticking coefficient of iron atoms

en the iron deposlt 1is given as 0498,
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Table II
Wte. Fe on Corrscted ratic
} Time 3 Wte Fe on  ring and of Fe on disc
Run °K secse X 107 disc(mg) strip (mg) to total Fe

I Collector disc and ring and strip reflection collectors in place:

1 1864 4180 7 435
2 1864 34600 9.90
3 1864 34660 10627

0 e35. Ce0174
041 00208
Co39 00,0182

II Ring and strip reflection collectors in place only:

4 1864 34600

5 1863 %6600

0427
0.22



e Discussionse

A sticking coefficient of 0.45 for the beam carbon atoms on
the collector deposit indicates that the vapor-pressures reported
by Brewer, et'ai,(lS) ars low by about a factor of two, and therefore
the values for the heat~of”§ublimation of graphite which they give |
are high by abdut.4 kca1/mo1e. EXciuding their outgassing runs,
their average ﬁalue(for the heat of sublimation is 169 .36 kcal/mole.
Correcting for the reflection at the.reflector, this value‘becomes
165425 kecal/moles Since the primary purpbse of.their research was
to distingulsh betweéen the possible values 170.39; 141,25 and 125.03
kcal/mole, it is seen that the evidence for the value 170.39 kcal/mole
is quite conclusive. ’ ‘: |

The probable éxplanation for ﬁheir experimentally determinéd
vélue being slightly low is based upon the uncertainty in establishF
ing the true mean temperature within the effusion cells It can be
shown that the temperature gradieﬁts whiéh may oxist in the cell can
introduce an error in the reading of the‘temberature witﬁ,anfoptiCal
pyrometer of sufficient magnitudé'to account for most of the observed
deviationa . This error shduld become more pponounced the highser the
temperétufe'df the effusion cell, Such was found to be the case in
meésurements reported in this paper which wers conducted at tempera-

: . Z
tures 160°K higher than those réported by Brewer, et al.(;o)

Kellay('1) gives g—g—& = -36.88 for the reaction C(gr) = C(g) at
?760°K;from this datum, the data in Table I and the geométry.pf the
system we obtain_as an average value for the heat of sublimation
157 ¢1 keal/mole.

The results given in Table'II'indicate that essentially com-

plete condensafioh of the gaseous iron atoms takes place upon striking



] See
UCBL=572
the reflectore. Thus the vapor-pressures reportzsd by Brewer and
Mastick(14) are not in error as a result of this fécfor. The vapor-
pressures reported by these authors were determined by the sffusion
method and agrse within experimental error with those determined by
Jones, et al,(ls) and Marshail, et al,(lﬁ) who utilized the method
of measuring rates of vaporization from free iron surfaces in a
vacuume Within the.accuracy of the measurements involved one can
conclude that the sticking coefficienf of gaseous iron atoms on an
iron surface which is in thermal equilibrium with the gas is
essentially unity. |
It has been noted that careful distinction has been drawn be-
tween the sticking coefficient on a deposit on a cold collector and
on a surface in thermal equilibrium wilth the gas, the former being
éf importance in the effusion method and the latter in the method
of measuring rates of vaporization. That thesse two factors may not
be immediatsly equated follows from the fact that the temperature
dependence of thé‘feflection is unknown and, secondly, it must be
shown that the nature of the so0lid surface in the same in both cases,
In regard to the tempergture dependence a qualitative discussion
- of the interaction of the atdm With the surféce i1s of help in
estimating the probable importance of the dependesnce., As the gaseous
atoms approach the surfacé it must be accelerated by the attractive
surféce forecese During impact with the surface the atom will lose a
certain féaction of the total translational energy which it possssses
at the moment of impact. Since this total translational energy 1is
greater than that which the atom had when far from the surface, ths
energy loss may exceed that which the atom possessed originally. If

this occurs the atom 1ls held in an attractive potential field of the
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surface bonding forces-and thus condenses. to become an integral
part of the surfaces Sincs the fractional energy transfer upon
collision méy'bé taken essentielly independent of the initialv
translational energv of the atom, and for stroﬁg surface bonding
forcas the maximum franslational energy at the point of collision is
a slowly varying function of the initial translational energy of the
atom, there must exist a certain translation energy possessed by the
atom upon;Iéavinglthe effusion cell whichfis equal in magnitgdg to
the energy idss,during 0911ision. ‘For initlal translational energies
greater thaﬁ:this'cfiticél valué the atom wilt rebound'from ééiiision
with rasiﬂual kinetic energy equal to or greatﬁr than zero and mav be
considered reflectsd.ﬁ It follows from»Maxwell—Boltzmann stapistics
that some reflection will always occur for atoms which have é$ﬁf§mely
high veloéitiés even though the temperaturé of the effusion_déiiiis
relativnly low. and the surface forcos higho This effeét rapiﬁly
becones negligibly smaTl ‘as the mean velocity or temporatvre of the
beam,dvcreases., It is ' very difficult. to ‘reach conclus1ons regarding,
the effsét-of an increased surface temperature.on the interaction
between the atom and the éurface,‘but;onéiismlédbtp coﬁéludeiﬁhgt.it
will be of sscondéfy importance and thatﬁﬁheftwb méjof factoré’in.the
reflection of. atomic beams will be. the strengtn of the surface forces
which attract 4‘he impinging atom and the mean velocity of the atoms
in the'beamo';Thus4in conducting effusion measurements-one shoulq _
construct thélCollector.or:é materialtwhigh,hasuétrong.surface bonding -
-forces for fhé éffusing atoms and should keep'the’beam velocities as
1owvas possibles

Dﬁring the deposition of effusing atoms the first few atomic

1ayebs will be dlstorted from their normal crystal habit by the
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surface 7 .rceg of the collector, and the consequent mass of the
deposit will be of a.crystal-structure appropriate to the slement
at the temperature of the collector unless an unusual case is
encouncered where the rate of crystal formation is extremely S1ow e
In the case of %he carbon deposit the structure is presu mebly
graphitice While no direct studies were made at le st two facts
suppors this conelusion: (1) the deposit had a metallic luster and

was gulte brittle, and (2) it has been shown(l7) that carbon black

°
..,

i1z a mixture @ontalnlng particles which range from single graphit
layers up to graphlte crystals several layers thick. Deposits of
iron have been iﬁSpected by pray‘diffraction methods and zre found.
to assume the normal cubic close=-packed structure whese lattice
cenatant was In excellent agresment with the best literaturs

(18}

valuese

In view of these considerations one is probably justifiéd in
drawing a compariscon between sticking coéfficienté measured at the
e@lle@tgr and on the véﬁorizing surfaces This may be done in come
paring the value o = (045 determined in this paper witﬁ the P@sulté
of Harshall and Norton(l 9) obtained by measuring the rate of vapori-
zation fromlcarbon rings in a vacuume. They fepcrt the heat of
sublimation of graphite as 177 keal/mole, based on their vapor=
pressure measurements and the apparent assumption of unit sticking
coefficiento Using the correct value 17039 kcal/mole for the heat
of sublimatiqn one caleculates that at the temperature of their
detérminaticns a sticking coefficient of & = 0,18 would account for
thsir high value cf AMHge It is difficult to conclude whebther or not
the difference in the values for the sticking coefficient may be

attributed to the<experimenta1 error or to an asctual temperature
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dependenceos However, it 1s interesting to note that direct determina-

ions made by Simpson, et 319(20)

of the sticking coefficient of
carbon atoms on optically thin deposits on hot quartz (ce. 700°C)
vcollectors 1s 0,18 for an effusion cell temperature of 24C0°K and

0o22 for a cell temperature of 2216°K.

4s Conclusiinse

The sticking coefficient of atomiec beam carbon atoms lissuing
from an effusion cell at 2760°K on a deposit at 900°K is 0.45. Since
this measurement was conducted under essentially the same experi-
mental conditions as used by Brewer, et al,(lg) in the determination
of the heat.of sublimation of graphite, the factor a :_0.45 may be
applied directly to their dataes This correction leads to an average
sxperimental valuse AHO = 165425 kcal/mele instead of the average
value AHO = 169,36 kecal/mole which they calculatsd aésuming no reflec-
tion at the collectors Despite the lowering of the ékperiméntal_value
the evidence‘is conclusive that 170;39 kcal/mole aﬁd not 141,25 nor
125603 kéél/m@ie (the three valueé ?éllowéd" spectroscépicaiiy) ié
the corréct value for the heat of sublimation~of graphiteo. |

A meaéurement has also been reported for the sticking coéffi—
cient.df etomic beam iron‘étoms on the‘collector plate, thg value
being a = 0980 It ié concludedvffom this eviden;e and the égreem
ment between the determinatioh‘of'the vapor=pressures of iron by
both the ef%usion method(l4),and the methbd of measursment of rétes
,ofHVaporization from free éurfacés'in a vaéuum(15)9(16) that the
sticking coefficient is essentially unity at the‘temperature‘of_the
iren surface during the Vaporizatibn measurément.

It 4s indicated that the value of sticking coefficients
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measured at the temperature of the collector may serve as a close
ap%roximation to sticking coefficient which obtains between the
gaseous atoms and the surface when the two phases are in thermal
equilibrium at the temperature of an actual measurement e

The determination of the sticking coefficient is of direct
importance in the determination of vapor-pressures by bhoth the effu-
sion method and the method of vaporization from a free surface. In
the former method reflection at the collector will cause a direct
error in}ths'measured apparent vapor-pressure and in the latter
method the sticking coefficient enters directly into the expression
given by gas kinetics for the calculation of vapor-pressures from
the measured rats of vaporizationa ;

The methods applied in this paper for the measurement of gstick-
ipg coefficients may be applied in general for the determinaftion of
the extent of reflectiﬁn of the atoms from a deposit and be incorpo-
rated with vapor=pressure measurements by either of the methods
mentioned in direet support of the wvalidity of the values obtalneds

FProm a Gonsideration of the experimental evidence and qualita-
tive bheoretieal discussion given above one is led to the conclusicn
that the sticking coefficiénts for all refractory elements which
vaporize to monatomic geses will have sticking ccefficients close to
unity at temperatures‘at which the vapor-pressure of the element is
less than‘about 106 atm., This conclﬁsion is supported by direct
expérimental evidence in the case of beryllium and irone. Actually,
it is not expected that values as low as that reported herein fof
carbon will be found for the refractory metallic elements. The stick-
ing coefficient fer carbon ié probsbly low because of the random

orisntation of the graphitic planes in the deposgsit such that some
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collisions of the gaseous atoms occur on sites where the bonding
forces are smalle
The work described in this report was performed under the

ausplces of the Atomic Energy Commission.
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