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A MODULATED MOLECULAR BEAM STUDY OF THE ENERGY OF
SIMPLE GASES SCATTERED FROM PYROLYTIC GRAPHITE

| by
W;J. Siekhaus, J.A. Schwarz, and-D;R; Olander
Inorganic Materials Research.Divisién of the
Lawrence Berkeley Laboratory
and
Departmefit of Nuclear Engineering :
University of California, Berkeley, California 94720
ABSTRACT ‘
The energy of rare gases and several’diatomic_gasés
after scattering from pyrolytic graphite was determined by
molecﬁlar beam-phase sensitive detection methods. The angle
of incidence of the molecular beam and the-angle of sampling
of the reflected molecules were both fixed at 45°. The phg$e 
hvshifts induced by changing either the temperature.of the
incident gas of the solid were utilized to determine the
temperature of the scattered molecules. |
E The results showed that the temperature of the reflected
. molecules was independent of the temperature of the incident
~gas. With increasing solid temperature, thé reflected gas |
temperature increased up to a limiting value which was
dependent'oh the gas and the surface only. Both the basall
and'prismaticvfaées of graphite were investigated. In:addition,
a prism plane specimen which‘had not been squected to'higﬁy
temperature heat treatment was studied. The temperature of the
reflected beam.did not depend'upon the crystallographic face
of the graphite but was markedly reduced by high temperature _'

annealing.



INTRODUCTION

Classical and guantum mechaniéal treatments déaliné with
the thermal accomodation of gases with solid surfaces haye been
presented‘for over thirty five years (l—Sf; Only recently;
however, has.the effect of solid temperature been explicitly
treated in theoretical models. The Trilling (6) model
assumes that the solid is a semi-infinite.elastic éontinuum and
postulates the existence of a '"Knudsen layer'" near the surface
which serves to modify the incident gas distribution function,
fO(v‘), to produce a‘distribution function of the reflected '
gas, f(v). When the energy of the incident_gas molecule is
less than the well depth of the gas-solid interaction poteﬁtial;
Trilling‘s calculation predicts how the thermal accomodation
ébefficient deﬁends upon' the ratio of the surface temperature
apd‘the gas temperature. When the incident.energy of the gas
is greater than the well depth, the ac should be independent
of surface temperature. This theory places no restriction
~on the masses of the solid and gas atoms. Trilling found satis-
factory agreement between theory and the ekperimental results fdr
rare gases on tungsten reborted by Thomas and Menzel (7).
- Forman (8) has applied the. soft cube model with a simplified
linteraction potential to calculate the average speed of étoms
rebounding from a surface. Computations were performed for -
: monqenergetic beams of krypton incident upon a tungsteh surfaCé.

The only energy eichangévmeasurements on



graphite are those of Meyer and Gomer (9). ’Their‘study of

thermal.accomodation of rare gases on graphite filaments

suggested that the gas atoms were released from the surface

- at a crltlcal temperature whlch was. proportlonal to the binding
;energy of the gas on graphite,

In the present eXperlment the mean“energy'of simple

~ gases scattered from,pyrolytlc graphite was measured. Both-

the'temperaturevof the solid and of the incident beam were

variedvindeﬁpendentlyfw

"EXPERIMENTHL

The artificial form of graphlte known as pyrolytlc graphlte
was employed in the present work, prlmarlly because 1t is much
" © denser and of higher’ purlty than ordlnary graphlte and because
it ¢an be. fabrlcated S0 as to expose eithex the basal or prrs—
-“matlc-surfaCes to the incident gas beam. These two surfaces
exhibit remarkably dlfferent chemlcal behaV1or w1th respect "

to oxygen (10).

In’addition‘to studying}the effect of crystaliographic
orlentatlon of the surface by utlllzlng basal and prrsm faces,‘
the effect of heat treatment upon thermal accomodatlon was
investigated. Pyrolytlc graphlte is produced at temperatures
of %2000°C. This ‘product’ 1s only %96% of theoretlcal densxty.
Heat treatment at "3000° C 1ncreases the densrty to >99% of the

theoretlcal value by 1ncrea51ng the perfectlon of the bulk



trystallites. Such heat treatment might also affect surface
propértieé._:We have conducted tests upon the pyrolytic graphite
in the prisﬁ_plane orientation both in the "as-received" and
~in the "annealed" condition., The basal plane specimen was annealed.
All samples were prepared for the experiment by polishing
to a high luster with diamond paste followed by extended
~heating (at 215009C) under high vacuum in the apparatus.‘
All:gases were research grade purity. Ekcépt-for xenon, they were
passed threugh a liquid nitrogen cold trap'before'use.
The enérgy measurements were performed'With the
modulated molecular beam techniqﬁe. In this method,‘d'moduléted
beam of gas atoms or molecules impinges upon a target located

8

in a high vacuum environment (background pressure ~10 ° torr,

4 torr).

cquivalent beam pressure V10~
The .interaction may be chemical and producé a species different'vj
from_ﬁhe incident gas. Or, the intefaction‘méy be_purely_:}

- physical and merely change a property‘of the‘incident;gas (sﬁch

as its direction or energy). Applicationiof‘this method to .
chemical interéctions of oxygen béams with pyrolytic g;aphife

is reported elséwherel(lO).

Inaémﬁch‘as phase-lock detection is employed in sﬁch
;experimenté, non-chemical interactions may be observed by ‘the
effect of beam and solid}témpefatures on the amplitude and
phase angle of the reflected beam signal. These | |
two quantities are affected by moleculaf fiightrtimes;in the
~ apparatus, which in tﬁrn depend ﬁpbn.the mean speeds df the

- molecules as they travel from the beam modulator to the Solid



surface and from thevsqlid surface to the detector. If the mole-
cular Veioéity distribution in both legs of the total flight path
is assumed to be Maiwellian; the mean speéds may be interpreted in
. terms .0f corresponding temperatures; Holister et al (11) were the
. first ;Q épply phase-lock detection to thermal accomodation measure- .-
_ments (théx.studied hydrogen .on copper); Yamamoto and Stickney (12) -
hgve utilized transit phase shifts ‘to meésUTe the mean speed of
monqengfgetig,argon=beamsvscattered,from tungéten.v - |
A schematic of :the apparatus is shown’in FigL 1;7TThe ihcident
beam travels 2.8 cm from the location at which it is symmetrically
modulated byva rotating toothed disk to the solid target. The
molecules reflected-from the target enter. the maSSJSpeétrometer
de;e;tqr¢after traversiné a flight path-of 4.2 cm.. The "angles

of beam incidence and samplihg are both 45° and cannot be ‘varied.

A detailed description of the apparatus is given elsewhere (13).

THEORY OF THE METHOD

As described in ref 13,'the output from the détector is
compared to a reference signal generated by the beam modulator
in a lock-in amplifier. This instrument providés a measure of
the amplitude and the phase angle of the output signal. = Although
both of these quantities depend upon the temperatures of the
incident and the reflected beams, only the phase information:
was utilized in the present: work. - The phase is affected by" .-
fewer experimental variables than is: the amplitudea.'Thé'lattér,
for example, may vafy because of drift»of the_gaiﬁs of the
electronic signal processingleQuiﬁhent, 5ﬁf'the phase does not.
The amplitude is dependent upon the angui;r diétribution of thé

reflected molecules which may change with beam or solid temp-
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erature. Thé phase lag, on the other hand, is not affectéd
by this phenomeﬁon. |
The transit phase lag is defined as the difference betWeen‘

the phase angle of the output signél when the molecular beam
is modulated at a frequencyAw and the phasé angle df the signal
'asvthe chopping frequency approaches zero. Because the mass
spectrométer detector used in the present study is a density-
sensitive deVice, the response of the lock-in'amplifier is
determined by the periodic variation of the number density of
 scattered beam molecules in fhe ionizer. This quantity méy be
calculated as follows. |

..Consider a steady (unmodulated) molecular beam of intensity
I, striking the target. Let I,(v') be the_épeea distribut;on |

in the beam, so that:

I, = [ I,(v')av' | o
) | |

Io(v')vmayvalso be written as:
'Io(v')_= vlnofo(v') o -5(3)

where n is the total number density in the beam as it strikes
‘the target and f0(v') is the distribution function of the

number density of the incident beam. If the beam is Maxwellian,

_ s 2 . : _
R A Y A AVAZS I o
£,(v") = 4 .ngl_ e W | | (3)



1/2 is the most probable.speed. Tp is the

where v _ = (ZkT /m)
temperature of the source generatlng the prlmary beam and m
is the molecular mass. | -

If the molecular beam is now modulated before str1k1ng the

taréet, the 1nten51ty dlstrlbutlon may be wr1tten as:
L' t) = I,(v)g(t-2,/v') I, €

where g(t).is the gating functionvof the chopper. Itvrepresents
the fraction of the beam cross sectional area which is open at
timé't.' Eq(4) states that the intéﬁsit& of‘the portion of the
modulated beam in the speed range v' to v'+dv' is reduced from
the steady state value by the fractlon of the beam passed by
the chOpper at a time 2 /V pr1or to the tlme t 21 is the
distance between the chopper and the target and zl/v' is the
tran51t time on this path for a molecule of speed v' o
Assum1ng that the time spent by a molecule on the SOlld
surface before re-emission is small compared to the transit time,
the rate at wh1ch molecules with speeds in the range v to v+dy
leave the surface in the solid angle subtended by the detector

is given by:

RE(V,t) ‘= 'A'BPe I .I'b(v'f,'t)p"(vv,v),dvv l' o (5) )

where A is the cross sect10na1 area of the beam strlklng the
target and P is the fract1on of the molecules strlklng the.

surface whlch.are reflected into the solid angle subtended by



the defector. The second quantity in the integrand of Eq(5)
is the scattered épeed transfer function fér the particular
combination of incidence and scattering anglés utilized.
p(vf,v)df is the probability that a molecﬁle of speed v'
impinging upon th; sqlid is scattered into the solid angle

of ;he detector with a speed after collisibn'between v and

| v+dv (14). |

o The number density distribution of reflected molecules in

the detector at time t is given by:
n,(v,t) = BRg(v,t-2,/v)/v - (6)

ﬁhere 22 is the distance between the solid surface and the
detector and B is .a geometrical factor equai‘to the~solid

angle subtended by fhe'detector divided by the square of the
surface-to-detector distance. Inserting Eqs(2), (4), and (5)
into'(6).and integrating over all speeds of the reflected mole-
cules yields the total number density in the'ionizer; |

ﬂ (t) = BALP.n v qyryrs (v)p(v' vj (t - zl.- 22)
D B 08"0 v 0 pLv',vJig AT

0 © “C7)
The physics of the gas-solid interaction is contained in the
.transfer function p(v',v). For example, if scattering is
specular and elastic, p(v',v) = §(v-v'). Another case; and the
one utilized in the present investigation, occurs if the incident

molecules are trapped on the surface long enough so that they °

forget their initial speeds. The trapping time is assumed



to be small compared to the fllght time. The momentarily trapped
molecule need not acquire suff1c1ent energy to eqU111brate
'thermally with the SOlld, in Wthh case thermal accomodation
would be cempletet In the case of such a "memoryleés" collision,
the scattering transfer function is 1ndependent of the 1nc1dent
speed v'. It may be shown that for this case, p(v) is related

to the number den51ty speed dlstrlbutlon of the scattered mole-

cules by
p(v) = vE(V)/ ¥ | W
where V is the mean speed of the reflected molecules:

f(v)_need not be, Maxwellian. . However, 'since .our experiment: -
- permits us to determine only one parameter characterizing .the
reflected beam we assume that f(v) is Maxwellian at a temperature
TR.
is complete.

1f TR = Ts (the solid temperature), then thermal accomodation

Substituting Eq(8) into Eq(7) yields:

° v

_ - (=  w :
nD(t) = BABPen 59 J f(v) %f { v'fo(v')g(tizl/V' - QZ/V}dV' dv
0 °0 R - Q0)

where Vo is the mean speed of the 1n01dent beam

To determine the phase 1ag of the 51gnal nDCt) is expanded
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in a Fourier series. Since ohlyvthe first Fourier coefficients
are of interest (the lock-in amplifier is set to respbnd only
to the fundamental mode of the signal it receives), the gating

function for use in Eq(10) may be written as:
'_ iwt
g(t) = g.e (11)

where w is the modulation frequency and g, 1s the coefficient
of the fundamental mode of the gating function. Similarly,
nD(t):may be'expanded in a Fourier series and only the first .

term retained:
‘nn(t) =1 elut o (12)
D'*™ D

The quantity Hb is the coefficient of the fundamental mode
of'nD(t). In general, it is a complex quantity becaqse the
density in the detector lags behind the gating function as a
result of the time that the molecules spend in flight. If’Eqs(ll)

and (12) are substituted into Eq(10), there'results:

n " -iwe, /v © -iwg. /v '
:2 = J e 2 f(v)dv é— ( vie 1 fva')dv'
n v ‘ v
Do 0 o 0 .
| (13)
where -
L - Vo .
Ny, = BAgn ef-go . o 614)

is the value attained by nj as w+0.
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By writing e_ix = COSX - isinx; Eq(13) may be expressed
by:
HD _ | . _ _ '
= =»[if(x1)1d(xz) 'Kf(xl)Kd(xzi) ) l[kfcxl)Iacxz)*lf(xl)KdEXzﬂ
Do c
(15)
where -
X, = bty /mJZKTg | o o e)
X, = wi, /m/2KTy o el oan e
and Ehg-fgpsﬁionsilf, I4> K¢ and K4 arergivenwby:
I,() = { f(y)cps(x/y)dy;. L o - (18)
0
1,00 = Z | yE(y)cos(X/y)dy SRR tiéi' |
£ ~ | yf(y y)dy | a9
. SRR o . o oo R
K (X) = J f(y)sin(X/y)dy e cooee(20)
.
£(X) = = | yE(y)sin(X/y)dy (21)
0

These functions have been tabulated by Harrison et al (15)."
The transit phase lag is the polar angle of the complex

quantity on the right hand side of_Eq(lS):“

Kp(XDI4(X,) * 100Ky (Xp)

I e b pre Sy Re Ke (XK (X3) (22)
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~ which may also be written as:

o = de(X)) * 04(Xy) | R | (23)
where

tan ¢.(X)) = Kg(X)/T(X) - e

tan ¢4(X,) = Ka(XZ)/IdCXZ)E | o@s)

4The functlons ¢f(X) and ¢d(X) are plotted in Flg 2..

For the memoryless colllslon, the tran51t phase lag is
the sum of the phase lag -of the flux for the path from the
chopper to the surface and the phase 1ag of the number den51ty
for the leg from the surface to the detector. For molecules
with a distribution of 1nc1dent ve10c1t1es, the separability
of the transit phase lag implied by Eq(23) is valid only if
~ the veiocity distribution of the reflected beam is'independent
of incident velocity. Yamamoto and Stickney (16) termed this
type”of interaction an "uncorrelated Maxweliian".ﬁ They found
(unnecessarlly, we belleve) that the tran51t phase lag requ1red
numerical solution rather than the simple analytic formula
Bq(23). |

For the case of specular reflectlon (1 e., no energy exchange),

p(v',v) = §(v' v) and the transit phase lag is:

~tan ¢ = Kd(XT)/Id(XT) o , - | hﬁ nc?é)
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.+ Where:
Kp = w(&y+4,)V0/ZKT; | S en

Eqs(26) and (27) show that in the elastic coliison_limit,j'
the phase lag is due siwpiy to transit of the incident beam !
over thqventire_flight path. The solid sufface serves only
to Change_theydirgcfion of'the beam.

Yamamoto and'Stickney_(lé) havg.éonsidered,a primitive
type.of ?qorrela;ed Maxwellian' transfer function_déscribed
byvé(&"vl:=,8(YT(TR/TB)1/2Yr)’ for which the transit phase

lag is given by Eq(26) with:

Xp = wlty + (Ty/TR) Y 20,1 A72RT,
‘The method of analyzing the data thus depends upon prior
specificationvof_the form_of,the velocity;transfer function..
_ The'experiment does‘not provide enough information to determine
thg_compiete_funct;qn:p(v',v). 'Each measured transit phase
lag can be:ufilized_to determine a siﬁgle_parameter which,K
characterizes the gasfsolig energy exchange. In the memoryless
céllision case, the parameter is.the,tgmperature,of-the'reflected
‘molecules. There is no adjustable parametef in the specular
scattering case. However, if partial energycaccoquétion,is
regarded as specular reflectiqn of g'fraétion:of,the incident
molecules and complete:accomodafidnsqfvthé.reﬁainder, a parameter
which may be determihed from the data is intrdduced. We have

not used this method of data interpretétion.
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Inasmuch as the analysis of the:energy.exchange proceSS
depends heavily upon the validity of Eq(23); it was important
to verify its accuracy'for a situation in which:the'réflected
beam tempefdtﬁre‘was'assumed to be known: To this eﬁd; beémé
of ineft gases'at-room temperature (300°K)‘wére scattered from
“the gréphite'also at 300°K. The'phase shifts wefe meaéufed as
a function of modulatidh.fféqﬁency. Unwanted phasé shifts
associated with the apparatus and signal processiné C13) were
removed from the measured phase angles. 1f the tempefaturé of
the reflected beam is assumed to be 300°K as well,vahd the

speed distributions of the incident and reflected beams are

% assumed to be Maxwellian (17), the phase lag may be calculated

from Eqs(l6), (17), and (23) and Fig. 2. Fig. 3 shows the
eXcellenf agfeeméht of theory with-experimenfs on both.surfaces
of_gf;phite. We therefore may place confidénce in the accuracy
. of -the phése shifts which are measured when the beam'and/or
the sOlid-isfheated. The test does not, however, deﬁénstrate
thaf.thevparticularvtype of speed'transfer:function used to
derive Eq(23) is valid when the beam and the:solid are at
different temperatures. Although'the-modulatiOanréQuénEy was
used as thé variable in the test with room fémperatUre-beaﬁs
and solid, a constant chopping frequency of 1500 Hz was‘used
for all experiments in which the gas énd solid temperaturés,:_
were varied. |

"Since phase shifts can be measured with much greater
accuracy thén absolute phase angles, the following method was _

utilized to determine the transit phase lag. 'First, with the
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. ‘ : . ° - 3 . . -
beam at 300°K, the phase shift A¢(target heat) due to heating
of the target from 300°K to Ts was measured. Second, with the
target temperature held constant at.Ts, the'phase shift
A¢(beam heat) accompanying increase of beam temperature from:
'300°K to Ty was measured. If the measured phase angle for a-
particulaf combination of. beam and solid temperatures is
denoted by ¢(TS,TB),_the total»phase,shift in'going,frbm
a "cold" condition (T57300?K,,TB§300°K) to a "hot" condition -

may be expressed by:

6(Tg,Tg) - 6(300,300) = [6(T ,Ty)-6(T,300)]+ [¢(T,300)-6(300,300)]

~A¢(beam‘heat) B A¢(ta;get heat)
(28)

- where the phase shifts due to-beam and target heating'afe'ﬂefined
so as to be positive quantities (the phase angle under ho;M._,
conditions ie less than that with the system cold) For a glven
’molecular spec1es and a 5pec1f1ed modulatlon frequency, Eqs(16)
and (17) show that the characterlstlc tran51t phase lags ¢f and
¢4 are functlons of TB and T only. U51nglEg(2§),4the;1ef;

hand 51de of Eq(28) may be expressed by:

cT .TB) $(300,300) = [¢fCT )+¢dcTR)1 [¢fc300)+¢d(30031
(29)

Equating the_right hand sides of the two preceding equations

yields:
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¢d(TR) ¢d(300) Acb(target heat) A(b(beam Peat) [¢£6300) d):E(TB)]
| (30)

The first and fourth terms on the right hand side of Eq(30)
are computed by using Fig 2 and the temperature indicated as
the arguments in the X Values for the appropriate flight paths.
The accuracy of these theoretlcally deduced terms has been
_ verified by the room temperature test descrlbed earller. 'The
phase angle of the reflected beam ¢d(TR) is determlned from
the measured_phase shifts due to beam and target.heatlng and_
Eq(30). The temperature of the reflected_beam ie determined
by us1ng F1g 2 to give the.X ualue correspondihg.to the phase
angle of the reflected beam, and then utilizing Eq(17) to convert
the X value to the temperature of the scattered molecules ’Ini;
'experlments where the beam was not heated, the last two terms

of Eq(30) disappear.

RESULTS

Beam Temperature Variation

The phase shifts observed upon varyihg'the temperature
of the incident beam at constant surface temperature for a
variety of gases on the annealed prism plane are shown in
Table 1. The second column of this table gives the measured
phase shifts which occur when the beam is heated to the temp-
eratures indicated in the first column. The third columhvgiveS-
“the ealculated phase shifts due to decreased transit time from
the chopper to the target, aS'determinedhfrom Fig. 2. This table
shows that with the eiceptien'of'neon'and helium, the measured

phase shifts
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are equal to those calculated for the increase in the incident
beam speed up to the target due to heating the molecular beam

source.

- 'Effect of Surface Temperature and ‘the ‘Solid Surface -

The effect of the temperaturé of the-soiid on the temperature
of the reflected beam was determined for ail5of the rare gases
and several diatomic gases on the basal and prism planes of =
pyrolytic graphite. Both the as-received and annealed,prismﬁl
plane»specimeg;vwere investigated. The.beém temperature for
,mostwof,thes§_experimgnté was -300°K. . -

;ngfigr,4, we have plotted the temperature of the reflected
beam against the solid‘tempergture for the.rareggases.on,the,
annealed,bqsgl plane of_graphite. Figs. 5 and 6 show_thevéorres-
ponding_rpéults for the prism plane in thevannealed_andhas-{;
received states. The data on these figures can be quite well

represented by the empirical formula: .
TR/Te = 1 - exp(-T /T)) L R €15 1

where Tclis a constant which depends only upoh,thevincident
gas and the naturelof the_splid surface. A two-paramefgr'fit
to thgfdatav(i,g.,_allowing_the TC:on'the right&hand‘sid¢ of
Eq(Slj to be different from fhe T. on the left) did not provide
a significantly better correlation. . | |

| The reflected temperatufes dgtermined from the annealed

prism plane at beam temperatures greater than 300°K (Table 1)

Iy
\
ha
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are also shown on Fig. 5. Excepf fof‘the oxygen point, the
hot beam resuifs fall on the samé curves as the room temperature
béam data. _ N

The data when both the beam and the 561id ﬁere at 300°K,
of which the frequency scans shown in Fig; S;fepresent a portion,
are also shown in Figs. 4-6. |

Table.Z summarizes the values of TC for all thevSystems
studied.

DISCUSSION

The experiments in which the temperature of the incident
beam was varied from 300°K to. 1300°K demonstrated that the mean
speed of_thé.reflected molecules is independent of the mean
speed (or temperature) of the incident molecular beam,¥_the
consequences of the gas-solid interaction are unaffected by
the state of fhe impinging gas molecule. This observation has
several consequences:

vFirst; the usual concept of a thermal accomodation coef-
ficient defined by (TR-TB)/(TS-TBI, does not apply to thesé data,
since the energy exchange process is not a function of beam
temperature. The data of Table 1 reveal accomodation coefficients
as defined above which are negative or greatér than unity: How-
ever, global thermal aCComodafion coefficients could not be
measured in the present study, since incidenée‘and_sampling
angles were fixed.

Second, when the temperature of the beam and the solid
are equal, fhe reflected beam temperature is generally less

than either. For eiample, a xenon beam at 962°K impinging
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on the solid at the same temperature is reflécted at a temperature
of “700°K. |
Third, thg only quantity which affects the temperature

df the scattered gas is the temperature of the solid; To/T..
is élwéys lesé than unity. | | |

| Fourth, these results canhot be eiplained by any of the
current theories of thermal accomodation;;whichNare dynamical
iﬁ nétufé éﬁd consequentlyvpfedict a close correlqtion between
incidenf and reflected molecule enefgiéé. Qh graphite, the.
inciéent moleculesvare apﬁafently trapped long enough.to
uncoﬁple_the rémemissipn.prqgess from the incident:ene;gy,
but not iong'enoqgh tqvattain.cdmplete tberﬁalveqpilibrium
vﬁith.the solid; ‘Aﬂalftiéal ﬁodéls of trapping on surfa;es.
(18,19) are usually concernéd with the trapping p;obability,
which is easiér tolcaiculate_£han the desorption energy . .
spé;trum; | | ‘ |

| Wéinberg and Mérriil.(ZO) have_ﬁeasured th§ trapping
probability of rare gas afoms incident upon the tungstgn7C110)
surface by detérmining the ratiolof‘fhe‘diffusely_scatfgrgd
flux to the total scattered fiux, They found thgt‘the Frapping
pfobabilifies»of argdn, krypfon an& Xenon were betweeﬁ_l/z‘.'
and‘3/4,'bu£ that no helium_o% neon was trapped.h In our .
experimenfs,ithe depeﬁ@énce of the scattered gas tem?erature
upon inéident beam-temperature is aiqﬁalitative measure of the
trapping probability. The enérgy of the desorbed moletulgs
from thg trapped portion of»ﬁhe incident,beam_shpuldlshow no

dependence upon the incident energy, whereas the energy of the
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elastically scattered molecules should depend étrongly\upon
incident energy{ By;thiS'criterion; the'tfappipg-pfobabilities
of the thfee heaVy-rare‘gaseé are unity. For helium and

neon, h0weVer, the temperature of the scattered molecules did
increase slightly with beam temperature; which indicates that
not all of these gases were trapped on the surface prior to
re-emission.

Weinberg and Merrill found that the trapping probability
of argon, krypton and xenon decreased with_incfeasing solid
temperatufe, The present results for the same'gases on graphite
suggest that the trépping probabilities remain at unity‘fbr
all solid temperatures. The energy of the desorbed atoms,
however, is affected by solid temperature in a manner described
by Eq(31). |

According to Eq(31), the reflected beam cannot exceed
the temperature T. no matter how hot the solid is made.' The
Observationiof a critical or limiting'temperature is‘in accord
with the fipdings of Meyer and Gomer(9); although our TC
values are quite a bit larger than theirs. 'Mofeover, we did
not observe a discontinuous change in the nature of the energy
exchange process as either the beam or solid temperature
- passed through the limiting temperature as did these authors.

Until a theory is developed tovexplain thése results,

T, can only be regarded as an empirical parémeter. However,
it does have sqmé of the attributes of a binding energy of
the gas atoms to the solid. Fig. 7 shows that T_ increases

in a regular manner as the atomic or molecular weight of the
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gas incrgases. This behavior reflects the 1ncrea51ng well
depth of the interaction potentLal with atomic we;ght. The
critical temperature of deuterium is $omewhat.greater than
that of helium, and that of okygen iS comparable to argon.
The limiting temperature for hydrogen; however, is anomalously
high. |

Fig. 7 shows that the energy-eichange piocess is the séme
on the basal and prism planes, as long as both have been
annealed at.high_temperatu?e_priorvto teStihg.  Thbrma1 -
accomodation on fhe‘as~réteived prism pléne, HoWever,.is-don—f
siderably more complete than on‘thé annealed surfaces. The
stronger ‘interaction shown by the former is probably due to '
the greater roughness of this surface. On an atomic §ca1e |
roughness increases the number of carbon atoms with.which.an
impinging gas atom can stronhgly interact. Macroscopic roughness
. can assist thermal accomodation by prOV1d1ng more than a k
single collision of the incident atom w1th:the SOlldéw The -
difference between accomodation on two prism{blanerurfdtéé
may be attributed to smoothing of the surfa;e by the;high_i

temperature heat treatment.
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TABLE 1. RESULTS OF THE BEAM HEATING EXPERIMENTS -
ANNEALED PRISM PLANE PYROLYTIC GRAPHITE

Incident Been 2® (bean heat)’ 9° [¢f(3°§££; ¢¢(Tp) ] Reié;z?fdoﬁeam
xenon; ¢;(300)=93°; T _=300°K; 8¢ (target heat)=l | | | o
423 8.7 - 9.8 302
645 | 16.3 19.6 288
881 ‘ 22.0 1 25.7 285
1098 25.4 29.8 ' 299
1250 26.7 31,7 | - 276
' - | average = 2908
xenon; $(300)=03°; T =962°K; 84 1o ot poat)=28:8° ‘
406 9.1 8.6 746
576 | 15.6 17.0 | 697
600 16.4 18.0 697
818 | | 22.6 24.2 - I 697
1077 | | 26.8 29.5 o 668
1284 . 29.0 32,2 | 658

average = 694:21

4from Fig 2.

TZ



Incident Beam A¢(beam heat)’ deg [¢f(303) - ¢f(TB)] Reflected Beam

Temp., °K epg Temp.. °K
krypton; ¢,(300)=78.5°; Ts=1003°K; 89 (rarget heat)=22:2° o
401 6.7 | 7.0 - 622
568 12.3 14.0 585
688 16,2 17.4 o 597
916 - 20.7 21.8 597
1105 23.0 24,6 588
1258 24.6 26.5 579
- e average = 595211
neon; ¢d(300)=41°; Ts=4zs°K; A¢(target heat}=3’6° |
421" 5.2 4.3 , 257
564 8.7 7.3 - 266
765 12.0 ' 9.8 277
973 - 14.2 - 11.8 281
1248 . o o 16.3 R 13.8 282
: : : T - : ' average = 273+9
‘neon; ¢,(300)=41°; T _=987°K; A¢ttarget heat)=8:5°
407 3.9 3.8 - 491
575 8.0 7.5° 510
758 | 11.3 9.8 551
973 | - 3.5 . . 11.8 530
1249 B 15,1 T 13.6 551

average = 527421

2Z



Incident Beam Ad deg [6-(300) - ¢.(Ty)] Reflected Beam
Temp., °K (beam heat)’r o £ deg £°B Temp. , fK

oxygen; ¢,(300)=51°; T =979°K; A¢(target heat)=12.1°
421 4.9 5.4 N 522

564 o 8.5 | | 9.2 o 522
868 | 12.9 » 13.9 522
1077 15.1 - 15.7 522

1265 _ 16.4 S 17.1 522
| | average = 5220

o 100 . _a77°K _5 g
helium; gdgsoo) 19 L—Ts 977 K’Aéﬁ(target heat) 2.8

542 | 4.1 3.0 460
761 | 5.3 ' | 4.2 460
944 6.8 5.0 ' - 512
1256 | 7.5 5.9 499

average = 483+23

helium; ¢,(300)=19°; Ts=751°K1-é¢(target-héat)=2°8° |
393 | 2.0 o 441

1.4

395 | 2.1 1.4 441
585 4.3 3.3 | | 441

814 | 5.9 4.5 486
1042 o 6.9 5.3 499
1235 o 7.6 5.8 508

average = 469+28

%4



Incident Beam

A(“)(beam heat)? deg

Reflected Beam

Temp., °K deg _Temp., °K
helium; Qd(300)=19°5 Ts=921°Ki'A¢(targef'heat);S'oo'
394 2.1 . - 441
591 4.5 490
932 6.5 503
1241 7.7 526

average = 49025

deuterium; $4(300)=19°; T

- o, . '
<2873 K; A"i’r(,target heat)

=3,7°

351
591
818
993
1260

1.7 - - 0.8
3.3 : 3.4
4.9
5.6
6.4

' miame b _1a°. = oy. P e o
deuterium; ¢d(300)—19 LTs-960 K; A¢(target heat) 0.6

411
683
1016
© 1266

1.9 1.7
4.3 4.0
5.1 5.3
5.7 6.0

508

441

478

478
| _482
average = 477:15

323
325
316
306
average = 318%7

ve
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TABLE 2. LIMITING TEMPERATURES OF GASES REFLECTED FROM VARIOUS

SURFACES OF PYROLYTIC GRAPHITE

Gé$ Aszeceived Annealed Annealed
Prism Plane Prism Plane . Basal Plane

H, 1113 - -~

D, 722 --- ---

He 614 - 602

Ne 903 615 ---

0, 1027 861 .

Ar 1260 --- 752

Kr 2637 902 981

Xe _‘ ©3710,34073 1274 1026

_?TheltWO'values of TC represeﬁt two'independent experiments.
'No distinction is made between the points from the two
experiments in the upper curve of Fig. 6.

25
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Transit phase lags (after ref. 15)
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lags as a function of modulation frequency. Both the
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temperature beamn. g
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temperature beam.  The points with error bars are those

from the hot beam experiments (Table 1)
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temperature beam.

Variation of the 1imiting reflected temperature with
incident mass for the three graphite surfaces investigated.
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