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A MODULATED MOLECULAR BEAM STUDY OF THE ENERGY OF 

SIMPLE GASES SCATTERED FROM PYROLYTI.C GRAPHITE 

b.y 

W.J. Siekhaus, J.A. Schwarz, and D.R. Olander 

Inorganic Materials Research Division of the 
Lawrence Berkeley Laboratory 

and 
Department of Nuclear Engineering 

University of California, Berkeley, California 94720 

ABSTRACT 

The energy of rare gases.and several diatomic gases 

after scattering from pyrolytic graphite was determined by 

molecular 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 phase 

shifts induced by changing either the temperature of the 

incident gas or the solid were utilized to determine the 

temperature of the scattered molecules. 

· The results showed that the temperatu~e of the reflected 

molecules was independent of the temperature of the incident 

gas. With increasing solid temperature, the reflected gas 

temperature increased up to a limiting value which was 

dependent on the gas and the surface only. Both the basal 

and prismatic faces of graphite were investigated. In addition, 

a prism plane specimen which had not been subjected to hig~ 

temperature heat treatment was studied. The temperature of the 

reflected beam did not depend upon th.e crystallographic face 

of the graphite but was markedly reduced br high temperature 

annealing. 
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INTRODUCTION 

Classical and quantum mechanical treatments dealing with 

the thermal accomodation of gases with solid surfaces have been 

presented for over thirty five years {1-5). 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 continuum and 

postulates the existence of a "Knudsen layer" near the surface 

which serves to modify the irtcident gas distribution function, 

f
0

(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 potential, 

Trilling's calculation predicts how the therma.l accomodation 

coefficient depends upon· the ratio of the surface temperature 

and 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 soiid and gas ~toms. Trilling found satis

factory agreement between theory and the experimental results for 

rare gases on tungsten reported by Thomas and Menzel (7) • 

Forman (8) has applied the. soft cube model with a simplified 

interaction potential to calculate the average speed of atoms 

rebounding from a surface. Computations were performed for 

monoenergetic beams of krypton incident upon a tungsten surface. 

The only energy exchange measurements on 
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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 critical temperature which was proportionalto the binding 
., . . ·'. 

-
energy of the_ gas on. graphite. 

In the pres~nt .experiment, the mean energy of simple 
I 

gases scattered from pyrolytic graphite was measured. Both· 

the temperature of the solid and of the incident beam were 

varied ind~pendently. 

EXPERIMENTkL 
. . . . 

.· · The' -artificial form of graphite known as pyrolytic graphite 

was employed in the present work, primarily because it is much 
. . 

dense-r and of higher purity'than ordinary graphite and because 

it can be fabricated so as to expose either the basal or pris-
. . 

· tnatic surfaces to the incident gas beam. These two surfaces 

exhibit remarkably different chemical behavior with respect 

to oxygen ( 10) , 

In'addition.to studying-the effect of crystallographic 

orientation of the surface by utilizing basal and prism faces, 
' . 

the effect ;of heat treatment upon thermal accomodation was 

investigated. Pyrolytic graphite is produced at temperatures 

of '\J2000°C\. · This 'prodrict ·is· only rv96% of th~~retical den~i ty. 

Heat treatment at rv3000°C increases the density to >99% of the 

theoretical value· by increasing the perfection of the bulk 
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crystallites. Such heat treatment might also affect surface 

properties. We have conducted tests upon the pyrolytic graphit~ 

in the prism plane orientation both in the "as-received" and 

3 

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 ~1500°C) under high vacuum in the apparatus. 

All gases were research grade purity. Except for xenon, they we~e 

passed threugh a liquid nitrogen cold trap before use. 

The energy measurements were performed with the 

modulated molecular bea.JJ1 technique. In this method, ·a modulated 

beam of gas atoms or molecules impinges upon a target located 

in a high vacuum environment (background pressure rvlO-S torr, 

equivalent beam pressure rvl0- 4 torr). 

The.interaction may be chemical and produce a specie~ different 

from the incident gas. Or, the interaction may be purely 

physical and merely change a property of the incident gas (such 

as its direction or energy). Application of this method to 

chemical interactions of oxygen beams with pyrolytic graphite 

is reported elsewhere (10). 

Inasmuch as phase-lock detection is employed in such 

experiments, non-chemical interactions may be observed by the 

effect of beam and solid temperatures on the amplitude and 

phase angle of the reflected beam signal. These 

two quantities are affected by molecular flight times in the 

apparatus, which in turn depe~d upon the mean speeds of the 

molecules as they travel from the beam modulator to the solid 
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surface and from th.esolid surface to the detector. If the mole-

cular velocity distribution in both legs of the total flight path 
.. 

is ass-umed to be Maxwellian, the mean speeds· may be interpreted in 

terms .of corresponding temperatures-.. Holister·ef al (11) were the 

.. ,first to apply phase··lock detection to thermal· accomodation: measure- . -

rnents (they studied hydrogen on copper). Yamamoto and Stickney (12) · 

have utilized transit phase shifts to measure the· m·ean speed of 

monoenergetic ,argon beams-scattered. from tungsten. 
---·-····· .. ·-··· ~ -~--- --~ ····---~-~~---··--

A schematic of~the apparatus is shown in Fig. 1.· The incident 

be~m travels .2.8 ern from the location at which it is symmetrically 

modulated by a rotating toothed disk to the solid target. The 

rno~ecul~~ reflected~from the target enter the mass spectrometer 

detector.after traversing a flight path·of 4~2 em. The angles 

of beam incidence and sampling 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 detector is 

compared to a reference signal generated by the beam ·,modulator 

in a lock-in amplifier. This instrument provides a measure of 

the amplitude and the phase angle of the· output signa~·- Although 

both of these quantities depend upon the temperatures of the 

incident and the .reflected beams~ only. the phase informatidn 

was utilized i;n the present-work. ·The phase is affected by 

fewer. experimental variables .than is the amplitude. The latter, 

for example, may vary because of drift of the gains of the 

electronic signal proces~ing equipment, but the phase does not. 

The amplitude is dependent upon the angular distribution of the 

reflected molecules which may change with beam or solid temp-

• w 
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erature. The phase ·lag, on the other hand, is not affected 

by this phenomenon. 

The transit phase lag is defined as the difference between 

the phase angle of the output signal when the molecular beam 

is modulated at a frequency w and the phase angle of the signal 

as the chopping frequency approaches zero. Because the mass 

spectrometer 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 the ionizer. This quantity may be 

calculated as follows. 

Consider a steady (unmodulated) molecular beam of intensity 

1
0 

itriking the target. Let I
0

(v') be the speed distribution 

in the beam, so that: 

I 0 = r I 0 ( v' ) dv' 

0 

I
0

(v') may also be written as: 

= v'n f (v') 
0 0 

(1) 

(2) 

where n
0 

is the total number density in the beam as it strikes 

the target and f
0
(v') is the distribution function of the 

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

·2 -(v'/v) 
e m (3) 
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where vm = (2kTB/~)l/Z is the most probable speed. TB is the 

temperature of the source generating the primary beam and m 

is the molecular mass. 

If the molecular beam is now modulated before striking the 
~ ' 1- ' 

tari~t, the intensity d~stribution may be written as: 

(4) 

where g(t) is the gating function of the chopper. It represents 

the fraction of the beam cross sectional area which is open at 
. • ,c 

time' t. Eq(4) states that the intensity of the portion of the 

modulated beam in the speed range v' to v'+dv' is redu~ed from 

the ~teady st'a.te value by the fraction of the beam pa-ssed by 

the chopper at' a tinie t 1/v' prior to the time t ._ .. ~l is the, 

distance between ~he chopper and the target ~nd t 1/v' is the 

ttans~t time oi thi~ path for a molecule of speed. v' . 

Assuming that the time spent by a molecule on the solid 

surface b~fore re-emission is small compared to the transit time, 

the rate at which molecules with speeds in the range v to v+dv 

leave the surface in the solid angle subtended by the detector 

is given by: 

RE(v, t) = A8P a fro (v', t)p(v', v)dv' 

. 0 . 

(5) 

where AB is the cross sectional area of the beam ~triking the 

target and ~e .. is the fraction of th~ rnolecuJes striking the 

surface which are reflected into the solid angle subtended by 

6 
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the detector. The second quantity in the integrand of Eq(S) 

is the scattered speed transf~r function for the particular 

combination of incidence and scattering angles utilized. 

p(v' ,v)dv is the probability that a molecule of speed v' 

impinging upon the solid is scattered into the solid angle 

of the detector with a speed after collision between v and 

v+dv (14). 

The number density distribution of reflected molecules in 

the detector at time t is given by: 

(6) 

where i 2 is the distance between the solid surface and the 

detector and 13 is .a geometrical factor equal to the solid 

angle subtended by the 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. 

rcl~ rdv'v'fo(v')p(v',v)g(t- ~ 
0 0 

iz - -) v· 

(7) 

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 

7 



to be small compared to the flight time. The momentarily trapped 

molecule need not acquire sufficient energy to equilibrate 

thermally with the solid, in which case thermal accomodation 

would be complete. In the case of such a "memoryless" collision, 

the scattering transfer function is independent of the incident 

speed v'. It may be shown that for this case, p(v) is related 

to the number density speed distribution of the scattered mole-

cules by: 

. : 

p(v) = -vf(v)/ v 

-where v is the mean speed of the reflected molecules: 

v = Jmvf(v)dv 

0 

(8) 

(9) 
·· .. ··: 

f(v) need not be .• Maxwellian.~. However, since our experiment·. 

permits us to determine only one parameter characterizing. the 

8 

reflected beam we assume that f(v) is Maxwellian at a temperature 

TR. If TR = Ts (the solid temperature), then thermal accomodation 

is complete. 

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

rf(v) 

0 

~o Jmv'fo(v')g(~:~l/v' 
0 

where v
0 

is the mean speed of the incident beam. 

- 9. 2/v}dv' dv 

(10) 

To determine the phase lag of the signal, nD(t)·· is expanded 

. . 

' . 
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in a Fourier series. Since ohly the first Fourier coefficients 

are of interest (the lock-in amplifier is set to respond only 

to the fundamental mode of the signal it receives), the gating 

function for use in Eq(lO) may be written as: 

g(t) = g eiwt 
0 

(11) 

where w is the modulation frequency and g
0 

is th_e co-effi<.:ient 

of the fundamental mode of the gating function. Similarly, 

nD(t).may be expanded in a Fourier series and only the first 

term retained: 

(12) 

The quantity nD 1s the coeffic.ient of the fundamental mode 

9 

of nD(t). In general, it is a complex quantity because 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(lO), there results: 

1 = J
=e-iwt 2/v 

f(v)dv 

0 
I
= -iwt /v' 
v'e 1 f

0
(v')dv' 

vo 
0 

(13) 

where 

(14) 

is the value attained by nD as w-+0. 



-ix By writing e = cosx - isinx, Eq(13) may be expressed 

by: 

where 

X 1 

x2 = wt 2 /m/2kTR 

i~f(Xl)Id(Xz)+If(Xl)Kd(Xz~ 
(15) 

(16) 

(17) . 

and the ~unctions I.f, Id, Kf and_ Kd are given .by: 
~ •• < ' 

I d (X) = r f (y) cos (X/y)dy .... 

0 

If(X) = 4 ryf(y)cos(X/y)dy 

0 - . 

Kd (X) = r f(y)~in(X/y) dy 

0 

Kf (J() = ~ ·r yf (y) sin (X/y) dy 

0 

(18) 

•· .i.-- :'-

: .-. 

(19) 
-. \. .,! 

) . . ,- ·, t 

(21) 

These functions have b~en 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(l3): 

tan q, (22) 

10 
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which may also be written as: 

(23) 

where 

(24) 

(25) 

The £'unctions <l>f(X) and <l>d(X) are plotted in Fig. 2. 

For the memdryless collision, the transit phase lag is 

the sum of the phase lag·of the flux for the path from the 

chopper to the surface and the phase lag of the number density 

for the leg from the surface to the detector. For molecules 

with a distribution of incident velocities, the separability 

of the transit phase lag implied by Eq(23) is valid only if 

the velocity distribution of the reflected beam is independent 

of incident velocity. Yamamoto and Stickney (16) termed this 

type of l.nteraction an ,;uncorrelated Maxwellian". They found 

(unnecessarily, we believe) that the transit phase lag required 

numerical solution rather than the simple analytic formula 

11 

• - Eq ( 23) • 

For the case of specular reflection (i.e., no energy exchange), 

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

(26) 



·~ where: 

(.2 7) 

Eqs(26) and (27) sh-ow that in the elastic collison limit, 

the phase lag is due simply to transit of the incident beam . . . 

over th~ entire flight path. The solid surface serves only 

to change the direction of the beam. 

Yamamoto and Stickney (16) have. considered a primitive 

type of "correlated Maxwe:I.lian'.' transfer function described 

by p(v',v) = 6(v~(TR/TB) 1/ 2v'), for which the transit phase 

lag is given by Eq(26) ~ith: 

The method of analyzing the data thus depends :upon.prior 

specification of the form of the velocity transfer f~~ction. 

The experiment does not provide enough information. to determine 
' . . ' . -

the complete function; p(v',v) •. Each measured transit phas~ 

lag can be utilized to determine a single parameter w}lich, 

characterizes the gas-soli~ energy exchange. In. the memoryless 

collision case, the parameter is the temperature of the r~flected 

molecules. There is no adjustable parameter in the specular 

scattering case. However, i~.partial energr ~ccomodation is 

regarded as specular reflection of a fraction of the incident 

molecules and complete.accomodation of the .re~ainder, a parameter 

which may be determined from the data is introduced. We have 

not used this method of data interpretation. 

12 
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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 reflected 

beam temperature was assumed to be known. To this end, beams 

of inert gases at room temperature (300°K) were scattered from 

the graphite also at 300°K. The phase shifts were measured as 

a function of modulation frequency. Unwanted phase shifts 

associated with the apparatus and signal processing (13) were 

removed-from the measured phase angles. If the temperature of 

the reflected beam is assumed to be 300°K as well, and the 

speed distributions of the incident and reflected beams are 
i 

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

from Eqs(l6), (17), and (23) and Fig. 2. Fig. 3 shows the 

eicellent agreement of theory with experiments on both surfaces 

of graphite. We therefore may place confidence in the accuracy 

of·the phase shifts which are measured when the beamand/or 

the solid is heated. The test does not, however, demonstrate 

that the particular type of speed· transfer function used to 

derive·Eq(23) is valid when the beam and the solid are at 

diff~rent temperatures. Although. the modulation· frequency was 

used as the variable in the test with room temperature beams 

and solid, a constant choppihg frequency of 1500 Hz was used 

for all experiments in which the gas and solid temperatures 

were varied. 

Since phase shifts can be measured with much greater 

accuracy than absolute phase angles, the following method was 

utilized to determine the transit phase lag. First, with the 

13 



b~am at 300°K, the phase shift 6¢(target heat) due to heating 

of the target from 300°K to Ts was measured. Second, with the 

target temp~rature held constant at Ts' the phase shift 

6¢(beam heat) accompanying increase of beam temperatur~· from• 

_ 300°K to Tj was measured •. If the measured phase angle for a' 

particular combination of beam and solid temperatures is 

dc:rtoted.by cf>(Ts,TB), the total phase.shift in going from 

a "cold" condi~ion (Ts=300°K, TB=300°K) to a "hot" condition 

may be expressed by: 

. ::·· 

= ~ 6 ¢(beam heat) - 6¢(target heat) 

(28) 

where the phase shifts due to-beam and target heating are defined 

so as to be positive quantities (the phase angle under hot 

conditions is less than that with the system cold). Fo.r_ a given 

molecular species and a specified modulation frequep.cy ,_ Eqs (16) 
. ' . ' . . . ~ . 

and (17) show that the characteristi~ trans~t phase ~ags cf>f and 

<j>d are functions of TB and TR only. U~ing Eq(2~), the. left 

hand side of Eq(28) may _be expresse~ by: 

4> (T s ,T.B);- 4> (300, 300) = [cf>f(T B)+cf>d (T R)] -[ cf>f(300}+cf> d (300)] 

(29) 

Equating the right hand sides of the two preceding equations 

yields: 

14 
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•d(TR) = •d(300)-A•(target h~at)-A•(beam heat)+[~£( 3 00)-~f(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 theoretically deduced terms has been 

verified by the room temperature test described earlier. The 

phase angle of the reflected beam, •aCTR) is determined from 

the measured phase shifts due to beam and target heating and 

Eq(30). The temperature of the reflected beam is determined 

by using Fig. 2 to give the X value corresponding to the phase 

angle of the reflected beam, and then utilizing Eq(l7) to convert 

the X value to the temperature of the scattered molecules. In 

experiments where the beam was not heated, the last two terms 

of Eq(30) disappear. 

RESULTS 

Beam Temperature Variation 

The phase shifts observed upon varying 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 occut when the beam is heated to the temp

eratures indicated in the .. first column. The third column gives 

the calculated phase shifts due to decreased transit time from 

the chopper to the target, as determined from Fig. 2. This table 
.. 

shows that with the exception of neon· and helium, the measured 

phase shifts 

15 



are equal to th.os.e calcu1ated 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 su·r:face 

16 

The effect of the temperature of th-e solid on the temperature 

of the reflected beam was determined for all of the rare gases 

and several diatomic gases on the basal and prism planes of 

pyrolytic graphite. Both the as-received and annealed prism 

plane specime~s.were investigated. The beam temp~rature for 

most of these, experiments was 300°K. 

In .F,i.g. 4, ~e have plotted the temperature of the reflected 

beam against the solid teD}perature for the rar.e gases on .the. 

annealed basal plane of graphite. Figs. 5 and 6 show the corres

ponding. r,esul ts for the prism plane in the. annealed and. a.s-, 

received states. The data on.these figures can be quite well 

represented by the em~irical formula: 

' (31); 

where. Tc is a constant which depends only upon the iJ;lcident 

gas and the nature of the solid surface. A two-parameter fit 

to the. data (i.e., allowing the Tc on the right hand sid~ of 

Eq(31) to be different from the Tc on the left) did not provide 

a significantly better cprrel~tion. 

The reflected temperatures determined from the annealed 

prism plane at beam temperatures greater tpan300°K (Table 1) 

\. 

. . 
< 



are also shown on Fig. 5. Except for the oxygen point, the 

hot beam results fall on the same curves· as: the room temperature 

beam data. 

The data when both. tli.e Beam and tlie solid were at 300°K, 

of which the frequency scans shown in Fig. 3 represent a portion, 

are also shown in Figs. 4--6. 

Table 2 summarizes· the values· of T c for all the systems 

studied. 

DISCUSSION 

Th.e experiments in which the temperature of the incident 

beam was varied from 300°K to 1300°K demonstrated that th.e mean 

speed of the 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 the impinging gas molecule. This observation has 

several consequences: 

17 

First, the usual concept of a thermal accomodation coef

ficient defined by (TR-TB)/(Ts-TB), does not apply to these dat~, 

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 greater than unity. Hol'[

ever, global thermal atcomodation coefficients could not be 

measured in the present study, since incidence and sampling 

angles were fixed. 

Second, when the temperature of the beam and the .solid 

are equal, the reflected beam temperature is generally less 

than either. For example, a xenon beam at 962°K impinging 
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on the solid at the same temperature is reflected at a temperature 

of 'V700°K. 

Third, the only quantity which affects the temperature 

of the scattered gas is th.e temperature of tfi_e solid. TR/Ts 

is always less than unity. 
-

Fourth., these results cannot be explained by any of the 

current theories of thermal accomodation,.whicli are dynamical 

in nature and consequently predict a close correlation be.tween 

incident and reflected molecule energies. On graphite, -~~e 

incident molecules are rtpparently trapped long enoug~_to 

uncouple th_e re--emission process from the incident. enel:'gy, 

but not long enough to attain complete thermal eql;lilibrium 

with the solid. ·Analytical models of trapping on surfaces 

(18,19) are usually concerned with the trapping probability, 
\ . . •' . 

which is easier to calculate than the desorption energy 

spectrum. 

Weinberg and Merrill (20) have measured the trapping 

probability of rare gas a toms incident upon the tungsten , (110) 

surface by determining the ratio of the diffusely scatt~.r~d 

flux to the total scattered flux. Th.ey found that the ~rapping 

probabilities of argon, krypton and xenon were between 1/2 

and 3/4, but that no helium or neon was trapped. In our. 

experiments,_ the dependence of the scattered gas temperature 

upon incident beam temperature is a qualitative measure of the 

trapping probability. Th.e energy of the desorbed JllOlecules 

from the trapped por~i.on of. tli.e incident b~am should s_how no 

dependence upon the incident energy, whereas the energy of the 



elastically scattered molecules should depend strongly upon 

incident energy-. By- this criterion, the trapping probabilities 

of the three heavy rare gases are unity. For heliUln and 

neon, however, 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 increasing solid 

temperature. The present results for the same gases on graphite 

suggest that the trapping probabilities remain at unity for 

all solid temperatures. The energy of the desorbcd 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 Tc no matter how hot the solid is made. The 

observation of a critical or limiting temperature is in accord 

with the findings of Meyer and Gomer(9), although our Tc 

values are quite a bit larger than theirs. Moreover, 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 to explain these resultsJ 

Tc can only be regarded as an empirical parameter. HoweverJ 

it does have some of the attributes of a binding ene:rgy of 

the gas atoms to th.e solid. Fig. 7 sh.ows that Tc increases 

in a regular manner as tlie atomic or molecular weight of the 
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gas increases. Thi.s behavior reflects th.e increas i"!lg well 

depth of th.e interaction potential with- atomic we~·ght. The 

critical temperature of deuterium is somewhat. greater than 

that of helium, and that of oxygen is comparable to argon. 

The limiting temperature for hydrogen, however, is anomalously 

high. 

Fig. 7 shows that the energy exchange process is the same 

on the basal and prism planes, as long as both have been 

annealed at.high. temperatu:e prior to testing. Thermal 

accomoda tion on the as--received prism plane, however, is con- · 

siderably more complete than on the annealed surfaces. The 

stronger interaction shown by th.e former is probably due to 

the greater roughness of this surface. On an atomic scale 

roughness increases the number of carbon atoms with which.an 

impinging gas atom can strongly interact. Macroscopic roughness 

can assist thermal accomodation by providing more th·an a .' 

single collision of the incident atom with th.e solid~- The 

difference between accomodation ~n two prism'~lane. surfices 

may be attributed to smoothing of the surface by the high 
. ' 

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

" 

Incident Beam 6¢(b h t)' deg [¢£(300) - ¢f(TB)] Reflected Beam 
Temp .• °K earn ea · dega Temp., °K 

xenon; ¢d(300)=93°; T5 =300°K; 6¢(target heat)=O 

423 8.7 9.8 302 
645 16.3 19.6 288 
881 22.0 25.7 285 

1098 25.4 29.8 299 
1250 26.7 31.7 276 

average = 290±8 

xenon; ¢d(300)=93°; T5 =962°K; 6¢(target. heat)~zs.so 

406 9.1 8.6 746 
576 15.6 17.0 697 
600 16.4 18.0 697 
818 22.6 24.2 697. 

1077 26.8 29.5 668 
1284 29.0 32.2 658 

average = 694±21 

afrom Fig 2. 

N 
1-' 



Incident Beam ~~(beam heat), deg [¢£(300) - cpf(TB)] Reflected Beam 
Tel!llL_._~K_ _ ___ _ _ _ ____ deL _ __ Te_mP •• °K 

krypton; ¢d(300)=78.5°; T5 =1003°K; ~P(target heat)=22.2° 

401 6.7 7.0 622 

568 12.3 14.0 585 

688 16.2 17.4 597 

916 20.7 21.8 597 

1105 23.0 24.6 588 

1258 24.6 26.5 579 
average = 595±11 

neoni..,.!d(300)=41°; T5 =428°K; llcf>(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 16.3 13.8 282 
average = 273±9 

neon; cpd(300)=41°; T5 =987°K; ~cfl(target heat)=8.5° 

407 3.9 3.8 491 

575 8.0 7. 5 - 510 
758 11.3 9.8 551 
973 13.5 11.8 530 

. · ... 
·1249 -15.1 13.6 551 

average = 527±21 N 
N 

<' 



" 

Inciden~ Beam ~<P (beam heat) • deg · [<P£(300) - <Pf(TB)] Reflected o Beam 
Temp.. K deg Temp. • K 

oxygen; id(300)=51°; T5 =979°K; ~P(target heat)=l2.1° 

421 4.9 5.4 522 

564 8.5 9.2 522 

868 12.9 13.9 522 c 

1077 15.1 15.7 522 ...... 

1265 16.4 17.1 522 ~· ;..._ 

average = 522±0 I('"' 

"'···· 
C·. 

helium; <Pd(300)=19°; T5 =977°K, 4<P(target heat)~z.8o i'::C 

542 4.1 3.0 460 
~· 

76i 5.3 4.2 460 ;·'" 
"~ 

944 6.8 5.0 512 ff· ... 
1256 7.5 .50 9 499 . 

< .. 
average = 483±23 

c... 

helium; pd(300)=19°; T5 =751°K; 4p(target heat)=2.8o 

393 2.0 1.4 441 

395 2 .. 1 1.4 441 

585 4.3 3.3 441 

814 5.9 4.5 486 

1042 6.9 5.3 499 

1235 7.6 5.8 508 
average = 469±28 

N 
~ 



'·· 

Inciden~ Beam ~~(beam heat)' deg [~£(300) - ~f(TB)] Reflected
0
Beam 

Temp. • K_ . deg _ __ _TemQ_u K 

helium; ~d(300)=19°; T5 =921°K; ~~(target heat):3.0° 

394 2.1 1.4 441 

591 4.5 3.2 490 

932 q.S 5.0 503 

1241 7.7 5.8 526 

average = 490±25 

deuterium; <l>d(300) =19°; T =873°K; ~-P (t t h at) =3. 7° . . s . . arge e 

351 1.7 0.8 508 

591 3.3 3.4 441 

818 4.9 4.5 478 

993 5.6 5.2 478 

1260 6.4 5.8 482 

average = 477±15 

deuterium; ~d(300)=19°; T5 =960°K; ~P(target heat)=0.6o 

411 1.9 1.7 323 

683 4.3 4.0 325 

1016 5.1 t;_ 5.3 316 

1266 5.7 .. 6.0 306 

average = 318±7 

,. 

N 
-~=>-



aThe two values of Tc represent two_independent experiments. 
No distinction is made between the points from the two 
experiments in the upper curve of Fig. 6. 
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Transit phase lags (after ref. 15) 

Comparison of experimental and theoretical transit phase 
lags as a function of modulation frequency. Both the 
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temperature beam. 
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