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ABSTRACT

Measurement of the thermionic curzent emitted in the
wvarious crystallographic directions of a single-crystal
tungsten filament were used to determine the changes in the
vacuum work functions resulting from prolonged exposure to
oxygen, the dependence of the work functions of different
crystallographic directions on oxygen pressure and filament
temperature, and the desorption erergy of oxygen on tungsten.
As an attempt to remove carbon impurities from tungstem, the

filament was held at 2200°K for 63 hours in oxygen at a pres-

sure of 1 x 10-6 Torr. Subsequent emission measurements
indicate that this process did not produce significant changes
in the vacuum work function., The effective work functions of
the (100), (111), (112), and (110) crystallographic directions

were determined for filament temperatures of 1900°K to 2200°k

and oxygen pressures of 1 x 10-9 to 5 x 10-6 Torr. Since
oxygen migrates rapidly over the filament surface at the high
temperatures employed here, it was not possible to determine
the dependence of the oxygen desorption energy om the crystal-
lographic direction of the substrate, The apparent desorption
energy was essentially the same for the various directions, the
average value being 5.9 eV,
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I. INTRODUCTION

Over forty years ago, Langmuir and Kingdonl observed that
the thermionic emission from a cesiated tungsten filament
could be increased markedly by adsorbing 02 upon the filament,
Although this problem has received very little attention in
subsequent years, it is currently being reconsidered because
of its possible importance to thermionic energy conv‘rnion.z
In the past five years there have been an increasing number of
investigations of the effects of electronegative gases {such
as O2 and Fz) on the thermionic properties of cesiated refrac-
tory metals,

Since we cannot expect to understand fully the properties
of Cs + 02 systems until the properties of Cs and o2 systems
are determined ssparately, the presant experiment is designed
to study tha thermionic and adsorption characteristics of a
single-crystal tungsten filament exposed to pure 02. Results
are reported for the dependence of work function on crystal-
lographic direction, filament temperature, and 02 pressure,

In addition, the desorption energy for 0, on W is determined,
Although similar studies have been conducted by others using
field emission tcchuiquen,"s the thermionic technique employed
here offers the advantage of obtaining data at high filament
temperatures over a range of 0, preassures,

II., APPARATUS

The thermionic tube and circuitry have been described
previously by Coggins and Stickn-y.6 The main features of
the tube are shown in Fig, 1. Two different tungsten fila-
ments were used during this study because the first one broke
before the program was completed, Filament I, having a diameter
of 7.2 x 1073 cm, vas used for the emission xaps; filament II,

having a diameter of 6,88 x 10'3 cm, was used for the remaining
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experiments. Both filaments were from the same spool of
General Electric #218 wire, and they wers processad according
to the Robinmson techniquc7’a in order to grow a large crystal
in the center section., Each crystal vas at least 2 cm long
and oriented sc that the (110) direction was along ths axis
of the filament.

The anode is a taptalum tube, 2 cm in diameter and 20 cm
in length, supported by two end-cups which serve as bearings.
Iron slugs enclosed in glass capsules are attached to ths anode
so that it may be rotated by means of external magnets, A
rectangular elit in the anode is aligned parallel to the single
crystal in the filament. Since this slit is 0.75 ma wide by
1 cm long, the subtended angle is 4.320° and the corresponding

4

surface area on the filament is 2,70 x 10 cn? for filament I

and 2.58 x 10~% ca? for filament II. By applying a strong
electric field between the filament and the anods, the electrons
emitted from the filament are accelerated radially and a frac-
tion of these pass through the slit to the-collector which 1s
concentric with the anode (Fig. 1). The collector has a diameter
of 3 cm and its surface is coated vwith platinum black in order
to reduce electron reflection.9 The euission associated with
the different crystallographic directions is measured by rotating
the anode slit to the appropriate posictions,

In the initial part of the experimental program, oxygen
from the atmosphere was introduced into the systea by diffusion
through a heated silver tube, The majority of ths program:
employed, however, ths improved system shown schematically in
Fig. 2. Here the silver tube has been replaced by a one-=-liter
flask of 02 and a Granville-Phillips valve for regulating the
system pressure. This valve has been equipped with a motor and
clutch mechanism so that it may be closed quickly during the
desorption tests, A magnetically operated FS (fast sliding)
valve is used to control the pumping speed of the system, The
titanium getter is employed culy for the desorption tests.
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1II. RESULTS: VACUUM MEASUREMENTS AND OXYGEN TREATMENT

10

Thermionic measurements taken in vacuum (v3x10~ Torr)

included Schottky plots, Richardson plots (Figs. 3 and 4),
and emission maps (Fig. 5). The Richardson work functions
of 4,57 and 4.40 eV obtained for the (100) and (111) direc-
tions, respectively, agree well with those reported previcusly
by Nicholc.lo S-ith,8 Cooneu.l1 end Cogginl.lz

The first test was designed to detarmine if the therm-
ionic properties of the filament were influenced by the carbon
impurities that are generally found tc be present in tungsten
cathcdee. Following the technique recommended by Becker et |1.13

for removing carbon impurities, the filament was held at 2200°k

6 Torr for 63 hours. After this treatment,

in oxygen at 1 x 10~
the tube was re-evacuated and the Richardsor plots shown in
Figs. 3 and & were obtained. Notice that although the Richard-
son work functions of the (100) and (111) directions were essen-
tially unchanged, the Richardson constants, AR' decreased
slightly. This decrease in emission is also apparent in the
emission maps (Fig.5). The over-all change is extremely es=all,
and we do not have sufficient evidence to conclude that this
change resulted from the removal of carbon impurities alone,
These results do indicate, hovever, that the thermionic proper-
ties of the filament are not seriously affected by the oxygen

treatment,

IV, RESULTS: DEPENDENCE OF WORK FUNCTION ON OXYGEN PRESSURE

Emission naps taken &t various 02 pressures and filament
temperatures are shown in Figs. 6 through 8. As expected, the

enlssion decreases with increasing O, pressure, Notice that at

the higher pressures the contrast be:ween different crystallo-
graphic directions decreases and the (100) direction now emits
more atrongly than the (116). The last observation, together
with the distinct irregularities in the emission maps, may be

evidence of rearrangement of the surface ltructut-.la
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At this point in the study filament I broke and was
replaced by filament 1I. At the same time the systom was
modified by removing the diffusion leak and installing the
gestter, the FS and GP valves, and the 0, flask. B8Since
these improvements provide more accurate control of the °2
pressure, ths following data are more reliable than thoss
given in Figs, 6 through 8,

Vacuum measurements indicate that the thermionic pre-
perties of the two filanents are almost identical. The
results shown in Pig. 9 were obtained by increasing the o,
pressure in small steps while holding the filament at
various temperatures, The effective work function, 0'. is
computed from the followirg form of the Richardson equation,
¢

axp(=—2) 1)
kT

I @ 120 sT?

wvhare I is the measured collector current, 8§ is the fdlament
area subtended by the amode slit, k is Boltzmann's constant,
and T is the filament temperaturs determined from the Jones-
Langmuir tablon.ls We have not extrapolated the measurements
of I to zero-field comditions because this correction has
only a small effect on OE (0 ,05eV) for the snode voltage of
500Y employed here,

The pressurss reported im'Pig, 9 vere measured with a
Genaeral Electric ionization gauge (Model 22@T102), The ctheria~
coated iridiuva filament in the gauge was used to reduce the
errors associated with interactions occurring at a hot fila~
-ont.16 Sinca the sensitivity of ionisation gauges is not
well known for oxygen, we have cChosen to express the pressure
in teras of the squivalent nitrogen pressure, The :rucloz
prcosure may differ from the squivalent Nz pressure by as much
as 25 psrcent., (See Table 5.7 in refsrence 16,)

The residual gas pressure increases with increasing fila-
ment temperature., This fact is 1llustrated in Fig. 93 the

minimum pressure shown for each filament temperature rapresants




(O

*sanjviadwa) JulwWETTI puw Ianesaxd ~o

= 3O uoTld2unjy ® 8® UOT3IDAITP dyydeaBoriwisdid (0or) =ya 3o UOTDUNI NIOMA DIATIDI3F3IT wg °*813
(Y¥0L1) 3YNSS3ud
Ol Ol Ol Ol 0!
_ w-_ d- 8- 6- Ol- 9y
H8°v
—0°S
=] -
Mo 0061=1 Jdz-g 3m
_ =
—tv°S
—9°6
-
NOILO34Ia (O0l) Jdg'g




1y

[4

*3anjeviadua3 jJuaweTI3 pue anssaxd “p 3o

uoy3Idunj ® sS¢ ao«uouunv drydwaBorTeIsLxd (T11) u:u JO BOTIdUNJ YIOM IAFIVNAIIT Q6

(4¥0L1) 3¥NSS3ud

<O ol ol ol ol Ol

9- l- 8- 6- Ol-

Mo 002C

Ao O061=1

NOILO3YIa (I111) _

9'y

8t

v°S

9°G

8°G

‘813




r4']

*2an3viodu’l juawe(fj puw ainssaxd g 3o

uO¥3IdUNI ® S¥ UOTIDIITP u«nnnuuoﬁauywhuu (ZTI1) 2U3 3O wWOYIdUNI NIOA JATIDIIIY

(8¥01) 34NSS3Yd

0l ol ol ol ol o]
G- 9- L- 8- 6- o .
r I _ T _ 9'v
- N
Mo 0022 v gy
Mo 0602 Jowe
—2°g
Ao 006I=1 —
Jb°g
S 7
J9°g
NOILO3HIa (211) Jg-g

%¢ 811

3
(AB) ¢




*aanjviadmai jusmelyj puw sinesaid Zg 3o

uo¥3ld>uUnj ® $¥ uUOT3IDA1FPp drydeiBorTw3isLad (QI1) aY3l JO UOFId2UNI NIO0M DATIDIIIT P6 °“Bri

(4¥0L1) 34NSS3Yd

o] Ol Ol Ol Ol Ol
L- 8- 6- ol _.
_ : _ I _ T 9°v

—8°v

—0°S

Ao OG0Z

1
(4]
o
(A9) 3¢

Mo 0061= L e

NOILO3YIA (O11) dg°g




22

the pressure of the residual gases vhen the 0, valve is closed,
Hence the pressure readings are the sum of the 02 pressure and
the pressure of the unknown residual gases. Although this
introduces an uncercainty in the lowvepressure data, this effect
becomes negligible at higher pressures.

Notice that the lowe-pressure limiting values of L shown in
Fig. 9 are not the same for all filament temperatures. This
result is to be expected 1if " depends on temperature, if 8 (e
not measured accurately, or if the pre-exponential factor ape
pearing in the Richardson equation is not 120 as assumned,

Since the 0, covserage, 6, has not been measured in this
experiment, we are unable to comstruct plots of 0: verasus 0.

As an alternative, it is of interest to datarmine if the para~
meter vwhich is useful for correlating thermionic data for
alkali I‘tl1l17

‘meter is T/T‘, vherse T is the substrate (i.e,, filament) tem~

will also be successful for oxygen, The para-

perature and Il is the saturation temperature corresponding to
the particular operating pressure of the gaseous adsorbats.

»
The effective saturction temperatures, T; » employed in Pig, 10
are computed from the following empirical expression which

accurately describes data reported by Honig and llookl8 for ths
vapor pressure of oxygeni
log,gp = 9.25 = 228533 (2)
T
R

Since the reciprocal of T/T: may be considered as s measure
of the coverage, it :olloVI that .E should approach the clean
surface value as 'rl'tn increases,

The correlation altawn in Fig.10 is surprieingly good. The
scatter appearing at high values of TIT; may be caused by the
factors discussed previouely im connection with the data of
Fig. 9. The comparison of the different crystallographic
directions shown in Pig, 11 is based on curves drawn through
the data points of Pig. 10,
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V. RESULTSt DESORPTION ZNERGY FOR O, ON W

2

The desorption energy was detarmined by measuring the
time rate of change of the .-1lliol current when the 0z
pressure is suddenly decreased by opening the PS valve,
Stazting from an initial value of 1 x 10"'6 Torr, the
pressure drops to 1 x 10'7 within 0,6 seconds and attaine
a.value of 1 x 10”2 vithin 100 seconds.

A typical example of the experimental data is pre-
sented in Pig. 12, The measured emission current, I, hao
baen normalized with respect to I , the bare-surface value,
Notice that the curvss for the (100) and (111) directions
cross one another in Pig. 12, as well as in Pig, 1ll.

To enablas us to compute a desorption energy from the
emission data shown in Pig. 12., we must relate the effective
work function, ¢, to the 0, coverags, 0. Since the exact
form of this relation is not known at present, we are forced
“to use the common assuaption that ¢ may be represented by the,
first two terms of a Taylor seriea czpaniion about the gpoint ‘
of zero coverage. That is,

_ dé

where ¢ is the effective work function corresponding te
coverage ¢, and 0 is the effective work function of the
bare surface (0-0). By evaluating zl'nt an arbitrary

reference point of 0= 0, and ¢ = ¢ Eq. (3) may be

1°
expressed as
.I..
0-0°+——r;—g.. (4)

Hence,
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® = 0

0
TI--T—.-%, (s)

1 o

From Eq. (1), the effective work function ie gtvoﬁ by

2

¢ » kT(ln 120 S8T" « 1la I). (6)

This may bo substituted imto Eq, (5) to obtain

ln 1 « 1ln 1

0
™ T—+T- , (7)
T; , - I8 1

1

where the filament temperature 4is the game for the thres
emission currents,

30

We shall assumes here that the degorption of o2 from W
is & first-ordar process. (This assumption is discussed in
mors detail inm referemce 19,) If the flux of oxygen mole=
culas upon the filament 19 stopped smddsaly by opening the
PS velVe at time t-e 0, the coverage will decrease from the

initial valuse, .1' according to

® = 0, exp [- {-], (8)

where T is the characteristic adsorption time, If the
coverags is 0! at time t,, then

(] ‘ g:p(-t/r) [ t-t]
T; . O%P T, exp(=t,/T) =% - @)
or,
t, = ¢t
T = —L—— . (10)




jl1

Substictuting Eq. (7) for OIOI. ve obtain
-1
a1 = 1ln1

1» (tlut) 1n(<r-}-1-.-_—m! . (11)
°

Hence, T may be calculated from measurements of I and 1,
at times t and toe respectively, MNetice that this methed
of detormining T does net require ‘knowledge of the values
of 8 or .t'
The relationship between t and E, the desorption energy,
ie assumed to de

Te T exp (&) (12)

or
K
ln T » 1n t° *.ff (13)

vhere, for firet-order desorption processen, 1 is of the
same order of wmagnitude aa the period of vtbtaclon of an
adeorbed ntol.l9 If T ie computad froa Ig., (11) using
experimental data obtained at various values of T, we may
determine E aund 1n T fvem the slope and 1ntcrcnpt, reg=
pectively, of the plot of ln t versus (kT)"

Presented {n Tadble I ars values of 1 enlculntcd from
experimsntal data similar to those shown 4in Pig, 12, Since
the temperature range is not sufficient for probor uai of
the graphical technique described in the preceding parcgraph,
ve have computed E from Eq. (13) by assuming that To squals
lx 10'13 seconds, This assugption ia discussed in Section VI,
As showa in Table I, the magnicude of E is essentially
independsent of the crystallographic direction. The averags
value of Kk 4s 5.9 eV,
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Vi. DISCUSSION OF RESULTS

The effect of O2 onzghe thermionic emission from W was
girat studied by Kingdon, in 1924. A similar investigation
was performed in greater detail by Johnson and Vick?l in
1937, Polycrystalline tungsten filaments wers employed in
both experiments, and the 02 pressure was not accurately -
measured.

Using the contact potential method, Langmuir and Kingdonzz
measured work-function changes for 02 on W which were much
smaller than those computed from the thermionic data of Kingdon.
Reimnnn23 repeated the contact-potential measurements and
obtained a maximum contact-potential change of 1,7 eV for 02
on W at room temperature. This value is in good agreement
with that computed from Kingdon's data, and it has been veri-
fied in subsequent investigations both with the field emission
microscope and the contact potential mechod.za A detailed
study of the change in contact potential with increasing 02
coverage on polycrystalline W has been performed by Bosworth
and Rideal.?’ '

Since the results of the present study are, to the best
of our knowledge, the first thermionic measurements of the
effect of 0, on the work function of a single-crystal substrate,
ve have no standard of comparison, Becker and Brande35 have,
however, used the field emigsion microscope to invegtigate the
effect of 02 on various crystallographic planes of W. The
general characteristics of our results agree qualitatively
with those of Becker and Brandes. Quantitative agreement 1is
not expected because of the significant differences in the
experimental techniques, Hueller,26 Gomer and Hulm,4 and
George and Stier27 have also used the field emission micro-
scope to study 02 on W,

As seen in Fig.ll, the maximum work-function change
determined from the present data is ~0.83 eV, This value 18

20
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less than that measured in contact-potential studies because
the filament temperature is sufficiently high to reduce the
02 coverage below the n:ximun possible value. As inferred
in the selection of TITR as the correlaticn parameter, the
coverage increases with increasing pressure and decreasing
filament temperature. It is expected that, for the range of
_pressures and :emperaturéa used here, the surface coverage
does not exceed one monolayer of atomie oxygcn.s'13

Although the structure of 02 on W is not completely
understood, there is evidence that adsorption and surface
resnrangement 1s greatest omn crystallographic planes having
an open lattice structurc.lb This provides a possible
explanation for the fact that the work function of the (110)
direction is not affected by 0z as markedly as the other
crystallographic directions (Fig. 11). (Ve prefer to use the
tern "crystallographic direction" instesd of "crystsllographic
plane" because the exact surface structure of the tungsten
filament is not known.)

Since it is known that the presence of carbon impurities
in tungsten may affect both the thermionic and adsorption
properties of the lpecinen,za wve attempted to remove these
impurities from the filament by employing the process recom=

13 Assuming that the process is effec-

mended by Becker et al.
tive, we conclude from the data that the initial concentration
of C was sufficiently low to have little influence on the work
function., It is of interest to note that there is some evi-
dence that minute traces of C on W may cause the desorption
2

energy of 02 to increase.

Although the desorption of O2 from W has been considered

by several different 1nvelttgator-,5'21-25.29

the process 1is
not understood completely because the agreement of the experi-
mental data is unsatisfactory. Desorption energies ramnging
from 4 to 7 eV have been reported, and it is not known with

certainty if oxygen desorbe as atoms or as nolaculnl.la'l,g
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The problem is8 complicated by the fact that various oxides
also desorb from the surface as a result of the reaction of
0, with cung-ten13'3° and with the carbon 1npur1tio-.13
The experimental method used here to determine the

desorption energy of 0, on W differs from that which is noe~
mally employzd. The average value of 5.9 eV is, however, in
fair agreement with the values 6.4 and 6.7 eV reported by
Johnson and‘Vick21 and by Bosworth and Ridaal,zs respectively.
Because the temporature range of our data 1is narfow, we have
assumed that the desorption i3 a first-order process with to

-13 _econds. This assumption is based on the

21

equal to 1 x 10
results of Johnson and Vick.,
As shown in Table I, it appears that the desorption
energy, E, is essentially the same for (100), (111), (112),
and (110) cryatallogrnphicvdirections. We believe, however,
that this apparent result ie false because the physical model
esployed in Section V does not account for the poseibility
that surface migration of adsorbed oxygen atoms may be so
rapid that the majority of the desorption occurs from the
crystallographic surface having the smallest desorption energy.
If surface migration is dominant, the experimental values of
E reported here and elsewhere are representative of the mini-
aum values of the specific specimens. We conclude, therefore,
that the method used by Becker and Btandcns to estimate the
dependence of E on crystallographic structure nmay be invalid,
It is possible that surface migration may also have a
significant effect on the thermionic measurements described
in Section 1V. For example, the 0z coverage on a specific
crystallographic surface for a given tempsrature and pressure
will depend upon the desorption energies of the adjacent
crystallographic patches 1f the migration rate is much larger
than the desorption rate. Hence the cxperinentul results
presented here may not apply to tungsten specimens having dif-
ferent patch sizes and relative orientations,
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