
PLASTI C DEFORMATION I N KCl CRYSTALS

interpreted as an evidence of the progressive formation
of larger clusters of vacancies which are poor electron
traps. It should be kept in mind too that each electron
trap which is not an J -center must have at least two
vacancies (the F'-center is not stable at room tem-
perature). Ueta and Kanzig also observed the formation
of the M and R bands during plastic deformation and
the growth of the R band up to 48 hours after plastic
deformation. Thus if one considers that there are some
free positive-ion vacancies, the ratio of about four
vacancies to one trap is not out of line.

6. The annealing experiments indicate that the pres-
ence of vacancies has no measurable effect on hardness:
The vacancies anneal out completely at 350'C, while

hardness remains unaltered up to about 750'C annealing
temperature. In addition there was no correlation
between the change of density and amount of work
done in deforming the crystal, which probably reQects
the fact that only a small amount of energy of deforma-

tion goes into creation of vacancies. "It is thus quite
likely that hardness is associated with a disturbance of
the dislocation pattern, especially of the Frank-Read
sources, during the process of deformation and not with
the presence of vacancies as slip obstacles. This is in
agreement with some of the experiments discussed in
the introduction. It should be remembered, of course,
that one has to be careful in drawing conclusions from
hardness, an essentially surface property, about internal
phenomena.

7. Formation of deformation bands was analyzed in
terms of the operating slip systems and the structure
and orientation of the deformation band boundary.
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Two types of contamination, the adsorption of a monolayer of atmospheric gas and the deposition of
carbonaceous material under electron bombardment, were found to acct the characteristic electron energy-
loss spectrum of tungsten. Spectra were obtained by analyzing with a 127' electrostatic spectrometer the
energy distribution of 850-volt electrons scattered by the target through 90'. The deposition of the carbona-
ceous material was associated with the growth of the carbon Auger peak. Each type of contamination could
be removed by heating the target in vacuum to a suitable temperature.

INTRODUCTION

HK results of electron scattering experiments at
low energies are markedly affected by the occur-

rence of two common types of surface contamination of
the specimen. One type arises from the adsorption of a
monolayer of residual atmospheric gas, and many
workers' in this field have recognized the need for
thorough outgassing of the specimen. Some direct eGects
of this contamination have been reported by Harrower. '
The other type of contamination, which has also been

observed in many systems, ' ' is the deposition of
carbonaceous material on those portions of the specimen
irradiated by the electron beam.

The purpose of this paper is to show how these two
types of contamination influence the characteristic
energy-loss spectrum' of tungsten.

APPARATUS

The specimen used in these experiments, a tungsten
wire 0.01 in. in diameter, was the target for primary
electrons from a Pierce-type electron gun. ' Scattered

'Webster, Hansen, and Duveneck, Rev. Sci. Instr. 3, 729
(1932); A. E. Shaw, Phys. Rev. 44, 1006 (1933);R. L. Stewart,
ibid. 45, 488 (1934); J. Hillier, J. Appl. Phys. 19, 226 (1948);
K. M. Poole, Proc. Phys. Soc. (London) 866, 542 (1953); A.
Lempicki, J. Sci. Instr. 32, 221 (1955).

4 A. E. Ennos, Brit. J. Appl. Phys. 4, 101 (1953); 5, 27 (1954).
s R. Castaing and J. Descamps, Compt. rend. 238, 1506 (1954).
e L. Marton, Revs. Modern Phys. 28, 172 (1956).
r J. R. Pierce, Theory and Design of Electron Beams (D. Van

Nostrand Company, New York, 1954), second edition, Chap. 10.

* Work supported by the Research Grants Committee of the
University of Western Australia.

tI.C.I.A.N.Z. Research Fellow, University of Western Aus-
tralia.

t General Motors-Holden Postgraduate Research Fellow, Uni-
versity of Western Australia.

' K. G. McKay, Advances in Electronics (Academic Press, Inc. ,
New York, 1948), Vol. I, p. 65; E. Rudberg, Phys. Rev. 50, 138
(1936);J. C. Turnbull and H. E. Farnsworth, ibid 54, 509 (1938);.
P. P. Reichertz and H. E. Farnsworth, ibid 75, 1902 (1949). .

s G. A. Harrower, Phys. Rev. 102, 1288 (1956).



ND SWAR. OB I N S,pO WEL

(A

ILI
0'

5

IE)

) R.elative &nF ' j-'
] tjcally re-tenssty .

electrons a
z pf

s@ected pr™
point Aof time.a function

l an tung-stpace
et and

cprrespon
8 C D andsten targ

~

degrees ofF to inc&eas~ g
(b) j—$Econtamina
t rates «

ation.
fpr thze d

lptted on a
djfferen

cpn
scale as a

ntamjnatio P
func-pga yt mlc s

tipn of time.

20

0

IO
M]&UT

cceleratedctrpl1S aCc

11 57 (1940)R v Scj. InstrStephenspn )
a Ference, Sha~)

t
'

assed dlrec ythis slit p

4 284 (]929).ph s Rev. 3 )y Rojans~ySA L Hughesand

O.5-
I

cpu. nt

50

t Pulses being
the defIector P a

et in a resulting o "
d g ence betwee

pptentiome-

l ft this targe
The pptentla

ith aTlnsley
ectra were

ja]. dl ere
yernier

o dary electrons
rimary beam

t which was m
fzed interva

at the corre-

and se o
'

ht ~ngles to
127' electrost

t r, was varied y
the counting ra

direction at r'g "
e slit of the

curved de t
b pbserving "

h the entran
e between the

were scanne y
pn energies.

entirely p

thrpug
8 t the space

l mi»um w

di„g electron "
pnstructe

d t. spm

meter' »
p a u .

l sppn
eter was co

l.pcate

spectrom
h e plates, m

g
.

respective y&

Th spectrome
h umps were . t

r ]ates. T es
'

and ~0. '
The e

lsandt ep
. In addltlon,

@ecto p
d f radii9. 2~ '"'

p spex sheets
gnetic~ater'

d fi ctor plates.
h O. y%%uo of

3 ln. w

d between
l bpve and b

tance frpm

ide an p r
n two ers

below ma
the e ec

reduced to
the de-

an ~

ere clampe
metrica y a

a thin ls a
tic field was r

between e

and
maintained sy™

as coated with
earth's magne

o er the region
„; of the

plates w
1 nd the perspe

ccumulatlpn

ormal intensity o
'j. system. The '

d

l er of grap»
'ustable alum'

d and th.e fiector p "
ith the axis of "

is was aljgned

e chang~. T
were grou

The pils colncld

this comm n

surfa
h 0 5 i„. h

h potent]al. o' .
h apparatus

exit slits, e
aintained at e

'
b passing a

by tilting
f Id. . .

f jo ln. , slit

h the earth's .
slit distance o

d b

targ
f the target o"

wl

et entrance s
t bombarde

te p
rent thr ugh

ium-copper e
W

~&&yo
—3 in a

olts, the wldt

;th a t g .
the targ

eating cu
17-stage bery

d the exit slit
ldths of 2.

hrough 8&p vpt r

l,ace lm
wh lch were

e e

ltlpljer w p
d ll electronsectrometer a

tl to thepn



EFFECTS OF CONTAM I NATION 659

half maximum intensity of the peak of elastically
rejected electrons was 1.4 ev. - 7

TABLE I. Characteristic energy loss values for the target in the
states corresponding to A, B, and E of Fig. 1(a).

Desig-
nation

A
B
E

~ ~ ~

5.8&0.6

Characteristic energy losses (electron volts)

10.6&0.4 24.3+0.2 43.3+0.5 52.8&0.4
11.7+0.4 25.0+0.2 44.3&0.5 53.5+0.4

e ~ o 24 8+0 8 o ~ ~ ~ ~ ~

'0 H. D. Hagstrum, Rev. Sci. Instr. 24, 1122 (1953).
"The probable errors quoted here were determined from the

di6'erences between the observed values and their mean.

RESULTS

All measured counting rates were normalized in order
to present undistorted intensity-energy spectra and the
numerical results quoted are the best values of a large
number of determinations.

The trap above the oil diffusion pump was left unfilled
and the pressure in the vacuum system was normally
about 3X10 5 mm of mercury. The net electron current
to the target was maintained at 40 pa corresponding to a
current density at the target of 1.5 ma/cm', and the
accelerating voltage was usually 850 volts, though some
observations were made at 600 volts. The tungsten
target was initially prepared for use by heating it to
white heat to remove volatile impurities.

At the commencement of each series of contamination
measurements the target was heated to about 1500'C
and the spectrometer controls were adjusted to focus
elastically-reflected primary electrons (the elastic peak) .
Following rapid cooling of the target, the elastic peak
intensity, i, was observed to change with time as shown
in Fig. 1(a). As the monolayer adsorption time" is less
than one second at the normal operating pressure, it was
concluded that the initial rapid change in counting rate
resulted from contamination of the tungsten surface by
adsorbed atmospheric gas. Since it was always possible
to remove this contamination by heating the target to
about 1500'C, it was assumed that the intensity at A,
iA, corresponded to reQection from a clean tungsten
surface. For 850-ev electrons it was found that when the
surface was thus contaminated, the observed intensity,
iB, was greater than iA, whereas for the same energy
Harrower's results' indicate that iB is less than iA.
'However, the large scatter of Harrower's experimental
points at 500, 800, and 1000 volts may make his
interpolation unreliable. The ratio (in —i~)/i~ was
found to be 0.06+0.03."For a primary energy of 600 ev,
the measured value of this ratio was —0.17&0.03, the
sign being the same as that found by Harrower.

It was found that the target surface could be kept in
the condition represented by point 8 for an indefinite
length of time by heating the target to about 400'C.
The characteristic loss spectra of the target in the states
corresponding to points A and 8 were recorded and
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FIG. 2. Typical characteristic energy loss spectra obtained at
stages of contamination corresponding to A, B, C, D, and K of
Fig. 1(a).
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typical curves are shown in Fig. 2(a) and (b), re-
spectively. The characteristic energy loss values and
t'heir probable errors" are given in Table I. The spec-
trum obtained from the clean tungsten divers from that
obtained by Harrower" in both shape and position of
the peaks, possibly because of the diGerent scattering
angles in the two experiments.

The differences between (a) and (b) of Fig. 2 could be
due to other eGects dependent on the target tempera-
ture. However, the fact that the target had to be heated
to 1500'C to obtain spectra of the type (a) is consistent
with measurements of sorption of nitrogen and oxygen
on tungsten at various temperatures, """and suggests
that the spectrum change is due to target contamination
by atmospheric gas, probably nitrogen. "'

The second type of contamination is the deposition of
carbonaceous material on the target under electron
bombardment. Konig" has shown that the deposit
consists principally of carbon, while Knnos4 has con-
cluded that the contamination arises from the inter-
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FIG. 3. The percentage height above background for the 53.5-ev
(closed circles and full line) and the 44.3-ev (open circles and
dashed line) losses plotted against the percentage height above
background of the carbon Auger peak. The percentage heights are
obtained from f(height of peak —background)/background jX 100

action of the electron beam with hydrocarbon molecules
(originating from pump oils, vacuum greases, etc.)
adsorbed directly onto the target surface from the
vapor phase. The results of Castaing and Descamps, '
however, indicate that the processes involved may be
more complicated.

Figure 1(a) shows how the gradual deposition of this
contamination aGects the elastic peak intensity, which
is seen to decrease exponentially with time from iB
towards a steady value ig. DiGerent contamination
rates, due possibly to diGerent partial pressures of
organic vapors in the target chamber, were observed
under the same conditions of bombarding current and
voltage and in Fig. 1(b) three such series of values of
i—iE are plotted on a logarithmic scale as a function of
time.

At any stage, formation of further contamination
could be prevented by heating the target to about
400'C. It was thus possible to record characteristic loss
spectra for various degrees of target contamination. In
Fig. 1(a), C and D are arbitrarily chosen points on the
contamination curve and Figs. 2(c) and (d) are the

corresponding characteristic loss spectra. The charac-
teristic loss spectrum of the target in the final stage of
contamination corresponding to E in Fig. 1(a) is shown
in Fig. 2(e), and the energy loss values are given in
Table I. Curves (b) to (e) of Fig. 2 therefore show the
changes in the characteristic loss spectrum of the target
as the contamination proceeds. It is seen that the
tungsten loss peaks gradually disappear and are re-
placed by those of the contamination layer. Both the
spectrum and the energy-loss values of this contami-
nation agree with other results obtained for carbon. '~

As soon as a characteristic loss spectrum had been
recorded, the secondary electron spectrum in the region
of the carbon Auger peak" was scanned. This peak was
observed to grow as the contamination proceeded; its
appearance is corroborative evidence that the con-
taminant is principally carbon. It was found that this
Auger peak grew and the tungsten characteristic-
loss peaks decreased exponentially with time at the
same rate as the elastic peak intensity decreased. In
Fig. 3, the percentage heights above background of
the 44.3- and 53.5-ev loss peaks are plotted against the
percentage height above background of the carbon
Auger peak. From a least-squares analysis, the inter-
cepts on the abscissa axis were found to coincide within
the limits of probable error, and both lines are drawn to
pass through the mean value. The intercepts on the
ordinate axis are the percentage heights above back-
ground of the appropriate tungsten loss peaks when the
target is in a condition represented by B in Fig. 1(a).
The scatter of the experimental points in Fig. 3 is
mainly due to the difhculty in locating the continuous
background of primary electrons that have suffered
various energy losses by inelastic collisions.

It was found that the carbonaceous contamination
could be removed by heating the target to red-heat in
vacuum, thereby returning to point' B in Fig. 1(a). As
it was possible to remove both types of contamination
by heating the target to an appropriate temperature,
the same target was used in all measurements.
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