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SUMMARY.

The emission of secondary electrons from Tungsten has been investigated with primary
electrons of velocities of 100-4,000 volts at 45° angle of incidence of the primary beam
on the target.

The apparatus was of pyrex glass in which the electrodes were fixed with pyrex-
Tungsten seals. Tt was evacuated to a high vacuum with an oil diffusion pump and was
baked at 400-500°C. before readings were taken. A defined beam of primary electrons
was obtained from a Tungsten filament, heated by the secondary of a low tension trans-
former, and was allowed to strike the metal target. The secondary electrons emitted from
it were collected by a surrounding cylinder charged positively with respect to the target.
The ratio of the secondary to the primary current was determined at different electron
velocities. It is observed that the secondary emission coefficient is a function of the
primary energy. Tts value is less than unity for low primary energies but rises to 1-85
for undegassed target at about 400 volts energy of the primary beam. It diminishes as
the energy goes beyond 400 volts. Arrangement was made to clean the target by electron
bombardment from an auxiliary Tungsten filament. The maximum value of the secondary
emission coefficient for degassed target is 1-68 and oceurs at about 600 volts energy of the
primaries. The decline in the secondary emission beyond the maximum is found to be
exponential.

INTRODUCTION.

Tt has been known for a long time (Campbell, 1911) that metals emit
electrons when bombarded with a stream of electrons but it is difficult to
distinguish whether the electrons coming out of a metal are the primary
electrons which have been reflected back by the surface or are in reality the
electrons of the metal ejected by the primaries. The fact that under favour-
able conditions the emitted electrons exceed in number the primaries leaves
po doubt that the secondary emission does take place from metals. A large
number of data are available on this subject but the agreement among them
is poor (Gill, 1923; Petry, 1926 ; Kreft, 1928; Coomes, 1939). This is on account
of several factors, the most important of them being the surface condition
and the state of purity of the metal which probably varied in the experiments
of different workers. At low energies of the primary beam, the reflection
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coefficient of electrons, which is greatly influenced by the surface conditions
of the target, is comparable with the secondary emission coefficient but with
increase of energy of the primaries the proportion of the reflected electrons
in the secondary emission is reduced considerably (Howarth, 1935). It was,
therefore, considered desirable to investigate the secondary emission from
Tungsten with high velocity electrons.

Most of the previous workers have obtained results with normal incidence
of the primary beam on the target. Data are also available for obligue angles
of incidence but the energy of the primary beam in these experiments did not
exceed 1,000 volts. (Bruining and De-Boer, 1938).

The secondary emission is low (probably zero, for zero velocity) at low
velocity of the electrons, increases with their energy, reaches a maximum at a
few hundred volts energy of the primary stream and diminishes at higher
energies. No attempt has been made by early experimenters to examine
systematically the variation of the secondary emission beyond the maximum.

In the present work the secondary emission from Tungsten is studied with
primary electrons of energy, ranging from 100-4,000 volts. The angle of
incidence of the beam on the target was kept at about 45°. The results
obtained indicate a characteristic decline in the values of the secondary
emission coefficient beyond the maximum, which may prove very significant in
understanding the mechanism of the secondary emission.

DESCRIPTION OF THE APPARATUS.

The apparatus is diagrammatically shown along with the electrical connec-
tions in Fig. 1.

(1) The Primary Electrons Beam.

The primary electrons were supplied by a filament, F;, which consists
of a few turns of Tungsten wire, 0:-1 mm. in diameter, spot welded to two thick
Nickel leads, sealed in the main body of the apparatus. The filament was
heated by a well insulated secondary of a low tension transformer and its
temperature and thermionic current were controlled with a rheostat, inserted
in series in the secondary circuit. It is placed in front of the circular aperture
84, 3/4 mm. in diameter, at the centre of the closed end of the Nickel cylinder ¢,
which is 3-0 em. long and 2-5 cm. wide. An accelerating potential, V;, of
2-10 volts, was applied to the electrons between F, and C; and the beam was
further defined by an aperture S,, 1-5 mm. in diameter, at the centre of the
closed end of cylinder Cy, 3-0 cm. wide and 1-0 cm. deep. The electron beam,
issuing out of 8, was a mixture of the thermionic electrons from F; and the
secondary electrons, produced by the impact of some of the electrons from
F, on the edge of 8,. The potential, V,, was kept low to keep the number
of these secondaries as small -as possible. The main accelerating potential,
V,, which varied between 50-4,000 volts, was applied to the beam between



ELECTRON EMISSION FROM TUNGSTEN: 199

C; and C; and a constant potential, Vg = 10 volts, was applied to it between
C; and the target T. The primary current, going to the target, was measured
with a mirror galvanometer G;.

D

Fia. 1.

(2) The Target and the Collector System.

The target, T, is a circular disc of Tungsten, 1-0 ¢cm. in diameter and
about 0-05 mm. thick. It was spot welded to a thick Nickel lead held firm in
position with a pyrex-Tungsten seal. The target is placed in front of the aperture,
S,, at the centre of the closed end of the Nickel cylinder, C,, 28 cm. long
and 2-5 em. wide. The primary beam enters C, through S, and strikes the
target and the secondary electrons emitted from it are collected by the collector
Cy, positively charged with respect to T. The collecting potential V,, applied
to C,, varied between 60-80 volts. The secondary current to the collector
was measured with a mirror galvanometer G,. The target and the collector
are both enclosed in the cylinder Cs, 3-5 cm. long and 3-0 em. wide, which
was permanently earthed and served as a shield against the stray charges
and the scattered electrons for both of them. The cylinder Cg has an aperture
Sg, 25 mm. in diameter, at the centre of its closed end. The centres of the
apertures, 8;, Sy, Sg and 8, lie on the common axis of the cylinders, Cy, Cg,
Cs and C, and the plane of the target T is inclined to this axis at an angle of
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about 45°. The geofhetry of the slits prevents the electron beam, issuing
out of 8;, from striking and emitting the secondary electrons from the edges
of 8, Sgand 8,. Since the main accelerating potential was applied to the beam
between C; and C, after it had crossed the slit, S, and the potential, V,
was always small compared to Vj,, the electron beam, reaching the target,
was almost homogeneous.

Fg is an auxiliary Tungsten filament placed quite close to the target T.
It was heated with the secondary of a low tension transformer and a suitable
current of a few milliamperes, at 5,000 volts, obtained from a H.T. transformer,
was drawn from it to bombard and degass the target when desired.

All the metal joints were made by spot welding and the electrodes were
fixed in position in the body of a pyrex glass tube, 15 cm. long and 4 ¢m. in
diameter, with pyrex-Tungsten seals.

The apparatus was permanently connected to a Metropolitan Vicker’s
02’ oil condensation pump, backed by a Hyvac. It was airtight and could
stand a high vacuum for days together. Before any readings were taken the
apparatus was well baked under a high vacuum for 4-5 hours, at 400-500°C.,
in an electric furnace, with the pumps on throughout. The pumps were also
kept continuously running during the observations taken.

The two galvanometers, G; and Gs, have about the same sensitivity of
10-8 amps. but for determining the absolute values of the ratios L, where
I; and Iy are the primary and the secondary currents respectively, their
readings were compared by passing a constant current through them when
joined in series. The two currents were read simultaneously but their values
were also checked by reading both the primary and the secondary currents
on the same galvanometer alternately when each reading was repeated three
or four times to allow for any fluctuations in them.

The primary current was of the order of microamperes in these experi-
ments and was fairly steady. The potentials, V,, V5, V3 and V,, were obtained
from dry batteries but voltages higher than 500 volts were obtained from a
High Tension Direct Current Motor Generator Set which could give up to a
maximum of 5,500 volts. Voltages up to 500 volts were read on a D.C. volt-
meter but for higher values electrostatic instruments were used.

Tar REesvLrs.

The results for undegassed target which received no heat treatment except
during the baking of the apparatus are shown in curve (1), Fig. 2, where the

ratios, i—z, are shown as a function of V. I; and I, are the primary and the
1

secondary currents respectively and V is the corresponding energy of the
primary electrons. It is clear from the curve that—
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(1) the number of the secondary electrons, emitted per primary electron, .
is less than unity for energy less than about 100 volts but rises to
the maximum value of 1:85 at about 400 volts energy of the
incident beam ;

(2) it decreases as the energy of the primaries exceeds 400 volts.

~
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Curve (2), Fig. 2, shows results for the Tungsten target which was conti-
nuously degassed for a few hours with an electron current of 5-10 milliamperes
at 5,000 volts. Tt can be seen from this curve that—

(1) the maximum value of the secondary emission coefficient, for degassed
Tungsten target is 1-68 ;

(2) the maximum shifts towards higher energy and occurs at about
600 volts energy of the incident beam ;

(3) the maximum is flat and the decline in the secondary emission beyond
that is gradual.

In order to be sure that all the secondaries, emitted from the target T,
were collected by the collector the readings for the secondary current were
taken with different collecting potentials on C,. No change in the values of
I, was observed if potential, V., was maintained at 60-80 volts. Some of the
secondaries were, however, found to escape the collector if the potential applied
to it was kept below 60 volts. It was, moreover, observed that if the collector
was made negative by 60 volts with respect to the target no appreciable
current reached the collector. To make certain features of the secondary
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emission well pronounced, curves were drawn connecting log N and V, as shown
in Fig. 3, where N is the secondary emission coefficient at energy V volts
of the primary electrons. The corresponding values of N and V were taken
from the curves, in Fig. 2, both for the undegassed and degassed surfaces of
Tungsten. Curve (a), Fig. 3, for dirty target, shows a rapid fall immediately
beyond the maximum which occurs at about 400 volts energy of the primaries.
There is a kink at about 600 volts energy and beyond that the curve is a
straight line. In curve (b), Fig. 3, for degassed target, no such discontinuity
occurs and it becomes a straight line immediately beyond the maximum
which lies at about 600 volts energy of the incident beam. The kink in curve
(a), and the maximum in curve (b), occur almost at the same energy of the
primary electrons.
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The ratios N/Ng, where N and Ny are the values of the secondary emission
coefficient at energies V and V, respectively, are calculated at different values
of V, all taken higher than V;, from the curves in Fig. 2, both for undegassed
and degassed surfaces of Tungsten. V, corresponds to the energy at which
the kink occurs in the curve for dirty target, while in the case of degassed
target it is the energy corresponding to the maximum. Curves between
log N/Ny and V are drawn for the two different surface conditions of the target
and as shown in Fig. 4, they are straight lines inclined to the energy axis at

varying angles.
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INTERPRETATION OF THE RESULTS.

The presence of films of impurities and adsorbed gases on metal surfaces
usually reduces their work function and increases their capacity for emitting
secondary electrons. The contaminations are removed by heat-treating
the surface at fairly high temperatures which brings the metal to a state of
greater purity, but diminishes its power of emitting the secondaries. The
foreign films on the target, which were later evaporated by degassing, account
for the higher emission from dirty than from clean Tungsten target as shown
in Fig. 2.

It has been observed (Copeland, 1935) that if the impurity film on a metal
surface is several atoms thick, then the variation of the secondary emission
with energy of the primaries is controlled by the characteristics of the over-
lying film at low energies. This variation is dependent, however, on the charac-
teristics of the base metal at high energies. »

It appears that in our experiment the dirty Tungsten surface was covered
with a thick film of contaminations and the variations of the secondary
emission with energy of the primary electrons up to about 600 volts energy
was governed by the film. Beyond 600 volts the change in the emission with
energy was dominated by the characteristics of Tungsten. This explains
the kink in curve (a), Fig. 3, at about 600 volts energy, and the sudden change
of slope of the curve as the primary energy exceeds this value.

The linear character of curves (a) and (b), Fig. 3, beyond 600 volts energy
of the primary beam, suggests that the drop in the secondary emission, with
increase of energy above 600 volts, is exponential. The portions of curves
1 and 2, Fig. 2, corresponding to energies greater than 600 volts can therefore

be represented by an equation of the type N = Ny e~*V—Vo) where N,
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No, V and Vj, have the same meanings as explained before, ¢ is the base of the
Naperian Logarithms and o a constant depending upon the metal and its
surface condition. The values of « as determined from the slopes of curves
(@) and (b), Fig. 3, come out to be 1/17,100 and 1/20,000 for the undegassed and
degassed surfaces respectively. Substituting the values of « in the above
equation we find that the energy where the secondary emission coefficient
would fall down to Ng/2 is about 6,620 volts for the degassed and about 5,747
volts for the undegassed target.

Experiments have been recently performed for the emission from Tungsten
(Rakov and Antonov, 1939) with primary energies, extending from 5,000 to
75,000 volts, and it is observed that the secondary emission coefficient
diminishes continuously with increase of energy of the primaries over a
wide range between these limits. This is what we expect on the strength of
our experimental curves also.

It is difficult to free Tungsten completely from the adsorbed gases unless
it is flashed at about 2,800°C. and heated for a considerable time at about
2,000°C. Inour experiment this stage of purity of the metal was never achieved
and it is probable that our values of the secondary emission coefficient are
higher than those which can be obtained from very clean metal. Experiments
are lacking for the secondary emission from Tungsten for oblique angles of
incidence with primary energies higher than a few hundred volts and it is,
therefore, not possible to make a comparison of our results with those of any
other. Data are, however, available for normal incidence of the primary
beam on Tungsten target which was thoroughly degassed by flashing at a
temperature, not very much below the melting point of Tungsten, and given
a subsequent heat treatment at a temperature of about 2,000°C. for over a
hundred hours. The maximum value of the secondary emission coefficient
which occurs at primary energies of 400-500 volts is about 1-3 in these
experiments (Coomes, 1939).

Bruining and De-Boer (1938) have investigated the secondary emission
from some metals at various angles of incidence of the electron beam on the
target and have come to the conclusion that in all the metals they studied—

(1) the secondary emission, at any particular energy of the primary
electrons, increases with the increase of angle of incidence of the
beam on the target ;

(2) the energy of the primaries, at which the secondary emission is
maximum, shifts towards higher values as the angles of incidence
become greater.

Thus for Nickel the maximum secondary emission coefficient is 1-25 and
occurs at 400 volts energy of the primaries for normal incidence. The corre-
sponding figures for 48°, 60°, 70° and 90° angles of incidence are, 1-5 at 500-600
volts; 1-75 at 700 volts; 1-87 at 800 volts and 2-44 at 1,000 volts respectively.

Now the work function of Tungsten which is 4-54 volts is not far removed
from that of Nickel which is 5-01 volts. It would, therefore, be expected that
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the secondary emission from the clean surfaces of these two metals will not be
very different either. The angle of incidence of the beam on Tungsten target
in our experiment was about 45° and if the law of variation of the secondary
emission with incident angles be applied to Tungsten, we should expect,
following Cocmes’ results, the maximum to have a value of nearly 1-55 and to
occur at about 600 volts energy of the primary electrons. The maximum
in our experimental curve (2), Fig. 2, for degassed Tungsten target does occur
at about 600 volts energy of the primaries, in any case. Tts higher value of
1-68, as compared to the anticipated value of 1-55, is very probably owing
to the surface of the target not being perfectly clean.

Petry (1926) has also studied the secondary emission from degassed Tungs-
ten at normal incidence. "The maximum of the secondary emission coefficient
has a value of 1-45 and oceurs at about 700 volts energy of the primaries. If
his data be taken as correct then the maximum emission at 45° angle of incidence
would almost coincide with our value.

Coomes’ (1939) and Petry’s (1926) results are given in curves 3 and 4,
Fig. 2, respectively. The results obtained by the authors are not incon-
sistent, as far as they can be checked, with the work of other experimenters,
where special precautions were taken to degas the target and it is, therefore,
inferred that the exponential decline of the secondary emission beyond the
maximum, as observed here, where the target was perhaps not very clean,
is also the characteristic of pure Tungsten.

In conclusion it is a pleasure to record our thanks to the Hou’ble Dr. Sir
Shah Mohammad Sulaiman, Vice-Chancellor, Muslim University, Aligarh,
for his encouragement and interest in our work throughout.
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