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ABSTRACT

An electron beam monochromator is under development utilizing
a time—of-flight velociﬁy selection techniqgue. An avalanche transistor
pulser supplies nanosecond gating pulses t the negatively biased grid

of an electron gun. Electrons are accelerated from a negatively biased

‘filament into a drift tube aligned with the earth's magnetic field.

The electrons in their passage through the drift tube 0.83 meters in
length spread out in energy with the more energetic getting to an
aperture first. Velocity selection will be achieved by gating the
electron beam in front of the aperture by either electrostatic or
magnetic methods. Electrons able to pass through the aperture should
be monoenergetic within 0.01 eV, and these monoenergetic electrons
can then be used in investigations of electronic energy levels in
solids. Characteristics of the system have been obtained using

a flat collector at the aperture position. Pulses amplified by a
transistorized pulse amplifier are delivered to a sampling oscilloscope -
and aisplayed on a chart recorder. With electrons of energies of
2 to 15 eV, pulse shapes and arrival times indicate energy spread
of the order of 0.6 eV, as expected from the thermal energy of
emission from the filament source. The square of the reciprocal

of the arrival time is a linear function of electron energy.



I. INTRODUCTION

Electron sources, such as the hot cathode of an electron gun,
have“an inherent energy spread which must be reduced to obtain the
mohoenergetic electron ?eam necessary for studies of the energy
levels in solids and gases which are less than 1 eV, Various electron
optical methods have been used to get the desired monoenergetic beam,
but these beams still have energy spreads of 0.05 to 0.1 eV which
is too wide for many investigations. To diminish the Maxwellian
thermal energy spread of the electron beam several methods have been
used. Magnetic analyzers have been used to reduce the energy spread
to the order of 0.5 eV, in work by L_awrence,l and to the order of
0.15 eV, in work reported by Nottingham.2 Another method developed_
by Fox et. aLl.3-5 has been termed the retarding potential difference
(RPD) method. This method uses an electrode with a retarding poﬁential,
VR’ in front of th¢ filament to reject the low energy electrons. By
decreasing VR by a sﬁall AVR, the difference in effect (ion current
in their study of ionization cross sections) is caused by the

electrons monoenergetic to within this change in the retarding

potential. AVR is usually of the order of 0.1 eV.

E. P Lawrence, Phys. Rev. 28, 947 (1926).

2. B. Nottingham, Phys. Rev. 55 203 (1939).
3R. E. Fox, W. M. Hickam, T. Kjeldaas, Jr., and D. J. Grove,
Phys. Rev. 84, 859 (1951).

MR. E. Fox, W. M. Hickam, and T. Kjeldaas, Jr., Phys. Rev. 89, 555 (1953).

°R. E. Fox, W. M. Hickam, D. J. Grove, and T. Kjeldaas, Jr., Rev.

Sci. Inst. 26, 1101 (1955).



Application of the RPD method has been made also to the
measurement of molecular dissociative energies6 where the appearance
potential (the zero ion current potential) may be obtained with much
higher precision than was possible by former methods. Fox et. aLl.LL
claimed an effective electron beam energy spread of 0.06 eV. Using
the RPD method of the same laboratory, Schulz7 stated that there was
an initial spread in energy when'the'electrodes were freshly gold
plated of 0.1 eV but that the energy spread increased to about
0.5 eV after using the system to measure the excitation of HEO ions
for about 50 hours. ‘Use was made of the RFD method by Buchel'nikova8
to measure cross sections for the capture of slow electrons. To
eliminate the.effect of the cathode drop on electron energies,
-Buchel'nikova heated the filament with pulses and extracted electrons
during the time when the current through the filament was off. The
energy spread of the uncorrected'electron beam,,accqrding to
Buchel'nikova, was 1 eV and, after applying the RPD method, the width
was reduced to 0.2 to 0.3 eV. Noting the disagreement of the reported
electron beam energy spreads by different experiments using the
RPD method it is felt that the 0.06 eV spread reported by Fox et. al.

might be open to question.

6J F. Burns, K llh7, Oak Ridge Gaseous Diffusion Plant, Oak Ridge,
Tennessee, (1954).

I
8

G. J. Schulz, J. Chem. Phys. 33, 1661 (1960).

I. S. Buchel'nikova, JETP (USSR) 35, 783 (1959).
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A method was devised by Schulz” in which an electrostatic
analyzer was used to obtain a beam of electrons with an energy spread
of about 0.06 eV. The beam of electrons passed through the first
electrostatic analyzer for energy selection, traversed a sample of
nitrogen gas, and was then analyzed for energy losses by a second
electrostatic analyzer similar to the first. Another electron
optical method was. used by Boersch et.al.lo ip which a lens mono=~
chromator was used to Select a monoenergetic electron beam and another
lens monochromator to analyzé the electron beam which was then
detected photographically. Boersch stated that he was able to reduce
the electron energy spread to 0.05 eV,

In recent researchll on low energy electron scattering, using
space ~-charge limited emission from a Pierce typé electron gun, the
energy spread of the electron beam was 0.35 ev.

The present study used a time-of-flight technique to stud& the
spread in energy of the thermionically emitted electrons. A pulse
of lO-9 éeconds duration is delivered to the grid of an elec%ron
gun allowing electrons to enter a drift tube. The pulse of electrons
retains the thermal energ& distribution with the maximum number of
electrons having a energy equal to the accelerating potential. As

the electron bunch dritts down the drift tube, the electrons sﬁread

%. =. Schulz, Phys. Rev. 125, 229 (1962).

10y, Boersch, J. Geiger, and H. Hellwig, Phys. Rev. Letters, 3, 65 (1962).

llR. H. Neynaber, L. L. Marino, E. W. Rothe, and S. M. Trujillo,
Phys. Rev. 129, 2069 (1963).

~etfyr



out in energy with the more energetic electrons getting ahead of
the slower ones. For a specified drift distance the time-of-flight
is a characteristic of the electron energy. It is proposed to
activate an electrostatic or magnetic gate at the far end of the drift
tube to allow a group of monoenergetic electrons to emerge where
they may be used for electron energy loss studies.

Electrons with an energy of 3 eV travel with a velocity of
about 106 meters/second and hence take one microsecond tn drift a
distance of a meter. If pulses atathe'grid and the gate of 2 x 10-9
seconds duration are used, then the indeterminancy in time should

produce an indeterminancy in the electron energy of but 0.0l eV.



II. APPARATUS

A. Drift Tube

The drift tube (seen in Fig. 1) is aligned with the earth's
magnetic field with the electron gun mounted on a flange at the bottom
of the tube and the collector on a flange at the center. The drift
tube is made from two sections of copper tubing 1.02 meters long
with an inside diameter of 10.2 cm. Each section has ports on the
ends and two additional ports in the sides. Vacuum pumps are attached to
a horizontal section of copper tubing which is connected to the
drift tube at the lower side port in the upper section. This connection
is slotted so that the drift tube can be rotated around a horizontal
axis to aid in aligning the drift tube with the earth's magnetic
field. Rotation about a vertical axis is accomplished by rotating
the entire apparatus and its wooden frame which rests on castors.

The lower section of the tube contains the electron gun mounted
on the bottom flange. The collector and its associated grids and
shields are mounted at the other end of this section in a side port
typically 0.82 meters away. A plate on the side of the drift tube
has in it an IRC fitting to connect the pulser to the grid of the
electron gun. The upper section of the drift tube will be used
later for analysis of the energies of electrons which have passed
through gaceouc or solid abeorbersc.

Copper was selected for the tube because of its availability,
its good electrical conductivity, its good high vacuum characteristics

and the fact that it is nonmagnetic. Collection of electrons on the
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walls of the drift tube grossly affects the paths of low energy
electrons in the tube. Since metallic oxides are generally poor
conductors, the inside of the tube was plated with gold. The gold
plating maintains éood electrical conductivity.inside the drift

tube. The contact potentials changed slowly as the tungsten filament
evaporated to the tube and electrodes of the gun.

The selection of the correct tube diameter depended on several
factors. To be able to recycle the vacuum system in as short a time
as possible, tﬁe diameter had to be large enough so that there were

Ano constrictions sufficient to seriously limit the flow of gases.
Another very important consideration was that the tube had to be
large enough to diminish the effects of space charge within the tube.

The maximum current allowed in spacé charge flow12 is

I, = 38.5 x lO-6 V3/2 (592 amperes, (1)

Im is the maximum current down a tube of diameter D, length L, with
an eleétron energy V. It was necessary to operate with a negligible
space charge interaction in order to prevent energy transfer from
electron to electron in the drift tube. There is an additional
energy spread if the electrons spiral in the earth's magnetic field.
The spiraling can be limited by including_elecﬁron baffles along-
the drift tube but these baffles were not hecessary in the tube used

here with one exception. A single electron baffle was included

12J. R. Pierce, Theory and Design of Electron Beams, (D. Van Nostrand
Company Inc. New York, 1954) page 151. :



about 7 cm from the end of the electron gun to establish a field

free region in the drift tube, and help prevent stray electrons

from drifting around the electrodes and down the drift tube. Finally,
the tube had to be of such a size as to allow ease in inserting

the component parts into theilr proper positions. In line with these
considerations a tube with an inside diameter of 10;2 cm was chosen.
A somewhat larger diameter tube with annular electron baffles might
prove advantageous to reduce electron scattering off the walls of the

tube.

B. Vacuum System

The normal vacuum operating region of the electron gun mono-

7

chromator was of the order of 10 ' Torr. To obtain this high vacuum
a MCF oil diffusion pump with a pumping speed of 300 liters/%ec was
used with a 15 liters/%ec Welch Duo-Seal forepump. A liquid nitrogen
cold trap was used to remove condensable vapors from the system and
to prevent o0il from diffusing into the drift tube. The drift tube
was covered with heater tape and asbestos to bake out the adsorbed
gases on the chamber walls. The system was outgassed by heating it
to about 3OOOC for the 15 hour over-night period and then allowing
it to cool down again to room temperature. The vacuum seals in
the system are Viton O-rings and are not affected by this bake out
temperature.

A Baird-Alpert type VIC ionization gauge in the horizontal

region of the vacuum system (seen in Fig. 1) was used to measure the _

vacuum. With the large diameter tubing and few bends in the system,



the system came to equilibrium quickly, and the gauge provided a good

measure of the vacuum in the drift space and electron gun region.

C. Electron Gun Circuit

The electron gun circuit is shown in Fig. 2. A storage battéry
was used as a filament power supply because of its stability and low
imfedance. The milliammeter IEM’ records the current that returﬁs
to the filament, i.e., the total emission current. A 502 potentiometer
across the filament is included in the circuit so that the accelerating
potential, as read on the voltmeter VP’ can be with reference to the
portion of the filament which lies geometrically Jjust behind the

hole in the grid. The accelerating potential V is varied by using-

PJ
a potentiometer across part or all of an 18 volt battery. The micro-

ammeter IEm -I indicates the emission current minus the grid current,

G"
i.e. the current from the filament to ground. The bias to the grid is
measured by a potentiometer across an accurate 2 kQ portion of

a 12 k{? voltage divider. A capacitor-resistor combination in the grid
supply circuit supplies proper impedance matching to the 500 impedance

. of the pulser. The capacitance between grid and ground is about 11 pf
and at 1,000 megacycles the capacifive reactance is only about 1k4.5Q.
Mucﬁ of the capacitance of the grid is £o the anode, and, by putting tﬂe
anode 500 off ground, the impedance of- the grid to ground was increased.
Thie 50Q resistor was eventially omitted however because no improvement
in the pulse shape at the plane collector was noted.

The amplitude of the pulse from the puléer is 7 volts but by

using a 5x or 10x attenuvator the output electron pulse was much
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cleaner. The data shown in this report were taken with the grid
driven with a 2 or 20 nsec wide, positive pulse of either 1.4 or 0.7
volts amplitude. Later work used the full 7 volt pulse with the grid
negatively biased such that it was momentarily at ground potential

during the application of the pulse.

D. Electron Gun

The general form of the electron gun assembly is shown in Fig. 3.
The assembly was mounted on a plate that was positioned for operation
at the bottom of the drift tube. The gun assembly and plate could be
removed to provide ease in changing the filament, cleaning the
electrodes, etc. The filament péwer leads were brought out through
kovars in the plate to the external battery suppl&.

The anode and grid Were made in a similar manner with an outside
diameter of 2.5 cm, a circular opening of 1.6 mm and a radius of
curvature of 2.3 cm. The grid was made from nonmagnetic stainless
steel because of ité ability to withstand high temperatureé without
injury or excessive out-gassing, and the anode was made from brass.
The diameter of the electrodes was chosen to prevent excessive leakage
of emission purrent out the sides. The hole size in the electrodes
was made small to have a minimum electrostatic field leakage through
the holes. The back-fo-back, symmetrical, curved shape arrangement-
was chosen to allov a minimum capacitance between the two electrodes,
with the equipotential surfaces nearly parallel in the accelerating
region. The spacing between the two electrodes was maintained by

three equally spaced ceramic standoffs. The grid was held in place
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by three small bolts silver&soldéfed to the underside of the grid
which were attached to the filament support insulator by ceramic
insulators. The grid to anode spacing was 2.6 mm and was kept small
to provide a minimum indeterminancy in the acceleration distance:

The anode was grounded through three, 1502 Vamistor resistors in
ﬁarallel, to increase the grid to ground impedancé. An insulating
shield of stainless steel foil was put over the filément support
insulator to prevent the insulator from collecting charge and to
shield it from the electron beam. This foil was grounded through
the screws that hold the insulator to the barrel of the gun. The
filament éupports were made of stainless steel and screwed into the
'lla&ite filament support insulator. Axial holes were drilled in the
ends and fitted with set'screws on the top and bottom to maintain
good electrical contact with the filament and filament power leads
respectively. The filament power leads were insulated from each
other and from the barrel of the electron gun by ceramic beads. The
ceramic insulation allowed the leads to be flexible and did not out-
gas as leads got hot. The pulse from the pulser was carried by a
coaxial cable type RG58A/V to a coaxial kovar connection in the
plate on the side of the drift tube. To minimize inductance, a
leaf spring ottached to the vacuum side of the kovar made.contact
with the underside of the grid when the gun had been positioned
as desired.

The cathode was a .015" hairpin tungsten filament heated with
current of from 13 to 18 amperes furnished by a 12 volt storage

battery. The spread in energy of the emitted electrons by voltage
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drop along the filament was reduced by having most of the emission
from the fip of the filament. This was done by filing down the
tip to make it hotter than the rest of the filament, by providing a
good heat sink for the ends of the filament into the stainless steel
holders, and by bending the filament back sharply from the tip.
Tungsten was chosen over other emitters since it required less
¢care in operation, and other emitters produced no more emission.
The .015" size of tungsten wire was chosen since it had a longer
life than the smaller wires and still had a sufficient resistance to
allow proper heating with reasonable currents. Several different
filament shapes were tried but the currents emitted were about the
same for each shape and, since tﬁe hairpin was the easiest to make,
this Lype was used.

The filament was positioned about 1.6 mm from the bottom of
the grid for moximum current and meximum contrel of the emission From

the filament by the grid. The filament was operated at an emission

temperature of about ESOOOK to 3OOOOK as measured with an optical pyrometer.

E. Avalanche Transistor Pulser

The pulse used to gate the electron gun was supplied by a Type
111 Tektronix Pretrigger Pulse Generator. This pulse generator uses
an avalanche transistor in the output stage to obtain a very narrow
pulse with a short rise time.

The avalanche transistor is used extensively in fast circuitry
because of its very fast characteristic rise time. The bias across

the junction of the transistor supplies a sufficiently high electric
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field so that minority carriers have enough energy to create electron
hole pairs. As the voltage reaches a certain value, known as the
breakdown voltage, the eléctrons and holes créate additional pairs
and they in turn multiply, etc. so that the multiplication becomes
essentially infinite. The avalénche current increases very rapidly
with a rise time of less than a nanosecond. The current from such
a transistor is limited primarily by the external circuit resistance.13
In the pulse generator, a pretrigger pulse is used to initiate
an internal fast ramp and trigger the sweep of é cathode ray
oscilloscope. The avalanche transistor stage is triggered by a
comparator stage at some point on the fast ramp. .Varying the point
on the fast ramp where the comparator is triggered causes.a similar -
variation in the delay time between the pretrigger pulse and the
output pulse. The avalanche transistor collector bias is set just
short of the breakdown voltage and when thé positive pulse from the
comparator is supplied in addition to the bias, the transistor avalanches.
When the avalanéhe transistor conducts, the coilector coaxial charge line
dumps its stored energy into the output circuit. A negative pulse
is reflected in phase from the open end of the charge line. As this
reflected pulse reaches the collector, the voltage drops sufficiently

so that the transistor no longer conducts and the pulse is terminated.

135. 1. Miller and J. J. Ebers, Bell System Tech. 34, 883 (1955).
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The pulse rise time is 0.5 nsec or less, and the width of the
pulse can be varied from 2 nsec when only the internal charge line is
used-~to 142 nsec using an additional external charge line. The
repetition rate can be continuously varied from 10 cps to about 100
kc maximum. For pulse widths greater than 20 nsec the repetition
rate must be reduced to allow the charge line to have sufficient
time to recharge and to keép trom exceeding the tTransistor dilssipation
- rating.
The pretrigger pulse was used to trigger the scope 30 to 250 nsec - .
before the output pulse so that the leading edge of the output pulse
could be observed.
The amplitude of the pulse output was about 7 volts positive,
with negative polarity optional by using an inverting transformer.
Tmpedance matching of the 500 trigger generator impedance to the
grid was very important to avoid distortion of the pulse waveform. The
impedance match and wavet'orm were substantially improved by reducing:
the pulser output amplitude with a 5x or 10x attenuator. The grid
of electron gun was pulsed with the positive 1.4k or 0.7 volt amplitude -

pulse that was either 2 or 20 nsec wide.

F. Wide Bandwidth Pulse Amplifier

The signal from the electron collector was amplified before

scope display by a transistorized pulse amplifier. The amplifier
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1h-15 with some

was developed by C. W. Williams and J. H. Neiler
slight modifications made to better satisfy the specific needs of
the experiment. Two cascaded sections of the amplifier are designed

for maximum bandwidth, and are followed by an output emitter follower,

Each section has an emitter follower serving as a voltage source

Q7-
for the feedback cascade, and uses three transistors to form a single-
stage amplifier with high input and output impedance, very good
frequency response, and feedback for linearity and gain stability.
Each section has the following characteristics: gain = 26 db, rise
time = 2.8 nsec and linear amplification of either positive or
negative pulses up to 0.5 Volts output.

The two stage amplifier (see Fig. 4) had the following character-
istics: amplification.= 430X, input capacitance = 4.7 pf, input
impedance = 4800, and decay time of 8 nsec. In Fig. 5 the trace of
the output pulse from the pulse generator is shown at the input of’
the amplifier and at the output. The rise time of the pulse at
the input to the amplifier is 0.6 nsec and the decay time is 2 nsec.

At the output of the amplifier, the rise time is 9 nsec and the decay

time 8 nsec.

G. Cathode Ray Oscilloscope

The cathode ray oscilloscope used to measure the drift time of

the electrons was a Tektronix Type 661 Oscilloscope with a Type 5T1

th. W. Williams and J. H. Neiler, IRE Trans. Nuclear Sci. N5-9, 1,
(1962).

=
lJC. W. Williams, private communication.
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Timing Unit and a Type.hSl Dual-Trace Sampling Unit. The rise time

of such a unit is 0.35 nsec with an input impedance of 50{. The

sweep speeds can be varied from 1 nsec/%m to 100 nsec/%m with

further amplification pos§ible by using the horizontal sweep magnifier.
The scope uses a staircase sweep generator to obtain an incremental
sampling of a repetitive input pulse. By taking successive samples
the scope is able to reconstruct the input signal.

'ne oscilloscope was used as a timing device to measure the drift
time of the electrons.‘ The trace of the output pulse from the trigger
generator‘was used as a time reference on the scope and then the
difference in time between the trace of the generator pulse and
the trace of current from the collector was the time-of -flight (minus,
of course; the delay time in the amplifier and cables).

By using a synchronous motor to drive the manual horizontal scan
of the scope at a constant speed and by delivering the vertical output
signal froﬁ the scope to a chart recorder, reproduction of the scope
trace was obtained. The IC offset control on the scope was adjusted to
properly position the trace on the chart recorder. A fiducial mafk .
was included on the recorder trace by depressing a push button switch
' as.the horizontal sweep crossed each cm mark on the scope face. The
recorder averaged the vertical trace on the scope for each position
of the horizontal drive thus greatly reducing the random noise. The
scope sweep speed was usually set at 100 nsec/bm and the sensitivity

set at 2, 5 or 10 mv/%m.
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IIT. THEORY

A. Thermionic Emission

Electrons are emitted with various amounts of energy from a
hot filament. This thermally induced spread in the energy of the_‘
electrons is one of the inherent problems in obtaining a monoenergetic
electron beam.

The Richardson-Dushman equation,

e .
J =A T2e kT (2)
o

gives the current density in amp/m2 for electrons emitted in the
forward direction from a hot planar cathode. The work fuﬁction of
the cathode material is denoted by ¢, k is Boltzmann's constant, T
is the absolute temperature and AO is a constant. Theoretically

2
Yrmek ‘
AO = —-;1—3—— ’ (3)

where m and e are the mass and charge respectively of an electron and h
is Planck's constant.16 Additional terms have been added to the
Richardson-Dushman equation to indicate the variation of @ with the
temperature,17 for electrpns emitted to a cylindrical anode and for

18

emission in the presence of an electric field (the Schottky effect).

16

G. P. Harnwel}'and J. J. Livingood, Experimental Atomic Physics,
(McGraw-Hill, New York, 1933) pp 195-373.

17R. L. Sproull, Modern Physics: A Textbook for Engineers, (John Wiley
and Sons, New York, 1956) pp 369-373.

l8G. P. Harnwell and J. J. Lilvingood, op. cit. p 201-203.
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The electrons have an initial energy described by a Maxwellian
distribution. The emitted current density that can overcome a
- retarding potential Vr’ is given by

eV

el
_~

go=3de X | (W)

9

with JU the total emitted current density.l For a temperature of
3;OOOOK the energy spread of the half of the electrons in the center

of tie Maxwellian distribution, 1.e. between J /J_ = 1/% and J /7

= 3/h, is 0.28 eV. The average energy of the electrons associated with
the normal component of emission is given by 1/2 kTQO and for a

temperature of 3OOOOK the energy is .13 V.

B. Space Charge Limited Emission

For a cathode-plate potential of the order of a few volts not all
of the electrons emitted by the cathode are collected by the plate.
Around the cathode many of the electrons torm an electron cloud that

presents a potential hill to the emitted electrons. Many of the

electrons that are emitted into the negative space charge cloud are
unable to surmount the hill and return to the cathode. The current from
space charge limited emission varies as the three-halves power of the
potential applied with the value of the constant depending on the'

geometrical arrangement of the electrodes.

19

K. R. Spangenberg, Fundamentals of Electron Devices, (McGraw-Hill,
New York,1957) p 1h2.

2OK. T. Compton and I. Langmuir, Rev. Mod. Phys. 123 (1930).
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The well known Child-Langmuir law gives the relationship between
the current and applied potential for space charge limited plane
parallel electrodes. The Poisson's equation for plane parallel

electrodes is

'

- - (5)

av
dx2 o}

where eb is the permittivity of free space. From Newtonian mechanics

Ve = l/é mv2 (6)
The current density J is given by

J = pv (7)
where P ic the charge density. Eqe. (6) and (7) may be substituted
into Poisson's equation and the latter integrated twice fo yield
the Child-Langmuir law

_ g % JE _2.33x 10'6v3/2 ' (8)

9 m x2

J

The integration constants are set equal to zero since the potential

and the potential gradient are both taken to be zero at the cathode.21
Poisson's equation in cylindrical coordinates for an infinite

cylindrical cathode and a coaxial plate is given by

o’y

2

B|&
|
]
ml'o
©

1
+ —
-

5
o

2y g, Spangenberg, op. cit. 45L-L55.



By using a method similar to that used with the parallel electrodes

the current per meter length of filament is given by

3/2
V/E: v3/2 _ 1.468 x 1078 amps
m r

r m
b

8re A2
- _©°

1 9

(10)

where rp is the radius of the plate. The equation is valid as
shown only if rP > 10 T, where T, is the cathode radius.

It may be seen that the current is again proportibnal to the
Qoltage to the three halves power. For three element electron tubes
similar relationships hold if a fictitious vol‘cagee2 is taken as
defined by Equation 11:

V + IV
v = -& &

! T 1 +D (11)

where Vg and V_ are the grid and anode voltéges and D is the "penetration
factor". The latter is defined as the ratio of the grid voltage
required to reduce the emission to zero (blVg or the black out woltage),
and the anode voltage, and is a measure of the extent to which the
electric field due to the anode penetrates the grid aperture to the
cathode.

blvg = Dya | | (12)
For a value of Vg equal to -DVa, the tube cuts off. That is, when
V=0, I=0also. As the grid becomes less negative, V and I increase.

This behavior is observed qualitatively for negative grid voltage

22W. Schottky, Arch. Electrotech 8, 1 and 299 Chapter IX(1919.)
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in the electron'gun employed here, but it is strongly modified
as positive grid voltages by electron collection by the grid (see
Section TVA). | '

It is interesting to note that the electrons are emitted into |

a cone of semi-vertical angle © given by

® = ®O Vd/blvg (13)

where ®o is the angle noted for Vg = 0.

C. Electron Motion in a Magnetic Field

Electrons are emitted from the electron gun into a cone coaxial
with the dfift tube and the earth's magnetic field. Each electron
takes a spiral path around the earth's field and is refocussed on £he
axis after one complete revolution. The angular frequency of this
motion may be obtained by equating the centripetal acceleration and

the magnetic force

T - Bev ()

which yields an angular frequency, the cyclotron frequency of

w = 22

m . (15)

The period of this motion T is then

27mm
T = S—
~ (16)
which has value of about 700 nsec in the earth's field of about

0.5 gauss. The axial velocity of electrons of energy eV is very

ES ©oan

nearly



if v2 << v2 .
n a
Now the axial distance s the electrons travel during one rotation in

the magnetic field is given by

8 =v,T (18)

or from Equations (16) and (17)

2Ve |, 2mm _ 2xn 2Vnm
SRR Rl (19)

It is noted from Equation (19) that the focal length s varies as
the square root of the energy. Electrons will also be focused if they
are allowed to travel axial distances consisting of an integral multiple

of focal lengths.23

D. Scattering of Electrons by Residual Gas

In determining the probability that an electron will collide
with a gas molecule during its trajectory, the gas molecule caﬁ'be
considered as a sphere with radius r. The electron, with a radius Tos
will be intercepted by a gas molecule when the distance from the centers
of the molecule and the electron are less than the sum of the radii,

).

i.e. r + re. The cross sectional area for collision is then =n(r -+ r,

_ 2
The electron beam is attenuated by e Nt (r + re) S

in going a distance
s through a gas of N molecules per unit volume. The ratio of the

current at a distance s +to the current when s = O is given by

23P. Klemperer, Electron Optics, (University Press, Cambridge, 1953)pp

77-8L.
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I Nn(R + r )25 (20)
- = e. e
I
O
The mean free path s is
5§ ———— , (21)

2
Nr(r + re)

Now since r >> r, T, can be neglected so that Eq. (21) becomes

1

o

s = (22)
2
Nrr
' oL
Equations (20) and (21) may be combined to yield,
I=1 e"s'/S . : (23)

A gas at standard temperature and 760 mm of Hg pressure has 2.2k
x 1072 m3/hole and 6.02 x 10°5 molecules /mole. Now the number, N,
of molecules per cubic meter at standard temperature and a pressure,

P, in mm of Hg is given by

_ P(6.02 x 1023 molecules /mole) . (24)

N 2
(760 mm of Hg)(2.24 x 10~ m3/hole)

The mean free path, s, in meters for a molecular radius, r, in meters

and a pressure, P, in mm of Hg is then

. -2h .
_ 9.00 x 10 2 (?ﬂ)

Pr2

s

2“R. L. Sproull, op. cit. p. 39-43.
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E. Time-of-Flight Design Parameters

Measurements of neutron energies by time-of-flight have been
effected for many years. This method has found principal application
in determinations of primary neutron spectra from nuclear reactions,
and in meésuring nuclear inelastic scattering and absorption cross
sections. A large body of information exists on this time-of-flight
technique25 but little of it seems applicable to electron measurements
because of the sﬁall energies involved which preclude usé of nuclear
countcrs and because of electron-gas molecule reactions and electron
sensitivity to deflection by charged surfaces and space charge in the
drift tube, all of which 1limit flight paths to less than one meter.

The only important application of the neutron work ‘appears to be in
the similarity in the electronics requirements--both require fast,
sensitive, broad-band amplif'iers and sampling oscilloscopes.

The basic dimensions, times, and energies for the drift experiment
were determined as follows. The fundamental equations involved are:

E="2v%and s = vt (26)

2

The energy uncertainty is related to the velocity uncertainty by

AE | Av
T-° 7 (27)

v

No simple relationship exists for the uncertainties in distance and

time, for these parameters are related essentially by the electron

-
2)J'. H. Neiler and W.M. Good, in Marion and Fowler's Fast Neutron

. Physics, (Interscience Publishers, Inc., New York, 1960), Part 1,
pp 509-621.
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motion during acceleration in the electron gun where the second of
Equations 26 does not hold. An electron of energy between zero and one
electron volts starts at some undeterminéd point in the space charge
cloud between cathode and anode,.is accelerated by an unknown electric
field screened by the space charge, and may or may not emerge from the
anode .after falling through an unknown potential difference. Although
no relationship exists between the distance uncertainty As and the
temporal uncertainty At, it is clear that the point of origin of the
electrons can be unkﬁowﬁ by no more than the cathode -plate distance,
and the time of origin by the duration of the pulse on the grid. These
uncertainties are essentially unrelated yet each contributes to the’
uncertainty in the velocity. It would seem reasonable to let each
contribute the same uncertainty to the Velocity; i.e. 8s/s = Av A
= Mt /e, |

The energy uncertainty desired, OE, is 0.01 eV. The drift time
required for magnetic focusing in the earth's field is T = 700 nsec
(see Section C). A reasonable beam aperture in the gun was chosen
as abouf 0.1 cm and for a minimal field leakage through the electrodes,
the electrode spacihg should be no less than this amount; that is As
= 0.1 ém. With three of the eight unknowns specified in the five
equations above, the other five unknowns are determined. In terms
of the ahove specified values, the velocity is

_ LA
V= ubs

1.23 x 108 cm/sec (28)
which corresponds to an energy E = 4.3l eV, a temporal uncertainty At

= 0.811 nsec, and a flight distance s = 86 cm. The actual values used
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were very close to these with é pulse of width 2 nanoseconds at half
maximum (and with electron emission occurring only near the peak of
the pulse because of the negative grid bias), and a flight distance of
83 cm.

The velocity may be eliminated from Equation 26 to yield a

convenient numerical relationship between E in eV and t in nsec.

2

E = 1.96 x 106 t (29)

F. Conversion of Time-of-Arrival Distribution to an Energy Distribution

The amplifier output gives the timc distribution of the electrons
after they have traveled up the drift tube. To change the time
distribution to an energy distribution a relationship between the
two functions must be foﬁnd. The number of electrons in the time
interval between t and t + dt is defined as N(t)dt and the numbér of
electrons in the energy interval between E and E + dE is likewise
defined as N,(E)dE. Since the same number of electroﬁs is involved

in either case, the two can be set equal, i.e. N(t) dt = N (E)dE or

’ dt
N'(B) = N(t) F (30)
But by differentiating Equations (26) we find that 4 = — m; at or
t
3
at _ -t
E- "B (31)
ms
' -N(t)t3
From Equations (30) and (31), N (E) = ——5— . Because the distance
ms

is constant, the number of electrons as a function of energy is then

given by
N'(e) om(t)t> (32)
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Iv. RESULTS

Al Diréct Current Operation

The collector current, Ip, as a function of the grid voltage, Vé,
with different accelerating potentials Vp is shown graphically in Fig.
6. The positioning of the grid with respect to the filament has a
marked effect on the control of the emission by the grid. . By positioning
the grid quite close to the filament (see Fig. 3) a slight change in the
grid potential grossly affects the collector current.

The collector current, IP, was collected by a 6.25 cm diameter
cup located about 10 cm from the end of the electron gun. The current
to the collector was measured by a Model 201C E-H Electrometer Amplifier.

A peak in the collector current occurred when the grid was about’
1.5 volts negative. This apparently was caused by a contact potential
between the electrodes and was also evident in the time-of-flight
curve of Fig. 9. The amplification factor, obtained from Fig.'6, is
about 11 in the normal operating region between the cut-off voltage
and the IP peak.

The shape and close proximity of the.grid to the filament causes
the grid to cdllect much of the emitted current when it is positive.
This was apparently the cause for the dip in the current after the
rather sharp peak as grid voltage was increased. The field penetration
trom the plate affects the space charge around tﬁe filament less for
the lower plate voltages. Apparently this is why Ip is relatively

independent of grid voltage for the low plate voltages but rapidly
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26

increases for the higher plate potentials.

A gfid bias of about a voit and a half below the voltage necessary
} for peak current diminished the collector current to 1 to 4% of its
peak current value. The grid, during pulsed operation, was normally
operated at 0.7 volt or more below the grid voltage necgssary for peak
current which kept the gun cut off until the positive pulse from the

pulser was delivered to the grid.

B. PFocussing Effect of the Earth's Magnetic Field

The focussing effect of the earth}s magnetic field is shown
graphically in Fig. 7. To get the maximum current at the Faraday‘cupl
no baffles were placed in the drift tube. This cup was enclosed exqept
for a 0.64 cm diameter opening to the electron beam, so that it would
collect only the current arriving on the axis. The electron gun was
placed at the bottom of the drift tube, and the electrons were allowed
to spiral in the earth's magnetic field and be collected 84 cm away
in the Faraday cup. The current collected by the cup was measured by
a Model 201C E-H Electrometer, |

The focal distance for electrons traveling in a uniform magnetic
field varies as the square root of the electron energy as shown in
Eq. 19. The electrons apparently came to a focus at the Faraday cup
after having spiraled once in the earth's field in the higher energy

peak, and twice in the lower energy peak. The ratio of appliéd voltage

26P. Klemperer, op. cit. 259-68.
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for peak currents, %f%%—¥-= 4.1, is very close to the ratio of k
that one would expect.

The values that are obtained for the magnetic field using Equation
(19) and potentials of 1.55 V and 6.35 V for the focal lengths of 1/2 s

and s are 0.65 and 0.66 gauss respectively.

C. Electron Collision Cross Sections

. BElectrons are absorbed or scattered for the electron beam by any
residual gaseous molecules. If one takes the logarithm (to the base
10) of both sides of Equation (23) and substitutes the value of s
from Equation (25) one obtains

. . r2 |
log I = log I - P[——____:§E log e] (32)
9 x 10

A plot of the log of the current vs. the pressure, as shown in Fig. 8,

yields a straight line with a slope given by

Alog T rzs log e (33)
Ap 2L

9 x 10
From the experimental s;ope, the molecular radius r and hence the
collision cross section can then be found.

The flight path for the electrons was 83 cm, and they were
collected in a Faraday cup (described in the previous section) that
had an opening to the electron beam 0.64 cm iﬁ diameter., With this
small aperture and the long flight path the elecérons were assumed
scattered out of the electroﬁ beam with a single collision. >The

.anode voltage on the electron gun was 5.2 volts. The pressure was

increased by closing a valve between the drift tube, and the pump
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and trap.
The collision cross section in Fig. 8 for the lower straight line

>

is 1.3h x 107 cn® and for the upper line it is 3.4 x 1071 cm2. The

first value compares reasonably well with the accepted value for the
s . -5 2 . 28
total collision cross section of 1.2 x 10 cm  summarized = recently
for molecular nitrogen.
The second value is not known with as much accuracy but is
apparently larger than the most likely contaminant, water vapor, which
. 29 -15 2 . .
has a cross section of 1.6 x 10 cm . Cross sections as high as
the observed are associated with scattering off of larger molecules
such as might arise from diffusion pump oil or its decomposition
products. In any case, the curve was not exponential for low pressures

probably due to a lack of pressure equilibrium, ion gauge pumping,

or variation in ion gauge sensitivity with gas composition.

D. Drift Time Distributions

As indicated by Equation (29), there should be a linear relationship
between the electron energy and the square of reciprocal time-of-flight.
A plot of the square of the reciprocal time-of-flight versus the plate
voltage of the electron gun is shown in Fig. 9.

The grid was operated for this measurement at 3.45 volts below

the cathode potential and received a 0.7 Qolt positive pulse 20 nsec

28R. H. Neynaber, Lawrence L. Marion, Erhard W. Rothe, and S. M. Trujillo,

"Low Energy Electron Scattering From Atomic Nitrogen", Phys. Rev.
129, 2069, (1963).
29H.S.W. Massey and E.H.S. Burhop, Electronic and Tonic Impact Phenomena ,
(c1larendon Press, Oxford, 1959 p. 208.
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in width. This pulse, used to gate the electron gun, also supplied
a reference mark to the cathode ray oscilloscope. The electrons
drifted down the drift tube and were collected by a plane collector
6.25 cm in diameter positioned in the drift tube a distance of 0.83 m
from the electron.gun.‘ The electron pulse was amplified by the
transistorized pulse amplifier and then displayed on the oscilloscope.
The oscilloscope trace was reproduced on a recorder chart by feeding
the oscilloscope vertical output to the recorder while driving the
manual horizontal scan with a synchronous motor. Measurements were
restricted to the eight centimeter linear portion of the horizontal
sweep. The reference pulse was displayed on the scope trace so that
the reference time could be accurately determined. A push button
fiducial marker was depressed as the scan passed each cm mark on
the scope face so that the position of the pulse could be accurately
measured with reference of the cm-fiducal mafks. The delay time
in the cable and amplifier of 16 nsec was subtracted from the displayed
time~-of~-flight..

The eurve‘of Fig. 9, extrapolated to infinite time, intercepts
the energy axis at about -1.5 volts. This intercept was attributed

to a contact potential in the gun. The reciprocal slope of the line

-6 .
~is 2,03 x 10 eV nsec2 which, agrces well with Lhe value in Eq.

29 of 1.96 x 107C.

Three representative pulses, taken from those used to plot Fig. 9,
are displeyed in Fig. 10. For the accelerating voltage of 7.5 volts

the pulse at half height is 26 nsec wide with an appreciable portion
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of this pulse width introduced by the amplifier and the 20 nsec wide
gating pulse. The width at half height for vP = 5.0 and 3.0 volts
is respectively 38 and 52 nsec.

The pulses displayed in Fig. 10 were taken with the maximum
amplification of the oscilloscope. The pulse generator can easily
deliver a 2 nsec wide pulse but this reduces the pulse amplitude by
about a factor of 10 which in turn diminishes the pulse amplitude
for tﬁe low accelerating potentials to the point that it is difficult
to determine the time-of-fligh£.

\

The pulses shown in Fig. 10 were divided into strips 5 nsec wide.

3

The height of each strip, N(t), was multiplied by t~ and the resulting
energy distribution wae plotted against the electron energy as shown

in Fig. 11.
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V. CONCLUSIONS

An electron gun, drift tube, and fast amplifier have been designed and
tested as a part of a timé-—of-flight electron beam monochromator. Drift
time distributions were obtained for electrons of mean energy from 3 to 15 eV
.which required mean transit times from 800 to 350 nanoseconds, réspéctively. :
The widths of these distributions ranged from 52 to 24 nanoseconds, .respec—
Fively, with the latter minimum value corresponding to the effe.cts of amplifier
rise time and pulse width from the pulser. The former value -corresponds to an
electron energy spread from the electron gun of about 0. 6 eV. The‘reciprocal :
of the square of the transit time is a linear function of the electron gun acceler-
ating potential with.an intercept at -1.5 volts attributed to contact potentials.
I?eam attenuation due to scattering off of residual gas in the vacuum system
indicated that pressures below 10—6 mm Hg are required in order to avoid loss
of electrons in drift distances of the order of one meter. Additional work is
rlequired to reduce the Iamplifiex; rise time and to improve the electron gun both
in regard to magnitude of emission and pulse shape at the grid. If these can be;
accomplished satisfactorily, then problems of gating the beam at the exit end

o_f the tube can be stﬁdied.
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