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ELECTRIC CONDUCTION IN AN OIL-PUMPED
VACUUM SYsTzmt

I. Introduction

Insulation has been a source of considerable difficulty
for those who work with high voltages. This problem has been
especially serious in electrostatic generators,and electrical
leakage has limited their usefulness as particle accelerators,
Workers with such instruments have always been troubled by the
failure of the vacuum space as an insulator at high voltagese
The cause and true nature of this leakage current is not known;
and there is no successful method for its elimination.

We have investigated the leakage of electricity across a
vacuum space in an electrostatic generator which employs a
mixture of Sr0 and'Y90 as the source of charging current.

In the past; electrostatic pgenerators employing beta-emitting
isotopes have produced voltages of several hundred kilo-

volts.z’B’I*’s’6 If a vacuum space could be made a

lrhis dissertation was prepared under the direction of
Dr. Joseph W. Kennedy. '

°H. G. J, Moseley, Proc. Roy. Soc. A88, 471 (1913).

(1955?U. Merten, Ph.D. Thesis, Washington University, St. Louis,

kP, H. Miller, Jr., Phys. Rev. 69, 666 (1946).

(l9SL?P. V. Murphy, A.M. Thesis, Washington University, St. Louis,

§ ®E. G. Linder and S, M, Christian, J, Appl. Phys, 23,
1213 (1952). -
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perfect insulator the voltage which could be obtained
with such a current source would be limited only by the
maximum energy of the beta particles. Actually the
voltages have always been limited at considerably lower
values apparently by leakage through the vacuum space.

We have encountered two types of voltare limitation
in our system. In one case, the voltage builds up to the
limiting value and then femains steady; the continuoﬁs
‘leakage of electricity causing this limitation we call
the dark current, The other type of leakage occurs as
large bursts of current which reduce the voltage immediately
- by a number of kilovolts, This wé call vacuum spark., Most
of our investigation has been of the dark current,

Leakapge of electricity through a vacuum space must
involve the passage of at least one species of charged
particle from electrode to electrode, In a discussion of
vacuum conduction the mechanism for the production of the
charged particles is of prime importance. There are two ways
in which a charged particle can be formed in a high-voltage
device such as ours, An eleétric field or a high temperature
at one or the other of the electrodes may induce "spontaneous™
emission of charged particles, Typical phenomena of this type

are field emission of electrons7’8, the "Malter" effectg,,

™. P. Dyke and J. K. Trolan, Phys, Rev, §2; 799 (1953).,

8R. H. Fowler and L. Nordheim, Proe. Roy. Soc, All9,
173 (1928),

9L. Malter, Phys. Rev., 50, 48 (1936).
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field emissibn of positive ionslo; and thermionic emission
of electrons, Charged particlgs can also be formed by the
impact of energetic particles on an electrode surface. A
tyﬁical phenomenon of this type is the production of secondary
electrons at a metal surface bombarded by positive ions.u'lz’13

It seems unlikely that field or thermionic emission of
electrons or positive ions contributes to the leakage of
electricity in our system, Field emission of electrons
becomes important for cathode fields of about 107 volts cm'l;
and field emission of positive ions is not appreciable below
about 108 volts cﬁ‘l at the anode surface. These are a
thousand times larger than the pross anode and cathode fields
present in our system, Thermionic electron emission at room
temperature is verj much smaller than our charging currents,

The "Malter" effect’ and related effects’s1¥ can be
important sources of current at gross cathode fields of about
10° volts em™l, The largest cathode field obtained in our
system was 5 10% volts cm‘l; so it is possible that we have

encountered some leakage from this type of phenomenon.

108, w, Miller, Zeitschrift fur Physik, Bd.131, S136 (1951).

114, @. Hill, W. W. Buechner, J. S. Clark, and J. B. Fisk,
Phys. Rev. 55, 463 (1939).

12, H. Linford, Phys. Rev. 47, 279 (1935).

"13y. ¢. Bourne, R. W, Cloud, and J. G. Trump, J. Appl
Phys. 26, 596 (1955)., ’ _ Ps PP

b, g, Léwis, ?rbc. Phys. Soc. §§§; 504 (1955).



-l

If the production of particles at an electrode by the
impact of particles from the other electrode is to produce
a leakage current there must be a continuing supply of
incident particles. Spontaneous emission could provide such
a continuous supply., On the other hand the production of
secondary particles at both electrodes might provide a
self-sustaining chain. Such a chain mechanism was proposed
by Van Atta, Van de Graaff, and Bartonls. They proposed that
an exchange of particles takes place between electrodes;
electrons from the cathode striking the anode to produce
positive ions and photons which in turn strike the cathode
to produce electrons. U, Merten3 proposed a chain or exchange
mechanism in which secondary positive ions escape from the
anode surface by evaroration,

In general a self-sustaining exchange can exist only if
the coefficient product;-clcz, is unity. Here c¢1 is the
average number of secondary particles produced at electrode
1 by each particlé from electrode 2; and c2 is the average
number of particles produced at electrode 2 by each particle
from electrode 1. Unless one of these coefficients depends
upon the potential difference between the electrodes; the
voltage would be limited at zero kilovolts or not limited at
all by exchange, Thus it must be assumed that as the voltage
ingreases the coefficient product increases; finally reaching
unity. At this voltage'a leakage éurrent would then increase

shapply and achieve whatever proportions are necessary to

15van Atta, Van de Graaff, and Barton, Phys. Rev, 43, 158
(1933)
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balance the charging current. If one or both of the
coefficients are sensitive to current, the limiting voltage
will depend on the amount of charging current, and the
leakage current may be appreciable well below the limiting
voltarge. |

In leakage of this type it is possible that a large
fraction of the current can be carried by particles which do
not contribiite significantly to the mainten¥nce of the chain,
For example, two possible secondary cathodic particles are
eleétrons_and negative ions; the negative ions may be the
principal'producers of the anodic particles; hut the electrons
may be much more mumerous. Thus in an i;vestigation of an
exchange mechanism the discovery of a current carrier does not
mean that a member of the exchange-chain has been found. 1In
a study of current loading in ion accelerating tubes
McKibben and Boyer16 found that although electrons carried
98 per cent of the leakape current, the threshold voltage
for exchange was not affected by. a magnetic field which
prevented the electrons from reaching the anode.

Little is known about the actual values of coefficients
which might be of interest in a study of exchange leakage.
Some investigations have been made of the number of electrons
pfoduced by positive ions such as H*,He*, Né+;»N§'; A*i
and Hg+'. These experiments have been made mostly with
thoroughly cleaned and outgassed metal targets.lo’ll'lz It

has generally been found that between 2 and 20 electrons are

16J. L. McKibben and K, Boyer, Phys, Rev, §g,~315A (1951)
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produced by a 10C-kev positive ion. In most cases the
coefficient has been found to increase only slowly with
anode voltage from one hundred to several hundred kilovolts.
A recent paper13 reports a linear increase in coefficient
for helium ions on a copper target from 20 to 140 kilovolts
accelerating voltage.

Nothing is known of the coefficients for production of
negative ions by anodic positive ions in the energy region
of interest. McKibben and Boyer16 propose a negative ion-
positive ion exchange but make no estimates of the coefficients.

18

The work of Sloan17 and Arnot indicates that there is a

finite probability for such a reaction., They found that a
spectrum of negative ions was formed by the impact of a single-
species of positive ion, and that ﬁhe coefficient might be

very roughly 104 negative ion per positive ion; this at
accelerating voltages of only a few kilovolts, The ratio of
negative ions to positive ions produced by electron bombardment

19,20

of organic vapors in mass spectrometers ~is8 usually less

than 10-2 ; 1in such cases the most abundant of the negative

ions is hydride ion,

Coefficients for the production.of positive ions by electrons

have been found to be very sensitive to surface contamination,?!

-

}ZR. H. Sloan and R. Press;‘Proc. Roy. Soc. Al§§; 284 (1938),
.18F. L. Arnot and C. Beckett; Nature lﬁ;; 1011 (1938).

191, q. Smith, Phys, Rev, 2;;,263 (1937).

20y, o, Pritchard, Chem,Rev, 22; 529 (1953).

211, Filosofo and A. Rostagni, Phys. Rev, 75, 1269 (1949) ,
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Experimental values from 10'6 to 10=3 have been obtained for
the yi2ld of positive ions per incident electron%6’21 There
are nc experiments on the production of positive ions by
incident negative ions, |

The leakage current in our system; as we shall see later;
is carried largely by electrons and positive ions. However
no definite conclusions can be drawn.from the data available
in the literature as to whether or not an exchange is possille
involving electrons, negative ions, or both as the cathodic
particles., We believe that such a mechanism; involving both

electrons and nerative ions, is responsible for the leakage

in our system,

RS



II. Experimental

Vacuum sgsystem

All experimental work was done in a cylindrical metal
vacuum chamber, figure 1. An anode, a, containing the beta-
emitter, is suopported on a quartz rod,; g, which is mounted
on a erounded metal plate in the lower part of the vacuum
chamber., The vacuum chamber is constructed of brass; except
for the aluminum top. The inner surface of the cylindrical
section is tinned with solder, Joints are sealed with neoprene
O-rings greased with either Aplezon=N or Airco Hy-Vac
stopcock grease, A 0,0l-inch aluminum foil, i; permits
measurement of the beta-ray intensity at the cathode., A glass
port, p, on one side is used for visual observations, With
the glass_removed; positive ion counting apparatus may be
attached at this point. On the opposite side a projection
contains an alpha-particle counter, f, and an air aklisorption
tube, t. Distributed around the bottom are a number of
electrical lead-throughs, e, an ionization rauge tube for
pressure measurements, and a stoocock.

A Duo-Seal Vacuum Pump.( No. 1402B ) , with a free air
capacity of 140 liters per minute, is used as a fore-pump,
AD.P.I type MCF=60 0il diffusion pump is used between the
' fore-pump and the vacuum system, Both Octoil®S and DC-703
silicone 0il have been emploved as the pump.oil in the diffusion
pump. A water cooled baffle plate; b; prdvides trapoing

between the diffusion pump and the vacuum line. During

-8~
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exyreriments the pressure vas ordinarily msintained at 5 x 10
mm He.

Three anodes were employed (fipgure 2), 1, 2.5; and 4
centimeters in diameter, These were machined from stock
aluminum metal. The anodes are so constructed that a beta source,
S, will fit inside. The beta particles shine out through a
0.002-inch window, W. FEach of the two smazller z2nodes has a recess
in one side in which &n alpha source is placed. |

The supportineg rod, q (figure 1), was made from either 3
or 5-millimeter cusrtz rod. 1In some cases an inverted umbrells-
like cusrtz projection, u, was provided close to the anode end of
the rod. A rrid structure, g, will be described later.

The aluminum anodes were cleaned witﬁ detergent, distilled
water, and reagent prade acetone before assembly of the system,
The rods were cleaned with chromic acid, distilled water, and
rearent prade acetone.

The beta sources contain a mixture of strontium~90 and
vttrium-90 in secular equilibrium. Sources of three different
strengths were employed, The streneths; in terms of effective
micromicroamperes of changing current at zero voltage; are
15 (gﬂa); 50 (gya); and 180 (@pa). These beta sources were
prepared as follows., A 0,005-inch stainless steel sheet was
soldered to a 0,025-inch soft iron sheet. Disks; 3/8 inch in
diameter, were stamped from the resulting sheet, A solution
containing the mixture of strontiﬁm and yttrium was obtained

from the Isotopes Division, U,5.A.E.C., Oak Ridee,

Tennessee. The strontium was purified, when necessary, by

b
T
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precipitation as the qarbonate followed by re-solution in nitrie
acid. The solution’wgs placed, a drop at a ﬁime, on one of the
disks and evaporated to dryness with a heat lamp. The entire
disk was then "canned" in nickel bv thermal decomposition of
nickel carbonyl. This gave an airtight coating, apnroximately
0,001 inch thick, which served to isolate the active deposit,

Alpha sources were prepared by hydroeen deposition of
about 1 millicurie of polonium-210 from a slightly acid solution
onto a paladium foil a few square millimeters in area.

Voltage determination

The electric potential of the anode was determined by
measuring the change in the range of alpha particles emanating
from a source of polonium-210 on the anode. Thus alpha
particles from the anode, a (fipure 1), are accelerated across
the vacuum space and enter an air absorption tube, t, throursh a
mica window, w, They then pass throurh a second mica window
and are detected in a flow proportional céunter, f. The ranee
is determined by varying the pressure in the adsorption tube
and extrapolating & graph of counting rate versus vressure to
‘zero counting rate. The rangé is determined with the anode at
voltage and arain with the anode at ground potential. The
differences in range are converted to differences in enersgy by
uée of published range-energy data.22 Division of the energy
difference, expressed in-eléctron volts, by two gives the anode
. potential in volts.

A second, more rapid method for determining the anode

224, A. Bethe, Rev. Mod. Phys. 22, 213 (1950),

T s
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voltage depends on calibration of the current output of an
ionization chamber placed above the aluminum foil, i (figure 1),
against voltgge as determined by alpha range measurements, /
Figure 3 illustrates a typical calibration curve.

An in&ependent check on voltage measurements was provided
by electric field deflection of a beam of positive ions
originating at the anode. All ions with the same energy=to-
charge ratio are deflected a like amount by an electric field.
Voltages calculated from the deflection of this beam of ions
agreed with voltages determined by alpha range measurements

within about 10 kilovolts,

"Recording system

A grid structure (figure L), consisting of two concentrie
grids, was used in most exveriments. The inner grid (called
grid 2) is made of 0.005-inch nichrome wires spaced about
% inch apart. Grid 2 is composed of five sections; the tov,
the bottom, and three equal cylindrical sections, each of

which occupies 120° of the circumference. The outer grid

(grid 1) is made of hardware cloth which has apnoroximately
three wires per inch in both directions., This grid is
composed of three sectiohs; the top, the bottom, and the
cylindriecal section. The two grids are separated by 5/8 inch,
and'grid 1l is about 1-3/8 inch from the wall of the vacuum
chamber, _Thg screening fraction of grid 1 is approximately
0.25. The wires of grid 2 cover 0.02 of the area of the grid,
and the supnorting structure covers about 0.02, making a total
screening fraction of 2bout 0.04.

Bias voltages are supnlied to the grids throueh d.c.-

358 p1y
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shielded lead-throughs., The bias voltapres are obtained by
connecting the desired number of 300-volt batteries in series.
Figure 5 is a schematic diagram of the électrical system.

An automatic device records currents vassing to the grids,
as well as the current in the ionization chamber. (Figures 5,
6, 7, 8, and 9). A switch box contains relays to select the
channel, resistors to convert currents to voltares, and
capacitors to store sudden bursts of current. The véltage
from this box is fed to the input terminal of a Cenco
"Electronic Electrometer".23 This electrometer has an inpout
resistance of about 1015 ohms and is cavable of measurine
voltages from O to 5 volts or from (=)2.5 to (+)2.5 volts.
The voltage apbpearing across the terminals of the meter in the
electrometer is amplified and converted to a current. This
current is then used to drive an Esterline-Angus recorder.zh
The relays which select the proper channel are controlled by
a stepoing switch which in turn is activated by a micro switch
on the chart drive mechanism of the recorder. Each channel is
recorded for a pefiod'which is some multiple of 30 seconds.
- The most common vractice was to record erid currents for thirty
seconds each and ionization chamber current for 60 seconds,

A difference amplifier (figure 7) is used to control a
relay which connects a Lf-micromicrofarad canmacitor across the
inrput of the electrometer when positive or negative pulses

larger than 2.5 volts in magnitude appear at this terminal.

23Catalog No. 71010, Cenco Scientific Co. 1700 Irvinge
Park Road, Chicapgo.

2hooy ma recorder, Model No..AW,.,Esterline-Angus Co.,
Indianapolis.
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FIGURE 6
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Components of the Electrical System

R1,2
R3

RL

R5
R6,8
R7
R9,12
R10,11
R13
R1L,15
R16
R17
R18
R19
R20
R21
R22
R23
R2L
R26
R26
R27
R28
R29
R30
R31

0.15 meg, 1%

100 ohm, 10 watt
10 k pot.

33 k , 2 watt

LO k, 5 watt, 5%
3 k pot.

160 k, 1%

120 x, 1%

8.5 k; 1 watt, 1%
15 k, 1 watt, 1%
2 k pot.

150 ohm; 1 watt
200 ohm pot.

390 k, 1%

L7 k, 1%

65 k

600 k, 1%
18 k, 1 watt, 14
25 k

50 k pot,

25 k

250 ohm,ad justable

200 k, 1%
7.5 k, 5 watt

Lk 5 5 watt

R32
R33
R34
R35
R37
R36, 38
R39
R40
RLL, 42,
RL3
RLL,
RLS5, b6
cl

c2

c3

ch
¢5,7
c6,8
co

clo
c11
c12

15 k adjustable, 10 watt

]
Cly

100 k
1l meg
1 meg pot.
(deleted)

20 k pot.

L7 k, 2 watt
LO k; 2 watt
L k, 5 watt
L70 k

2.5 k; 5 watt
L k; 5 watt
125 ohm; 25
30 mfd;
40 mfd;
15 mfd,
60 mfd,
30 mfd,
30 mfd;

300 v
300 v
300 v
300 v
L50 v
L50 v
0,1 mfd

100 mfd; 300 v
10 mfd; 50 v
0,001 mfd

50 mfd, 250 v
LO mfd, 250 v

e e .
BTN D B
(BTN \{»,:‘__.{)

watt, adjustable
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Components of the flectrical System

Fl
F2
Tl
T2
T3
T4

5 ma fuse

3 ampere fuse

UTC #29, 10 h, 175 ma

Stancor PC-841k, 1200 v, 200 ma
Sola constant voltage transformer

Thordardson transformer

Relay 1 SPDT, 5 k coil

Relay 2 SPDT, 5 k coil

Relay 3 DPDT, 5 k coil

Switch box relays  SPST, 110 VAC coil-

SR
SR-1
SR-2
SR-3
SR-4
SR-$
s1-
Y
S3
SE

"Minor" stepping relay

bank 1 of stepping relay, non-shorting
bank 2 of stepping relay, non-shorting
(open in position 1 only)

stepping coil

release coil

line switch, toegle

3ingle pole 10 position rotary switch
micro switch; SPDT

"General" selenium rectifier, 500 ma
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This device, in conjunction with the capacitors in the switch
box, can provide measurements of the coulomb content of bursts
of current picked up by the grids,

Victoreen "Hi-Meg" resistors?® are used in the switch
box., For a particular channel a resistor was chosen so that
the voltare drop across it was between 0.1 and 2,5 volts,
Depending on the circumstances this was 109 to 1012 ohms,
A capacitor was then chosen so that the RC time of the
resistor-cavacitor combination was aporoximately eocual to the
time required for the recording system to co through a complete
cycle of operation.

Tests were made with high voltages on the erids to determine
whether any extraneous leakage currents were being measured.,
Such leakage currents were always less than one micromicroampere .

Positive ion detector

An electron multiplier used for detection of positive ions
is illustrated in fipure 10. This device was constructed

26 Inductive heating was

according to a design by Allen,
employed to activate the dynode surfaces, After about two
months of use the amplification factor of the multiplier had
stabilized at about 105; and no further treatment was applied,
- The chamber containing the multiplier is composed of brass;

and the joints are sealed with neoprene O-rings. High voltage

25The Victoreen Instrument Co., 5806 Hough Ave., Cleveland

265, 5. Allen, Rev. Sci. Inmstr.|18, 739-49 (1947).
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for the operation of the electron multinlier is obtained from
a 0-7000 volt repgulated supply. The normal operatine voltage
was 5,200 volts,

The pulses produced by the electron multinlier were
detected and counted with a conventional system employing
Atomic Instrument Co.27 preamplifier (model 219), amplifier
(model 218), and scaler (model 131). A counting rate computer28
was sometimes used to record counting rate data on the
Esterline~Angus recorder,

A mass svectrometer (figures 11 and 12) was constructed
usineg the electron multiplier as a detector; and one of three
different permanent magnets for the deflecting field., The
device is operated bv raising or lowering the detector in
small increments and plotting the counting rate of positive
ions against vertical disvlacement., The spectrometer was
calibrated by using polonium-210 as a source of narticles
with known energy and known mass-to-charge ratio,

Parallel metal plates, one above and one below the nath
~of the positive ions (figure 12), serve as electric field |
deflectors of the positive ions. Electric deflection was used
both to extend the range of the mass spectrometer and to
provide a measure of the energy of the ions,

A Faraday cage, illustrated in figure 13, was used %n

conjunction with the electron multiplier to determine the

27ptomic Instrument Co,, Cambridge, Massachusetts,

28Berkeley Scientific CB (model 1600), Richmond, Calif.
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yields of secondary electrons and of secondary positive ions
per incident high-energy positive ion., The €ffect of target
material was determined by placing various materials in the
rear of the cage. A small slit; C.5 ineh by 0,016 inch; allows
one-eightieth of the positive ions which enter the capge to

pass throueh to the electron multiolier. Charged particles
produced in the cage are collected on a collector plate

which is maintaihed at ground potential, Potential differences
to facilitate the collection are provided by biasing the cage
positively or negatively.

S6lenoid winding

For a few experiments one hundredrturns of wire were
wound around the cylindrical section of the vacuum system.
Ten amperes of electrical current passing through this winding
produded a magnetic field of about 20 gauss parallel to the

axis of the system,



III. Experimental Results

7’8the potential erradient at an electrode

In some cases
surface has been found to be an important factor in electrical
leakape across a vacuum snace.' A summary of the potentisl
gradients as a function of anode notential,V, at the various
electrodes in our system is presented in table 1. The numbers
were obtainéd by the assumntion that the field at the cathode
is the same as the field at a spherical cathode of the same
diameter. A test of the validity of this aporoximation was
conducted in an electrolytic bath with pgeometrv similar to
that of our vacuum system.29 Table 2 presents the data from
this test. The field at the grid wires was obtained bv
multiplying the field af a cathode of that radius bv the

ratio of the total cathode surface to the total surface area

of the wires,

- Table l
Anode Anode Grid 2 Grid 2 Cathode Cathode
radius field radius field radius fieldx
0.5 em 2.1V cm‘l 13., em 0,06 V cm=1 17.5 em 0,0017 V cm"l

2.0 0.59 13.4 0.27 17.5 0.0074

29This experiment was performed by Mrs. Joan Tuttle.

*The cathode field given in this table refers to cases
in which the grid system has been removed.

-31-
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Table 2
Anode radius Cathode radius Cathode gradient
measaured calculated
0.9 cm 17.4 cm 0.003L V cm"1 0.0031 V ém'l
0.9 ” L.8 0.069 0.0L8

Two tynes of voltage limitation are encountered in our
system. The first is characterized by spark discharpes, the
secbnd by a steady leakage of current through the vacuum
space at a limiting voltage. In the following we will
describe some of the features of these voltage limitations.

Limiting voltages

For a given anode size and shape two factors which are
important in determining the limiting voltape are chareing
current and grid bias, In figure 14 limiting voltage is
plotted as a function of the voltage on grid 2. Three anodes
and three charging currents are represented. In fipure 15
~the log of limiting volta?e'd[hig_h erid bias is plotted against
the log of charging current. The charging current has been
corrected for those beta varticles which.have insufficient
energy to traverse the voltage pap between anode and cathode.
This correction was made by the assumotion that the ion
chamber current is proportional to the beta flux at the cathode.
The slope of the lines in figure 15 indicate an apnroximate

relationllzkv3-h, where V is voltage and I is leakage current.,

Grid currents

The two grids, grid 1 biased positively and erid 2

TS N
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biased negatively with respect to the cathode, ordinarily
draw currents at the limiting anode voltage. The magnitude
of these currents varies with grid biss, anode voltage, charging
current, and anode size. |

Currents are also drawn by the grids during the veriod
" of time required for the anode to reach a limiting voltarce.
Figures 16 through 22 illustrate the changes in erid currents
and anode voltage during this period for the various anodes.
The source strength (charging current at zero volts) was
50 micromicroamperes in all cases. The quartz rod used with
the l-cm anode had an umbrella-like projection just below the
anode. |

The magnitude of the current flowing to grid 1, when the
anode is 1 cm in dismeter and prid 2 is biased negatively at
~900 volts. or more, varies approximately as the third vpower
of the anode voltage. In fipure 23 the log of grid 1 cur;ent
is plotted arainet the log of anode voltarse. Three source
strengths are reoresented, 15, 50, énd 180 micromieroamneres,
In each case the bias on grid 2 was <1200 volts and the bias
on grid 1 was 300 volts. Incresses in the bias on grid 2 did
not affect the curreht drawn by grid 1 under these - conditions.

The rglatipn of grid 1 current to anode voltage at high
grid 2 bias ¥s somewhat different for the 2.5 and /-cm anodes,
A plot of current apainst the cube of the voltage is not a
straight line. In the case of the 2.5-cm anode the line is
stréight up to about 200 kilovolts. In the case of the L-cm

anode it is straight up to about 170 kilovolts., At voltares

das 039
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FIGURE 16
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FIGURE 20
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FIGURE 21
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FIGURE 23

EFFECT OF ANODE VOLTAGE ON GRID-- 1
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above these points the current increases more rapidly than
the third power of anode'voltage. This behavior is illustrated
in figure 24,

When grid 2 is hiased at a high negative voltage the
current drawn by grid 1 is approximately proportional to the
square root of the source strength, This is true of the l-cm
anode at all voltages. In the case of the 2.5 and L-cm anodes
this is true up to about 200 and 170 kilovolts respectively,
Figure 25 illustrates this relation.

With all theee anodes there is a "ecritical" grid bias
beyond which increases in bias produce no change in voltage,
(See figure 14,) At zrid biases below this critical wvalue
the current drawn by rrid 1 rises very rapidly as the anode
voltare approaches a limiping value. This behavior is
illustrated in figuras 26 and 27 for the L-cm anode and the
50-micromicroampere source,

The magnitude of the current drawn bv grid 1 is
indevendent of the potential difference between grid 1 and
the cathode if this difference is greater than about 90 volts.
The current drawn by grid 1 when positively biased is positive;
indicating collection of negativé electricity from the vacuum
space or loss of electricity of the oppesite sign: to the
vacuum space,

If the bias on grid 1 is made negative the current flow
is in the opposite sense; indicating loss of negative electricity
or collection of-poéitive electricity. In one case with -1200

volts on grid 2 the current to grid 1 was 50 micromicroamperes
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FIGURE 25
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FIGURE 27
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at =300 volts bias and 100 micromicroamperes at -600 volts bias.
As can be seen in figures 16 through 22 the current

flowing to grid 2 is not a simple function of anode voltage

or bias, The following features are observed, ¥With zero anode
voltage and the anode charging freely; grid 2 draws a current
approximately equal to the charging current, To the extent
that the cathode wall is cut off from the anode field by the
grid bias, the grid is acting as the cathode and must increase
its negative charge at the same rate that the anode positive
charge increases, The grid obtains this charge by drawing 2
current from the external connectioh. As the voltage on the
anode increases the charging current decreases, and correspond=-
ingly the current to the prid decreases, When the bias on
grid 2 is below the critical value, the current to grid 2

drops sharply as the anode reaches the limiting voltage., In
this condition there remains an appreciable grid=2? current due
to collection of positive electricity or to loss of negative
electricity by grid 2,

Measurements of the current flowing to two separate
portions of grid 2 showed that the effects Just discussed are
evenly distributed about the axis of the chamber. Measurements
made with separate top sections of both grids indicated that
the effects were not spherically isotropic. The top section
of grid 1 subtends approximatelyVO.Oh of the total solid angle
about the anode; but this section of the grid picks up from
10 to 20 per cent of the topal grid ; current at limiting

voltage. Other evidence of anisotropy, especially with the



=50
l-cm anode, will be presented later.

General observations

The baffle (b, figure 1) was ordinarily cooled with tap
water. In one experiment ice water was pumped through the
coils in sufficient quantity to maintain the temperature at
about 7° C., In the course of several hours the anode voltage
increased 15 kilovolts., When tap water was again passed
through the coils the anode voltage dropped to its original
value in about 30 minutes,

In one series of experiments two sections of grid 2
were biased at different voltages, The aﬁode voltage obtained
under these conditions was higher than that obtained with both
grid sections at the : lower bias but not as high as the voltage
obtained with both grid sections at the higher bias,

Occasionally the quartz rod used to suvvort the anode
became unusable; presumably because of surface contamination.
This condition was usually accompanied by spark discharge
limitation of the anode voltage. However, in one instance,
limjtation of the voltage on the 4-cm anode was traced to a
steady leakage of current from the surface of the rod. 1In
this case the voltage was limited at 25 kilovolts, and grid 1
cbllected.a negative curfent<ten times the magnitude of the
charging current.

Spark discharges

At times the anode voltage was limited'by spark discharges.
Discharges sometimes occurred after the anode voltare had

.leveled off at a darke-current-limited value. These discharpges



-51~
can be grouped in two categories. The first category includes
discharges in which the anode charge is almost completely
neutralized. The second category includes those discharges
in which the anode voltare is reduced by about 20 kilovolts or
less.,

The first tyoe of discharge is accompanied by large
bursts of .current to all sections of both egrids. The coulomb
content of the current collected from the vacuum space by
grid 2 during one of these discharges was usuéllv several
times the anode charge at the initial voltage and was invari-
ably positive. A simple exchange of charge between the anode
and grid 2 would not produce a flow of current from an external
source. Thus the fact that grid 2 did draw a current indicétes
that more charged particles entered the vacuum space during a
discharge than were required to neutralize the anode charge.
During one of these discharges grid 1 collected from the vacuum
space an amount o negative electricity equivalent to something
between 10 and 20 times the charge on the anode. ‘

Discharges of a few to about 20 kilovolts were variable
in their effect on grid currents. In one instence a negative
pulse was observed on one section of grid 2, and a vpositive
. pulse was observed or the other section of grid 2. A positive
pulse avpeared on -grid 1. This behavior indicates that these
small discharges are sometimes anisotropic about the anode,
Variations in this behavior included the apnearance of negative
or positive pulses on all of grid 2. Occasionally one section

of grid 2 collected just the apnropriate charge to offset the
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drop in anode voltage and no pulse apreared on that section,

The charges collected by the grids as a result of a
discharge were not collected instantaneously. The voltage
drop across a resistor rose very rapidly to a maximum and
then decayed approximately exponentially with a_half time of
about a minute., The RC time of the circuit during these
observations was much less than a minute,

These two types of spark discharges were encountered
with all three anode sizes and with most grid biases, With
the 2.5 and L-cm anOdes.and with the grids at eround potential
the discharges were almost exclusivly in the first category.
In one experiment a 2.5-cm teflon anode was limited by
discharges of the second type.

The tendency to spark discharge decreases markedly as
the anode size ihcreases. The probability of discharge with
the l=cm anode was so great that it was often difficult to |
maintain a steady hich voltage. The oprosite was true with
the 4-cm anode; with it spark discharee was usually rare.
Wren the bias on grid 2 was suddenly reduced to zero volts,
the voltage on the h-cm anode decreased rapidly, ususlly in a
matter of less than a second, to the limiting voltage for zero
grid bias. Similar experiments with the l-cm anode ususlly
procuced a spark discharge to zero kilovolts., A quartz
umbrella~like projection on the supporting rod reduced the
tendency of the l=-cm anode to be-limited bv snark discharrce

but did not increase the limiting voltage aporeciably.
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Pressure effect

The behavior of the system was found to be apﬁroximately
independent of residual gas pressure for pressures below about
lO'hmm Hg. When the pressure was allowed to rise above this
value, small increases in anode voltage were usually observed.
At about 1073 mm He the gas induced a discharge. Results of a
typical experiment are illustrated in figure 28.

Positive ions

" The electron multiplier described in section II of this
thesis wes used to detect enerretic particles originating at
the anode surface. In the feollowine pararravhs we nresent
some ceneral observestions with regard to these varticles,

Later we will descrite their composition and svecific effects
in more detail.

'Early experiments with the positive ion counter showed
that at every steady limiting voltarge a number of ~nergetic
particles were being emitted from the surface of the anode.

A typical pulse height spectrum obtained with the electron
multiplier is illustrated in fisure 29.

Elegtric deflection of these particles showed that the
majority of the pvarticles were nositively charcsed. A potential
difference of a few hundred volts between two parallel nlates
(see fipure 12) served as a means of deflection. When a beam
of charged narticles traverses an electric field nervendicular
to the line of flight of particles, the beam is deflected an
amount proportionzl to the intensity of the field 2nd inversely

pronortional to the eneregy per unit charge of the particles,
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Figure 30 illustrates a typical result of such an experiment
in our system. The large peak at the left represents the
total beam of.particles with no deflecting field. The curve
following the solid dots represents the spectrum with an
electric field of 800 volts em~! across 10 centimeters of

the path of the beam, The major portion of the beam was
deflected 0.71 inch in the direction of the negatively charged
plate. About 7 per cent of the total beam was not deflected
by the electric field, We interpret tﬁis to mean that about
7 per cent of the vpositively charged particles decompose into
a neutral and a charged fragment at some point in the path
between anode and deflection plates, The tail on the right
side of the deflected peak was reproducible and apparently
represents particles with slightly less than the maximum
energy per unit charge.

The accelerating voltége through which the pdsitively
chareed particles had passed was calculated from the magnitude
of the deflection. In every case this voltage corredponded
with the anode voltage; in fact, as was mentioned previously;
this method was used as an independent check on the anode voltage.
" 7. The height of the undefleétable "neutral"” peak relative
to the height of the .total positive ion peak varied from about
3 to about 20 per cent. This variation did not appear to be
related to anode size or volﬁage or to the grid bias.

In early experiments two peaks were observed with no
deflecting field. This phenomenon occurred only when the l-cm

anode was used with the umbrella-rod. The peaks were separated

.(}'u“?; \[‘ﬁg
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FIGURE 30
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by a distance which corresponded with the distance between the
center of the anode and the upper edre of the umbrella-like
‘projection on the rod. Electric deflection of.the two oeéks
indicated that they had been accelerated throursh voltares
which differed by no more than about 4O kilovolts. The height
of the peak Hue to particles from the umbrella was extremely
erratic, varying in a few minutes from about the same magnitude
as the peak due to particles from the anode to about one-tenth
. that value. Because of this erratic behavior, quantitative
data were not obtained as to accelerating voltare or mass=to-
charge ratios for the varticles originating at the umbrella.
In later experiments, this vpeak from ﬁhe umbrells was
excluded by defining a narrow path from the anode to the counter,
The charpge-on the umbrella wes still aposrent from another
ohenomenon., With the l-cm anode supnorted on the umbrella-rod,
the position of the beam at the countér shifted slowlv upward
as the anode voltage increased., This would result if the
voltage on the umbrella were always a fixed number of kilovolts
below the voltage on the anode. Thus as the anode voltage
increased: the distortion of the field surrounding the anode
would increase. Under the same circumstances it was noted that
the position of the neutral peak differed from the position of
the positive ion peak when no deflecting fieid was apnlied.
The positions of these two peaks were such that the neutral
particles apparéhtly originated at a point about 0.1 mm above
the point of oriéin of the positive ions, This is an indication

that the frapmentation which resulted in tr- formation of most

daf 062
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of the neutral particles took pléce close to the surface of
the anode.

| The counting rate of the rositive ions is in ceneral a
function of the anode voltare. Figure 31 illustrates this
dependence for the l-cm ancde with prid 2 at -1200 volts and
prid 1 at +300 volts. The current drawn by prid 1 is included
for purposes of comparison. The source strength was 180
micromicroamperes. This curve is typical of the l-cm anode for
all grid-2 biases above the critical value., 4 similar relation
between the counting rate and grid-l current is found for the
2.5 and L-cm anodes. (See fipures 18-22, 31, 32.)

Counting rate versus voltapge curves at low grid-2 biases
are illustrated for the 2.5-cm anode with a 50-micromicroamrere
source in figure 32, Similar results are obtained with the
other énodes. | |

The counting rate at a limitine voltaege was found to vary
with the voltape. Table 3 illustrates this devendence for the
three anodes. These numbers were obtained with a 180-micro-
microampere source. The slit limiting the number of particles
which can strike the counter subtended 6.4 ¥ 10=6 of the total
solid angle about the anode and wsas in the'equatorial plane of
the anode. The values for the l-cm anode were obtained with an
umbrella=rod; no provision was msde to block off the perticles

coming from the umbrella,

— .
DEVESEEE AL R



SRLE e
hS ‘,

A

s
o
e

oY

1 T 1
L 2500 mir!
@-count rate 1200 —
M3
0-9rid 1 current
—2 D00 100¢ —
‘ 800 —
—~ 1500
/
- 0O
{1000 / I,d
/ 400 -
!/
Vs
o/ /
- 500 % S0
.’/ // 00__‘
,f//‘f// 2
o r’i:::i#
-e"'—"""c‘“ -
- 1 |
LY, 100 /50 200

KilovsiTs

JAONV WO-T HEHL HLIM 3LVH INNOD

NO HOVLTIOA HUONV 40 LOdddd

Te H¥NOIdA

-,09-



1 I I ]
¢
2.5-cm anode
20,000 ¢/ | ~ grid 1 +300 volt
grid 2 =900 voldys —
2eb=cm anodé 2.5=-cm anode 4-cm anode
grids at ground herid 1 +300 volts grid 1 +300 vol
cgrid 2 2300 vnlts grid 2 =2400vol z
/
J
r_IO,DOO ]“
’
of
;'/’.
/ r
// .
/z —’/’/ 4./‘///'
: b & —Xeomem K o | |
50 100 ' 150 200 250

kilovolts

2¢ JuNdId

dLVd INNOD NO JHOVLIIOA 40 LOEIIH



62

Table 3
Grid-2 g;ggeanoggunt rate iﬁga:m anggint r te'é;ggeanoggunt rate
bias voltage x 10-3 voltage x 10< voltage x 10°
grid 55 kv 4 min=l
removed ‘
O volts 80 kv 2.6 min"l 80 kv 6 min~l .65 13
=300 155 5.5
-600 215 10 125 20
=900 220 13 155 33
-1200 310 15 195 LO
-1800 225 23 | 250 L6
-2400 225 23

Atttimes the counting rate was steady, at other times

it was unsteady. In general the counting rate was steady at
high limiting voltages with a high bias on g#rid 2 and unsteady
withka low bias on grid 2. At low grid-2 biases the rprarticles
appeared in bursts ranging from about 1 to more than 60
milliseconds in duration. Each of these bursts produced from
10 to more than 1000 counts. The frequency of the bursts was
such that successive l-minute counts; at a counting rate of
about 10,000 min'l; differed by less than about 10 per cent,
These bursts were observed to coincide with bursts of current
to grid 1,

A considerable number of "double pulses™ were observed

in oscilloscopic obsevations of the pulses from the electron

multiplier. These apreared much too frequently to be merely

JaS LER
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accidental coincidences. The second of the two pulses usually.
appeared within about 3 microseconds of the first and was
about half the magnitude of the first, Visual estimates
indicated that something less than one in ten of the pulses
appearing on the oscilloscope were double,

The immediate effect on the counting rate of a change
of grid bias was found to depend on anode size and potential
and on the initial grid bias., Changes in erid bias when both
initial énd final bias were above the crittecal value produced
no effect on the counting rate. When the anode voltage was
initially above the limiting voltage for the final grid bias a
reduction in grid-2 bias produced a burst of particles. The
l-cm anode usually spark-discharged under these conditions;‘® -
the L-cm anode sometimes produced a high count rate for about
a second which then leveled off at a lower voltage. When the
anode was limited with a grid bias below the critical value,
an incréase in grid-2 bias produced a sharp reduction in
counting rate. The count rate a few seconds after such an
increase was the seme as that normally obtained at that
voltage with that grid biés. Increasine the bias on any one
section of grid 2 was as effective in rroducing this effect
as increasing the bias on all of the grid. |

A few oscilloscopic observations were made with the Lecm
anode to determine tlie time required for the positive ion
counting rate to decrease from a high value at a limiting
voltage to & low value when the bias on grid 2 was suddehly

inereased, A SFDT switch’was used to switech from a low bias to
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a high bias. The sudden change in voltare on the external lead
to grid 2 was used to trigger the sweep circuit of the oscillo-
scope, The output of the pulse amplifier was fed to the
vertical input of the oscilloscope. When the grid voltage
change occurred during a burst of counts, counts continued to
appear at a high rate for lengths of time up to about 1
millisecond.

Positive ions in spark discharpes saturated the counting
circuit so observations of these were made with an oscilloscore,
A composite pulse, presumably mgde up of a large number of
individual pulses,.appeared during every discharge. The pulses
lasted about 1000 microseconds and were composed of two rarts,
An initial pulse lazsted about 5 to 10 microseconds and was
followed in about 100 microseconds by a much longer portion
lasting about 1 millisecond. The heights of the two porﬁions
were not greatly different, each being about 20 times the height
of a pulse obtained from a single particle. These observations
were made with the l-cm anode only.

Mass spectra

.The.mass spectrometer described in the experimental section
was used to determine the mass-to-charge composition of the beam
of poéitive ions oriecinating at the anode surface. These mass-
to-charge ratios were found to extend from less than 1 atomic
. weight unit rer electronic charge to more than 2000. A typical
lspectrum is illustrated in firure 33.

The absolute accuracy of the mass-to-charre ratios is
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probably no better than about ? 15 per cent. The magnets

were calibrated by measuring the deflection of a beam of
polonium-ZlO'alpha particles, Two major sources of error were
the variation of marnetic field with time.and the uncertainties
in anode voltarge. ‘

Attempts to discover significant trends in changes in
the spectra as grid bias ?nd anode size were varied were
unsuccessful, Large variations in the relative intensities of
the various peaks were observed from day to day even when
attempts were made to keep conditions as «constant as possible.
The peak at mass 32 was found to be particularly subject ﬁo
fluctuation.

Table L shows a list of mass-to-charge ratios of the
particles and indications of the relative abundance of each
species, The numbers represent average values obtained from
seven syrectra. In each case for mass-to-charre ratios of 13
and above, the preak close to 27 was taken to be 27, and all
other numbers were normalized to this value., For mass-to-charge
ratios below 13, the neak closest to 1.0 was chosen as 1.0, and
other numbers were normalized to this value., Two normalization
points were necessary because a single magnet could not be used
satisfactorily for the entire spectrum. Actual values for the
peak taken to be 27 ranged from 24.5 to 28; those for the peak
taken to be 1.0 ranged from 1,08 to 1.20. |

ViU oty
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Table 4
Chofee intemsity Chagee intensity Charge imtensity
0.65 13 27 105 160 70
1.0 35 32 105 215 35
1.4 13 L5.7 100 2LL* 30
1.64 3.5 63.3 27 324% L3
2.0 ' L.b 73.5 Ll L2 5%
8.8 Lok 83 65 511% } ?
13 19 101 L1 895 L3
14 121 52 1627= 30
15 ' 2395% 30

infinite 87

*These peaks were not always present.

Contamination of the anode with substances such as sodium
fluoride, potassium chloride, and silver chloride did nat
simplify the spectrum. These experiments were done before a
reliable calibration of the magnets had been accomplished and
before the particle beam was made narrow enough for good
resolution. Thus although samne chanpges apparently did occur
in the spectra as a result of these contaminations, no
quantitative results can be given, As can be seen from the
table above, the appearance of a small peak at 23, 39, or 108
might well go unnoticed even with the surerior resolution
obtained in later experiments.

In a few experiments, nitrogen was allowed to le ak slowly

into the system without effect on the spectra, Wwhen, instead of
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nitrogen, oxyren was admitted, a small increase was observed
in the height of the peak at mass-to-charge ratio 32, This
increase persisted for several days after the introduction
of the oxygen.

Coefficlent measurements

Determinetions were made of the average number of secondary
charged rarticles rroduced by each incident positive ioh.
Measurements of the current of secondary positive or negative
particles from a targetiwere made with a Beckman 30 nu11
electrometer. A small portion of the tarret was cut away to
allow a fraction of the incident positive ions to strike the
counter thus giving a measure of the total number of rarticles
striking the tarret.

Figure 34 illustrates the effect of anode voltarge on the
number of secondary negativé partickes produced by each positive
ion., Fipgure 35 illustrates the same effect on the number of
secondary positive particles produced by each positive ion.

When a target had been in the vacuum system for more than 24
hours, it was assumed to.be "dirtv?, The surface of the
copper=beryllium target was "dirty" with an oxide coat when
it was first inserted,

Use of a Faraday cage for theée expefiments was made
necessary by the following observations. Secondary coefficients

calculated by use of grid=l éurrent measurements and counting

30Be ckman mocel MX=L, National Techfiical Laboratories,
South Pasadena, California.
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FIGURE 35
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rate data were very different for the three different anodes,
This was taken as an indication that the emission of positive
jons from the anode surface was not isotropic. Table 5 is a
resume of this effect. The solid angle subtended by the counter
was 6.4 x 10~6 of the total. The slit was in the equatofial
plane of the anode, It was assumed thet erid-l current repre-
sented 75 per cent of the total number of secondarv negative
particles minus the current required to offset the beta

charging current. All results were obtained with a 180-

micromicroamrere source,

Table 5
Anoqe Anode Grid~l Cgugis Seconda?y
radius kilovoltage current min coefficient
2 cm 60 kv - 100 28,000 28.5
2 225 1000 46,000 69.5
1.25 270 1200 15,000 278
0.5 200 1800 10,000 570

The values obtained with the L-cm anode indicate that
emissiom from its surface is fairly uniform, since they agree
with those obtained by the Faradav cage messurements. It is
aprarent that the rate of emission of positive ions by the
1 and 2.5-cm anodes is greater on the averace tﬁan for the
particular sections seen by the counter.,

Attempts were made to sort the negative particles into
negative ions and electrons by means of a magnetic field. The
results were inconclusive in so far as the relative'abundance
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RN s i
;J{ I S | Q _‘,’ L)



-72-

of negative ions is concerned. However a considerable reductiqn
in collector current was produced by a small magnetic field
perpendicular to the path from target to collector. Thus

we conclude that at least a large fraction of the secondary
particles are elettronms.

Sélenoid experiments

In a number of experiments a mapgnetic field of a few
gauss was produced parallel to the axis of the system, The
ekperiments were made as follows., The system was allowed to
come to equilibrium at a steady limiting voltage with no
'magnetic field, A magnetic field was then produced by passing
a current through a solenoidal winding about the vacuum system,
The field was maintained until no further changes were observed;
usually a matter of a few minutes. The counting rate of positive
ions and the anode voltage were then fecorded. Figure 36
illustrates the results of sugh experiments conducted with the
L-cm anode at low grid-2 bias, At higher bias the effect is
still noticeable but percentagewise is smaller. For example;
at a current of 6 amperes with grid-2 at -1200 volts the
counting rate increased from 30,000 min=l to 40,000 min-l,

Results of these experiments with the l-cm and the 2/~cm
.anodes at lbw grid-2 bias were similar to the results with
the L-cm anode at low grid-2 bias. In the case of the l-cm
anode an increase in kilovolﬁage from 72 to 92 kilovolts
occurred with grid 1 at 300 volts and grid 2 at O volts,

In all other cases with all anodes no noticeable change

occurred in the anode voltage when the field was turned on,
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FIGURE 36
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With a high bias on prid 2 the magnetic field had no effect

L3

on anode voltage or counting rate.

Phosphor experiments

A few experiments were made with a silver-activated
zinc sulfide phosphor on the anode., The light produced by
the bombardment of this phosphor by charged particles was
observed through the glass port in the side of the metal
vacuum chamber,

The intensity of the light emitted under any particular
circumstances was found to depend on the thickness of the
phosphor. At zero anode potential there was no visable glow
except in the neighborhood of the thin aluminum windéw through
which the beta source shines. At about 10 kilovolts a faint
general glow became visible; this presumably was due to beta
particles turnedxback by the anode voltage. With a very thin
phosphor the glow d&d:: not become detectable until the anode
had reached about 50 kilovolts. The glow brightened as the
anode voltage increased., With a high bias on grid.2 the glow
increased steadily with no suddennincreases~in.intensiﬁy at
the limiting voltage. Qith a low bias oh grid 2 the glow
brightened rapidly as the limiting voltage was attained,

The three anodes produced somewhat different effects. In the
following we will describe the effects for each anode separately.

The general behavior with the L~cm anode was as described
above, Occasional flashes were observed on small prortions of
the anode; but these were not accompanied by any measurable

decrease in anode voltage, On two occasions spark discharges
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were observed with the L-cm anode. They were accompanied by
very brilliant flashes covering the entire anode surface.
When the solenoid was activated, a very slight decrease in
intensity occurred near the top and bottom of the anode, No
other effect could be detected,

In the case of the 2.5-cm anode with the grids at ground
potential, the glow at limiting voltape was unsteady,
flickering several times a second. These variations in intensity
were not localized but included the whole rhosphor surface
simultaneously, Spark discharges were accompanied by brilliant
flashes distributed evenly over the anode surface, Tufning
on the solenoid current produced a slight decrease in intensity
near the top and bottom of the anode. At the sémevtime a more
intense glow appeafed around the equator.

With.the l-cm anode the glow at limiting voltages
appeared to be concentrated near the base of the anode;
especially near the rod. The rod was coated with phosphor,

in one case in bands, in another in a thin uniform coat,

In both cases the phosphor on the rod glowed at limiting
voltages. With an umbrella-rod the entire umbrella glowed;
but no glow appeared below the umbrella. With no umbrella
on the rod the glow extended about half way down the rod
from the anode; the brightest glow being nearest the anode,
The glow at gzero grid bias was sometimes flickering; sometimes
apparently steady. With pgrid 2 biased negatively the tendency
was toward a steady rlow., No steady voltages could be
obtained with more than =300 volts on grid 2; aprarently due

to the presence of the phosphor. When grid 2 was biased at

S nY
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-1200 volts or more a bright glow set in at about 70 kilovolts
near the rod and on the rod, This glow increased with voltage
up to about 140 or 150 kilovolts, At this point a very rapid
increase in intensity was culminated bv a brilliant flash and
spark discharge. Turning ontbhe solenoid current produced

a noticeable increase in intensity when ¢rid 1 and egrid 2

were at eground potential. At other biases no effect of the
magnetic field was observed; with the exception of a very
small decrease in intensity near the rod and a very noticeable

decrease in intensity on the rod for all biaseés,



IVv. Discussion

General
One fact is very clear as a result of this investipation.

Positively chareed ions are involved in all voltare limitations
encountered in our system. Since each positive ion produces

20 to 80 negative particles at the cathode surface, nepative
particles are also involved in these limitations.

There are apparently two distinet tvres of dark current
limitation important in our system. The first is characterized
by the variation of rrid-l current with the cube of the anode
voltage and with the square root of the beta chareineg current,
The second type can be recognized by a very sudden increase
in prid-1 cu;rent near the limiting voltarge.

The interpretation of the current flowing to grid 1 is
important in a discussion of these two tvpes of dark current.
When egrid 1 is biased positively; the current flowine to the
prid is positive, indicating collection of nerative electricitv
or loss of positive electricity at the surface of the rrid

wires., Grid 1 has a screening fraction of 25 per cent, thus

25 per cent of the positive ions from the anode strike the erid
directly and 75 rer cent of the ions strike the cathode wall,
The ions which strike the cathode produce nerative particles
which may be collected by srid 1 or mav pass throurh the prid
system to the anode. The positive ions which strike ecrid 1
directly produce nepative particles which may or may not escape
from its surface. In addition, secondary positive particles
are produced both at the cathode and on erid 1. Those produced

at the cathode can be collected by srid 1 only if perid 1 is
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neratively biased. Those produced on the sﬁrface of erid 1
can escape either to erid 2 or to the cathode, when pgrid 1 is
biased positively.

~When grid 2 is biased at a high nerative value and erid 1
is bjaséd positively, egrid 1 should colléct all necrative
particles produced at the cathode and lose all positive particles
rroduced at its surface. When the bias on erid 2 is not
sufficiently hieh to protect the entire csthHode from the anode
field, a portion of the negative particles rroduced at the
cathode may rass throurh the pgrid structure to the anode.
Likewise, secondary nepative particles from grid 1 itself may
escare to the anode. Another effect becomes important under
these conditions if the anode voltage is increasing. When
grid 2 is not protectiné the cathode, erid 1 acts as part of the
cathode and as such must accumulate negative charge as the
anode accumulates prositive chérge. The smaller current to
grid 1 when erid 2 is biased at a low value is a2 result of these
last trree effects.

Assuming that the above interpretation of grid-l1 current is
correct, we can conclude that wvhen grid 2 is at a sufficiently

high bias, the current to rrid 1 is a measure of the positive

“jion current emitted from the anode surface. Usinec average

“curves from_figures 3L and 35, we deduce this relation between

p031t1ve ion current and erid-1 current: Iy= (O, 16h V+12.25) T4,
Here I3 is the current to grid 1 in micromlcroamveres V is the
anode voltase in kilovolts, and I4 is the positive ion current

from the anode in micromicroamreres,
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Accordineg to fieciure 25, the current drawn by orid 1 is
proyortional to the square root of the source strencth when
erid 2 is biased at é hifh nerative voltare., This relationship
implies that the beta varticles themselves are in some manner
resyronsible for the positive ions emitted from the anode.

At any given voltape,.the number of beta particles strikinge
the anode surface is just proporﬁional to the source strength.
All the beta particles pass throush a portion of the surface as
thev shine out from the internally mounted source. Some of the
beta particles are turned back by the anode field and strike
~ the aﬁode surface at least once arain. (See firure 3,) If the
beta rarticleés produced rositive ions znd if these ions escaped
from the snfféce immediatelv after formation; then the positive
ion current would be proportional to the first power of the
source strencth, If the ions formed on the surface escared
only élowly and were eliminated rrimsrily by bimolecular
recombination reactions, then the positive ion current would be
rroportional to the square root of the source strength.

This occurs in the following manner. Let ¢4 and c- be the
concentrations of positive and negative ions on the anode
surface. It is assumed that these ions are formed bv the
passare of electrons throurh a laver bf orranic material (oil)
on the surface of the anode. Let Rf be the rate of formation
of these ion pairs and Rg the rate of disapbéafance. At
équilibrium, Rg must be eoual to R4q. Ryp is vroportional to
the electron current strikineg the 2node, I.. If most of the

positive ions disaprear by recombinction with necative ions,

then Rq is proportional to the rrofuct of the concentrations
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( number rper unit area) of vositive and ner~ative ions and the
area of the'sufface,A.If it is further assumed that thev
concentrations of the positive and ne-ative ions cannot differ
greatly, then R4 can be expressed as Ry = kl(c+)2A. Settine
Rq equal to Rf we obtain the exyrescion c, = kz(Ie/A)é. Then
if the rate of escape of positive ions is proportional to the
concentration of prositive ions, we obtain the required
relationship I4 = k3(AIe)%. Here I4 is the total rositive ion
current from the entire anode surfacd,

The electron current striking the anode surface comes
from three sources. Two of these; the beta péfticles rassine
throurh the surface from an internal source and the bets
particles returnine to the anode becsuse of the anode field;
rive rise to electron currents directly prorortional to the
source strencth. Fositive ione strikine srid 2 produce
electrons (and possibly nerative ions) which can in turn strike
the anode surface. The electron current from this latter
source is rroportional to the positi&e ion current (and therefore
to the square root of the source strengt%&&; Thus
Ie :vktho+‘k5(IhJ%s The electron current from the erid wires
is never more than the source strensth minus the retur ning
beta current, so Ie can be arrroximated by an expression
Ie =-k6(Ib&? where n is some number slishtlv less than one.
Experihentally; the reléﬁionship between the rositive ion |
current and the source strensth is best fitted by an evpression
I4= k7(Ipd0<4h, Substitution of ké(Ip)©0+88 for Ie in the
exrression I4 = k3(AIe)% rives the exvression Ig4= k3(Ak6)%Ib9‘hh.
Thus the above hypothesis is consistent with experimental

results.
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With two exceptions the forces affecting a positive ion
imbedded in a dielectric film which covers a positively :
charged metal surface are the same as thode affecting a neutral
molecule in the same position., These two exceptions are the
coulombic repulsion due to the charpge on the metal surface and
the attractive "image force™ due to polarization of the
charge distribution in the metal surface. Thus a positive

ion may be expected to desorb (evaporate) just as neutral
molecules are doing, with the exception that the rate of
desorption will be modified by the forces mentioned.

In the Glasstone; Laidler;and Eyring treatment an expression

for the rate of desorption per unit area is derived:

E/RT

@

Rdsgk're
rh

9

where B is the fraction of the surface covered; r is the area
occupied by an adsorbed molecule; h is Planck's consﬁaﬁt: k is
Boltzman's consgant, R is the gas constant; T is the absolute
temperature; and E is the activation energy for desorption,
If it is assumed that there is no activation energy of adsorption;
E may be approximated by the heat of condensation,

Iﬂ our system we can assume that the entire anode surface
is cbvered with_adsorbed molecu}es. Then to calculate the rate
of desorption of positive ions Qe must use for 3 the concentration
of ions onvthe surface. The quantity E will be the heat of
condensation for the molecular ions) modified by the image and

the coulombic forces.
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The pdsitive ion emission from the anode should have the

form (E+E4~Ef )
. - é - . R
I+ = kz(lg KT e ﬁ%‘ (2.)

wﬁere kg(%ﬂé is the concentra?ion of positive ions (see page 80):
B is the heat of vaporization, Ejy is the energy required to
overcome the image force;.and Ef is the energy supplied by the
coulomb force during desorption, This equation mav be rewritten
in the form ) "
L. 3, .3x10¥Egq | 2}
+=F(Ale) ; (
where 3 = ky %1 e'«(%;m is assumed to be a constant in our
system., The term ¥ is the distance in centimeters through which
an ion moves during desorption, and E; 4is the electric field
at the anode in volts em™t,

The_experimentally determindd positive ion current from
the l-cm anode at high grid-2 bias can be expressed as a
function of voltage and electron current in an equation of the

above form, The equation is

.. =6 .
)5 e6.75x10 Ea,

e

I+ = 000665(A)é0%1b6+1br41é3 (4.)
In this equation A is the area in square centimeters; Ipe is
the zero-kilovoltage charging current in micromicroamperes;
Ipby is the zero kilovoltage charging current minus the
charging current at voltage (estimated from figure 3): and
Iog is the secondary electron current from the grid wires in
micromicroamperes (estiﬁated from the screening fraction and
erid-1 currgnt),_ The quantity Egq is the anode field calculated

assuming spherical geometry. The constant oz is a number

estimated in the following manner. The beta particles from

BRI To RN el >
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the internal source pass out through about one half of the
anode surface. Since the concentration of positive ions is
assumed to vary with the souare root of the electron current
: dendity; the concentration on this half of the anode will be
J% time the concentration which would be produced if the bet:
particles were distributed over the entire surface. The effect
is that the average concentration is %: 0.7 as great as it
would have been with isotroric distribution. Using the same
argument we obtain% = 0,22 and:/j?;‘.’.r.o.lh respectively as
values of ot for the 2.5 and L-cm anodes,

Equation 4 was derived from experimental data for the l-em
anode at voltages above 100 kilovolts., Below this voltage the
measured currents fall below values calculated from the

6 for the coefficient of the

equation, The value of 6.75 x 10~
anode field in the exponential term corresronds with a
distance of 17.5 angstroms,

An estimate can be made of the number of positive ions
which might be formed in a faélm of grease by the npassage of an
electron through that film, Assuming that the film is composed
of di-octyl sebacate (Octoil-S) in a monomolecular layer; the
film should be about 15 angstroms thick. A 100-kev electron
formé about 150 ion pairs mg-l cmz, Thus in a single pass
throurh the film sucl an eléctron should make 0,0225 jon pair.
on the average, About LO per cent of the electrons which enter
the film backscatter from the anode surface. These backscattered
electrons will have a lover energy and therefore a much hicher

specific ionization., The scattered electrons, once outside the

film, will be drawn bacK to the anode bv the coulomb sttraction

QO
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of the anode field, These effects may increase the yield of
ion peirs by a factor of 4. Another factor which must be
considered is the angle at which the ele.ctron imypinges on
the surface, Because the above number was estimated on
the assumption of normal incidence; it should be rourhly
doubled to take account of random anrles of incidence, Thus
as a crude estimate the average electron may be responsible
for 0.2 ion pair in the monomolecular surface film,
Consider the case of the l-cm anode at 150 kilovolts with
a 50-micromicroampere source. Grid 1 draws 273 micromicroampere
indicating a rositive ion current of 7.4 micromicroampere
(see page 78), Thus the current density of positive ions

at the 2node is 1,5 x 107 sec'lcmnz, and t:e current density

of electrons at the snode is 4 x 108 sec'lcm°2. This electron

1cm"z. These

current might produce 8 x 107 positive ions sec”
estimates indicate that about 80 per cent of the ions can
disappear by recombination reactions;-leaving about 20 per cent
to escape by evaporation.

| An estimate c=n also>bé made of the concentration of ion
rairs on the anode surface. Thds requires some =ssumption as
to the value of the heat of evaroration for the rositive ions,
For a molecule like di-octyl sebacate tﬁis micht be close to

. -20 keal mole~l, Most of the positive ions are less than half
the size of this molecule 80 we will chose for trial a value

of 10 kcal mole~l, with fhe assumption that the ton starts
desorption at a point 8 angstroms from the metal surface of

L

the anode and becomes free at a distance of 25 angstroms.
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the "image" force adds 7 kcal mole’l, and the coulombic repulsion
subtracts 1,2 kcai mole~l from this value, With an estimate of
about 50 square angstroms for r, we o%taih for B a value of
5 x-16'9, Here B represents the fraction of the surface moiecules
which are rositive ions, Then ¢, is about 1 x lO6 positive ions
em™2, This implies that equilibrium is attained in a small
fraction of a second; because the rate of loss of positive ions
is-ten times this number per second. Of course; the above
calculalion is extremely sensitive to the estimate of the heat
of vaporization; and the result should be taken as illustrative
rather than'conclusive.

The relatively large fraction; 20 per cent; of the positive
ions which must escape accorfing to the above calculation makes it
seem likely that there is some additional process producing
positive ions when grid 2 is at a high negative bias, On the other
hand; any process which depends on the production of cathodic
particles by the positive ions which escape by evaporation would
be incompatible with the experimental square root law (see page 79).
A tentétive position is that although there may be some. multi-
plicatiph of the positive ion current by the action at the anode
of secondary cathodic particles; such a process can hardly be
responsible for more than about half of the current under these
conditions., |

'The equation for positive ion emission from the l-cm anode
does not fit the curves obtained for the 2.5 and L-cm anodes at
high'éfid-2 bias. Currents calculated from equation (L) are two to
three times too high at about 100 kilovolts. At the limiting volt-
ageé values from équation (4) agree within about 30 percent for all

| anodes, Tabie 5 summarizes these results for the 2.5 and lrcm anodes,
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Table 5

Anode diam., Source strength Voltage Grid-l current
calculated measured

2.5 cm 50 puamp. 225 kv 388/y*amp§ 300 g amp.
b 180 225 635 - 670
L 50 202 330 250

We will return to the discussion of equation {(4) after a
discussion of the dark current observed with low bias on erid 2.
As we have noted, when the bias on erid 2 is below the
critical value, the current produced at the cathode by indident
positive ions rises very sharply as the anode voltage nears the

limiting value, This behavior sugcests an exchanre mechanism
as the cause of voltare limitation, The finite slope of current
versus voltare curves sugrest8 a currente-derendent exchanrce,

We beldéve that such an exchance type of mechanism is
responsible for voltapge limitations at low erid biases. In the
following paragraphs we will show that our data are consistent
with an exchange mechanism involving both electrons and negative
lons a8 the cathodic particles, We will also show that emission
of positive ions by evaporation from the anode surface is
consistent with our data.

In a pure exchange mechanism; particles are produced at an
electrodé only bv the impact of particlés from the other electrode.
However, in our system the Beta source provides a continuous
supply of positive ions on the anode surface. Thus we can rerard
all leakare currents which depend on pocitive ions as a

multiplication of the current produced by the beta particles,
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Such a multiplication of current can not suprly the leakare
currents observed at low rrid-2 biases; if only electrons are
produced at the csthode., At a low liriting voltarse with erid 2
at a low bias the electron current strikine the énode can be no
greater than the zero-kilovoltare char-ine current. At the same
anode voltace with a high rrid bias the electron current is 1ess;
but, due to returning beta particles, it is certainlv no less
than one tenth at any observed limitine voltacre. According to
fhe theory of evaporation of rositive ions; a ten fold increase
in electron current should produce a 3.16@{56)£old increase in
positive ion emission. In the case of the L-cm anode; we have
observed a positive ion current 100 times as great at low bias
as at hipgh bias. Thus we conclude that cathodic rarticlk s other
than electrons must be responsible for a larrce fréction of the
miltiplication at low errid-2 bias., We believe that these particles
are negative ions, |

The results of the solenoid experiments surrort the theory
that nerative ions are the primsry producers of anodic rositive
ions when the anode voltage is limited with low grid-2 bias,
A magnetic field parallel to the axis of the system caused an
increase in the rate of positive ion emission. The fie 1d
presumably reduced the fraction of the secondary cathodic electrons
which could reach the anode, Multirlication of the positive ion
current by a positive ion-~negative ion exchange increased until
the reduction in electron éurrent_was éompensated for by positive
ions, negative ions, and en increase in the number of secondary

electrons produced at the cathode., The negative ions, vith
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mass-to-chsrge ratios thousands of times larrer than that for
electrons, were not affected arpreciably bv the magnetie field,

We believe that positive ions formed by either electrons or
negative_ioné are subject to recombination reactions on the anode
surface. The evidence for this in the case of those ions formed
by electrons has already been presented. In the case of positive
ions formed by negative ions.the theory of évapbration is
supported by observation of a chanre in the apparent coefficient
rroduct, ejcp, with znode diameter. The derivstion and
interpretation of this effect is comrlex, and only a brief
discussion is prresented here. A more c-mplete discussion is
presented in aprendix A. | '

If it is assumed that all rositive ions produced by nepstive
ions escape immediately from the anode surfacé, theﬁ the
multiplication due to 2 positive ion-——negstive ion exchange can
be expressed as 1fl-fcjep). The quantity f is defined as the
fréction of the totzl number of nerative ions produced at the
cathode which can reach the anode. The quantities c¢] and ¢2 are
the coefficients for rroduction of nogative ions at the cathode
and positive ions at the anode by the impact of positive ions
and ne~ative ions reSpectivoly. Table 6 illustrates the efifect

of anode diameter on the product cjc2.
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Table 6
Anode Source Grid-2 Anode
diameter strength bias voltage f 18y
L em 50 amp, =1200 v 150 kv 0.098 8.95
L 50 -600 110 0.162 5.85
1 50 -300 120 0.098 1.8

The changes in coefficient product with anode size are
consistent with the theory that positive ions escare from the
anode surface by an evaporative process and disapprear prrimarily
by recombination reactions. The larger anode has a larger surface
area, and therefore at the sa&e anode field fewer positive ions
cm"2 are required to produce ; given positive ion current. The
lower concentration means that a smaller fraction of the ions
will undergo recombination reactions in a given time, thus a
larpser fraction will escare by evaroration., This results in a
larger value of the coefficient ¢y for the lareer anode.

‘ We believe that the effects observed with the 2.5 and

A-cm anodesAat limiting voltages and high grid-2 bias are due

‘to & multiplication of the electron induced emission by a
negative jion-—positive ion exchange, We will discuss the reasons
for this conclusion,.but first we must discuss the deviations of
the experimentally determined positive ion emission for the 2,5
and Le-cm anodes from the empirical equation derived from the
results obtained with the l-cm anode.

As was noted before, equation {4) does not correctly predict
the positive ion emission for the 2.5 and L4-cm anodes at voltapes

below the limiting kilovoltage, However, an equation of the same
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form as equation (4) with 0.02 substituted for 0,0665 as the
value of £ does fit the experimental results up to voltages
of about 200 kv and 180 kv respectively for the 2.5 and L-cm
anodes. There are several possible reasons for this difference.
The surface area of the anode proper was used for A in equation
(L), but the umbrella and rod as well as the anode were found to
be emitting pbsitive ions. Use of a larger value for A would
reduce the required value for Z. The concentration of positive
ions on the l-cm anode may be enhanced by a positive ion-~nerative
ion exchange with the umbrella, There is also s question as to
the validity of the derivation of the constant &« , All of these
effects tend to produce a value of 7 which is too high, thus we
conclude that £ should be approximately 0.02 far all anodes.

We must then regard the approximately correct prediections of
emission in table 5 as coincidental, and we must find an
expkination for an increase in emission at limiting voltarges.

At limiting voltages with high grid-2 bias the emission of
positive ions from the 2.5 and Lecm anodes is no lonrer proportionsal
to the square root of the charging current as it is at lower
voltages., As we noted on page 80, the production of positive
ions by secondary cathodic particles tends to mask the square
root law, Thus the deviation from the square root law may be due
to a negati#e iona-positivé ion multirlication. The aprearance of
this multiplication in the case of the 2.5 and L-cm anodes and the

lack of it in the case of the l-cm anode may be due to a more

favorable value of ¢3 ip the case of the larger anodes. This

would result from a lower concentration of positive ions and thus

LRI
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a larger prob3bility for any particular ion to escare. .

We now have a general picture of the mechanisms by which
leakage currentsof the "dark current" type are produced in our
svgten, There are two mechanisms, one of them peculiar to our
svstem in that it results from the rresence of a beta source in
the anode. 1In both mechanisms, positive ions are formed in a
film on the surface of the anode. These ions underero recombination
reactions, and only a fraction of them escape from the surface,

There are a number of phenomena which have not $een diccussed.

In the following we will discuss & number of these briefly.

Dependence of coefficient on field

There is evidence that the coefficient for production of
electrons at grid 2 is dependent on the magnitude of the electric
field at the pgrid wires. At a limiting voltage of 170 kilovolts
on the l-cm anode, the leékage current requires a secondary
coefficient of 51 electrons per incident positive ion at the grid
wires. This is comparable with the numbers obtained as secondary
coefficients with the Faraday cage (figure 34,), When the L-cm
anode is limited at 200 kilov-lts, one has to ascsume a coefficient
of 112 electrons per incident ion to explain the nerative leakare
current. The fields at the erid wires.in these two cases wepe
10 kv em™! for the l-cm anode and 54 kv cm~l for the L-cm anode.

T. d. Lewis”ﬁescribes a "Malter-like" effect which is
important for fields of the order of 105 volts em™l, It seems
likely that some such effect ‘is the'cause of the increase in
coefficient at the pgrid wires for fields of about 5 x 104 volts

cm‘l.
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Dissociations

The appearance of a "neutral" peak in the mass spectra of
positive ions can be explained only by dissociation of positive
ions,in flight,into charged fragments and neutral fragments., The
peaks at mass-to=-charge ratios of 0.65; l.h; etc. can be explained
on the basis of dissociation in flight, The transit time for
a positive ion is of the order of ten's of microseconds, thus
the parent ions must have a mean life € about the same order of
magnitude., The peaks at apparent mass-to-charge ratios 0.65; 1.4,
etc. are due to dissociations vhich occur after the ions have
traversed the electric field but before they reach the magnetic
field.

Spark discharge

The spark discharges in our system seem to be intimately
related to the presence of positive ions on the anode surface.
Pérhaps a discharge occurs when the coefficient product, feycp,
momentarily exceeds unity. The size of the discharge would be
determined by the extent to whichfcjcp is ereater than 1. The
"bursty" count rate and the flickering of s rhosphor on the anode
sugr@st that at low grid-2 bias the positive ion concentration is
fluctuating séveral times a second. The steadv count rate at hich
grid-=2 bias is a result of the continuous production of positive
ions by the steady beta current.

Double pulses

The double pulses mentioned in the experimental results section
may be due to negative ions produced>at the first dynode of the

electron multirlier. An incident ion mieht produce 50 secondary
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electrons and one nerative ion. The electrons would reach the
second dynode before the nercative ion. If the nerative ion
producéd a few electrons at the second dynode, the result
would be a double pulse with the second reak somewhat smaller
than the first. g

Time delay in positive ion emission

The observation of a delay of about 1 millisecond in the
stopping of positive ion emission, when the biss on erid 2 is
increased suddenly, lends strong suprort to the theory of
positive ion evaporation. The lack of sufficient data rrohibits
the use of this observatidn for anything more thah corroborative
evidence, |

Higher voltares

As a result of this investication, seversl surrestions can
be made concerning methods for increasing the maximum obtainable
voltages in a svstem similar to ours, One obvious step should’
be the elimination of all sources of orranic contaminants., This
in itself mirght eliminste the possibility of leakare due to
electrons from the beta source; however feduction in the area
exposed to beta radiation might also be worthwhile. A larger
system would permit the use of a cathode grid while reducing
leakage -of the Malter type and more generally, all tvpes of

field sensitive electron emission.,
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V. SUMMARY

We have investigated the leakage of electricity across a
vacuum space in an oil-pumped vacuum system. The leakage has
been shown to consist of a flow of positive and negative
particles between the anode and the cathode. The positive
particles were found to be primarily organic ions produced in
a layer of o0il on the surface of the anode, The negative
particles were shown to be mostly electrons,

We have measured the yields of secondary negative particles
and secondary positive particles produced by average positive
ions in the enefgy range from 50 to 200 kev, These yields
were found to be dependent on the nature of the target material
as well as on the energy of the incident ion.

A mass spectrometer was employed to study the nature of
the positive ions. Most of these ions were charged fragmgnts
of organic molecules with masses ranging from 1.0 atomic mass
unit to more than 1000 atomic mass units., The most prominent
peaks in the mass spectra occurred at mass-to-charge ratios of
27, 32, and 46, Neutral particles were attributed to dissociation
of a portion of the rositive ions during their flight from
anode to cathode,

We have proposed two mechanisms to explain our experimental
results; both involving the formation of rositive ions in the
film of organic material covering the anode surface, Electrons;

most of which originate at the beta source; are presumed to

be the agent for positive ion production in one ulechanism9
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Multiplication of the electron-induced positive ion%current
by a negative ion-—positive ion exchange can be expressed as
l/ﬂ-fclcﬂ, if the positive ions produced by negative ions escape
from the anode surface immediately. This expression was derived
as follows. Assume each positive ion dn the average causes ¢y
negative ions to be emitted and each negative ion on the average
causes c2 positive ions to be emitted. Assume that fecy of the
negative ions strike the anode. An initial positive ion makes
fclc2 positive ions which then pfoduce (f0102)2 positive ions etec,
The multiplication factor is then the sum of an infinite series;
l#-fclcz-r(fclcg)a+ ceslfeyea)®.. o If feye, is less than one;
this series is equal to 1/0-fcjcy)

The value of the multiplication'factor can be calculated
from experimental results. Measurements of the current to grid 1
at a given voltage, first with high bias then with low bias,
provide the necessary data. The muitiplication factor is the
‘ratio of positive ion emission at low bias to that at hipgh bias.
The values of cj¢y recorded in table 6 were obtained by equating
the multiplication factor and the expression lAl-fclcﬂ;

We have calculated values for the coefficient product, cjc,
(table 6), on the asSumptionrthat_the positive ions produced by
negative.ibns‘espare immediékely from the anode surfaée. We %will
nowtuse~equations.(1) and (4) in an attempt to predict the ratio
of ¢y¢y for the 4-cm anode to cjcp for the l-cm anode, Wé’ﬁill
asSume that a reasonable agreément between the calculated value
and the rredicted value of this ratio is an indication that the

positive ions produced by negative ions are subject to the same

oy e
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recombination and evaporative processes as those produced by
electrons,

The ratio of ¢;c, for the 4-cm anode to cjez for the l-cm |

2
anode can be expressed in terms of yrobability of escape for
positive ions on the anode surface. The rrobability that a
positive ion on the anode surface will escape by evaporation is
‘given by the expression P= Rd/R Rd, where Rq is the rate of
desorption of positive ions and Ry 18 the rate of recombination,
If Rq is less than R,, the approximation P= R4/Rr can be made.
From equations (1) and (4) in the dischssion we get the relation&
ships I.= ARy = kTh'lAc,e{éxp 6.75 x lOéEag; where A is the area
of the énode; ¢, is the concentration of positive ions, and

Ey is the anode field in volts cm'l. The quantity R, is by

hyrothesis proportional to(c+)2. With the assumption that c)
is independent of cathode field, the ratio of cje¢p for the 4-cm

anode to cjcz for the l-em anode is given by the equation

_1_2.&,} Fél'} _LlLd_ e{exp 6,75 x 10"6[Ea(l+)—E (1)1€

In this equation the numbers in parentheses refer to anode
diameter, The value of the exponential term depends only on
the voltages and radii of the two anodes. The ratio of c4(1)
to c,(4) can be obtained.from experimental data, if we assume
the validity of equations (1) and (4). The secondary negative
current to prid 1 is used‘in the usual manner to calculate the
positive ion emission-rates; I,(1) and I4(4). The quantity
T1+(1)/I4(4) is equal to the expression |

I+(1) _ c+(1) A(1) etexp 6.75 x 10-6 [k (1)-E (h)}
By - st o ® A

Solving this for c+(l)/c,(h) and subsﬁituting in the above

T 4 N
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}equation we obtain the following form for the ratioftof

coefficient products;

gzl - L) gy ol x0T Bubsnnl)
2 t ‘ , :

Substitution of experimental data obtained for the Lecm
anbdé at 150 kv with -1200 volts on grid 2 and for the l-cm
anode at 120 kv with =300 volts on grid 2 gives clcg(h)/clc2(1)=
5,9, This is in satisfactory apgreement with the ratio of the
values in table 6: cjcz(L)/cje2(1l)= 5,0, Thus we conclude
that evaporation and recombination reactions are important

fro positive ions produced by negative ions,
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