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CHAPTER 1

INTROBUCTION

A. BSurvey of Previous Work

In 1910 it was discovered that certain metals when bombarded with
high energy electrons possess the property of emitting a greater number
of electrons than the number initially bombarding the surface. This phe-
nomenon has been termed "secondary emission" and is the physical basis of
the current or pulse amplifier kmown as the electron multiplier.

The first practical electron multiplier was designed and comstruct-
ed in 1935 by Zworykin, Morton and Malter.l Prior to 1935 intensive in-
vestigations had been made to determine the nature of secondary emission,
with the view of suppression of the emisgion since 1t is detrimental. in
the operation of several electronic devices (e. g., secondary emission
from the grid of a triode).

The general technique employed in the first designs and incorpo-
rated in designs of the present time consists of detecting positive ions
end electrons by allowing them to impinge on a metal target. Usually
these targets have been sensitized by heat treatment in order to increase
the number of electrons emitted. Through suitable choices -of electro-

static and magnetic fields these secondary electrons are: accelerated to

lU K. Zworykin, G. A. Morton, and L. Malter, Proceedings of
Institute of Radio Engineers 24, 351 (1936).



2

another target or dynode where each of these electrons gives rise to ad-
ditional electrons. This process repeated several times results in a cas-

cade which can be represented by the well-known formula:
I=1IX"

where I is current collected,
I, is primary current,
X is the average number of emitted’electrons per
incident electron,
n ig the number of stages of amplification (the
number of dynodes).
Thus, it i1s clear that a high amplification factor (i. e., I/I,) may be
achieved provided X is large or the number of dynodes is great.

As mentioned above, the electron multiplier mey be used to measure
eilther current or single particles. Detectors commonly used for single
particle detection are Geiger-Mueller tubes, proportional coumters, or
ionization chambers, all of which depend upon gaseous iomization. In
recent years, special adaptations of the electron multiplier by K’allma.nn,2

Coltman and Marshel,3 and Jordan and Bell)+ are rapidly replacing these

2H. Eallmann, Scintillation Counter Symposium, Oak Ridge National
Laboratory, June 1949.

33. W. Coltmen and F. L. Marshel, Nucleonics 1, 58 (1947).
bp, R. Bell and W. H. Jordan, Nucleomics 5, 30 (1949).



3
conventional detectors. These investigators have placed a fluorescent
‘screen or phosphor in the path of the particle to be detected. The energy
of the incoming particle is absorbed by the phosphor which fluoresces,
emitting photons which strike the photo-sensitive first dymode of the
electron mnltiplier. Using this method it is possible to count with
high efficiency and also to obtain the energy spectrum of the incoming
particle. This adaptation has found widespread use in the counting of
alpha, beta, and gamma particles, yielding data on nuclear structure.
(This type of counter is known as a "scintillation counter".) The multi-
plier to be described in this paper is to be distinguished-from the above
in that the first dymode is not photo-sensitive.

Two distinctive designs of the electron multiplier are commonly
used. In the first multipliers constructed, crossed electric and mag-
netic fields were employed to focus and accelerate the electrons down
the tube. Schematically, the general arrangement is shown inm Fig. 1.

As seen in Fig. 1, the design consists of two rows of plates with
the bottom row sensitized for high secondary electron emission. The top
row establishes a transverse electric field, while a small potential dif-
ference is maintained between the plates of the bottom row to accelerate
the electrons to sufficient energy for secondary emission. An external
magnetic field, normal to the plane of the paper, is imposed at right
angles to the electrostatic field established by the plates. The electrons

will travel from plate to plate in cycloidal paths releasing additional



Field Plates
S~ .

Colllector

Fig. 1. Magnetic Electron Multiplier.

electrons at each impact. Lincoln Smith,5 working at Br?okhaven National .
Laboratory, has recently assembled a multiplier of this type with 15 stages
of amplification.

The second design of the electron multiplier entails the use of only
electrostatic fields to focus and accelerate electrons down the tube. Sev;
eral investigators have designed and constructed multipliers of this type.

6,1 working at the University of Minnesota, is largely re-

However, Allen,
gponsible for the development to its present status. To obtain large mul-
tiplication at each surface, it 1s necessary that the incident electron

move against a field gradient near the surface of the dynode or plate.

Thus, it 1s necessary to design a plate whose shape and potential are not

o1. Smith, "Magnetic Electron Multipliers for Detection of Positive
Ions", AECU 1057 (1950).

6J. S. Allen, Phys. Rev. 55, 966 (1939).

5. s. Allen, Rev. Sci. Instr. 18, 739 (1947).
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only properly directed/gt the surface of the electrode but which also fo-

cuses the emitted electron to the succeeding dynode. The shape and place-

ment of the dynodes were studied in great detail by Zworykin and Rajchman8

and later improved by Allen. In Fig. 2 is shown a simplified diagram off

i

the multiplier as described by Allen. The dynodes are made of berylliumL
copper alloy and sensitized by heat treatment in vacuum. Eleven stages

of multiplication result in an average overall multiplication of approxi-

6

mately 10° or & gain per stage of 3.8.

YiT_Collector ' , =

Entrance

e

lst Dynode

Fig. 2. Allen Type Electron Multiplier.

* The advantages and disadvantages of each design are numerous. The
magne£ic multiplier has a smaller transit time under normel operation con-
difions, thus allowing higher counting rates; has no positive ion feedback,
which would contribute to noise at counting rates; higher electric fields
aré employed resulting in larger currents before space charge effects start
defécusing. It is also possible to operate the magnetic type in the pres-

ence of magnetic fields, thus enabling operation around cyclotrons and

8V. K. Zworykin and J. A. Rajchman, Proceedings of the Institute

of Radio Engineers §§§, September, 1939. (.Cf. Pierce, J. R., Bell Labo-
ratory Record 16, 305, 1938.
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other electromagnetic devices. An advantage of the pure electrostatic
type is the elimination of the magnetic field, thereby eliminating the
rather large and cumbersome magnet required. Also, the electrostatic
multiplier is operated at lower electrical field gradients resulting in
a decrease in corona discharge and surface leakage (which appear as noise).
The materials used in the construction of the multiplier (in partic-
ular the dynodes) must meet certain requirements imposed by the condition
of efficient single particle detection. An important requirement of an
electron multiplier is that it have a low dark current. (By "dark" cur-
rent is meant all output current or pulses when there are mo particles
striking the first dynode.) The dark current or noise is primarily govern-
ed by the photoelectric and thermionic émission from the first dynode;
therefore, the electrodes should have a high work function with a large
secondar& emigsion ratio. Since the surface is usually sensitized by heat
treatment, the dynodes must also possess a high melting point. Other de-
sign requirements include rigidity to prevent microphonic vibrations of
the electrodes; tightly soldered electrical contacts to reduce noise; high
inter-electrode insulation to prevent surface leakage; and low collector
capacitance to provide for a large voltage pulse when counting individual

particles.

B. Statement of the Problem

Recently investigators, in attempting to determine the effect of
radiation on the crystal structure of materials, have become aware of a
serious lack of information concerning the behavior of low energy heavy

particles. When radiation is absorbed by matter, the atome or molecules
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of the absorbing medium may be ejected from their normal lattice sites

with considerable energy and are known as "recoil particles.™ These
recoils lose their energy in elastic and iﬁelastic collisionb with other
atoms. This process results in a local disruption of the crystal lattice
which leads to changes in the properties of the material. Several labora-
tories have initiated research involving energy loss per collision, elas-
tic and inelastic collision cross sections, charge exchange, and range
energy relations. In view of the extremely short ranges of the recoil
particles in solids, it is much more convenient to study the mechanism

of energy loss of heavy charged particles in gaseous targets.

In any experiment involved in the above studies some particle de-
tector must be used to record quantitatively the particles- present under
various conditions. Conventional detectors cannot be used for two reasons.
One is that heavy particles of low energy possess an extremely short range
thereby necessitating the use of a windowless counter. Second, the energy
of the particles may be so low that ionization is very improbable, there-
by eliminating all detectors depending upon gaseous ionization. The nor-
mal scintillation counter presents a possible solution; however;, several
factors reduce its usefulness. Since no window can be used, the scintil-
lation crystal must be mounted in a vacuum resulting in sublimation of
the crystal. This difficulty could be overcome by using a crystal such
as calcilum tungstate; however, ion impact upon a crystal temnds to darken
the region where the ion beam is striking, resulting in a gradual decrease
in efficiency.

In surveylng the field of ingtruments it was decided that a con-
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ventional electron multiplier might be useful as a detector meeting the
above requirements. A program was initiated to determine the effect of
the various parameters upon the gain of the multiplier. If the electron
multiplier is to be used as a quantitative instrument, it 1s necessary to
know the effects of pressure, aging, input current, and multiplier volt-
age. Finelly, since different masses at various energles are to be de-
tected, the gain must be determined as a function of mass and energy.
Throughout this report the performsnce of the electron multiplier
is based upon its gain or efficiency. The terminology "gain" refers to
the average number of electrons collected per ion incident on the first
dynode, while “"efficiency" refers to the ratio of the number of output

pulses measured to the nuﬁber of incident ions.



CHAPTER II

PHENCMENON OF SECONDARY EMISSION

A. Theoretical Explanation

The detection of positive ions with an electron multiplier is
dependent upon the phenomenon of secondary emission both from positive
ion impact at the first dynode and electron impact at the succeeding
dynodes. For this reason it is necessary to understand the processes
involved in the liberation of the secondary electrons.

No theory capable of quantitatively predicting the yield of
secondary electrons from a metal surface has yet been developed. How-
ever, 1t 1s possible to predict qualitatively the extent to which the
yield may be influenced by various factors, such as primary particle
energy and mass, target temperature, surface condition, time, the atomic
properties and compogition of the target, and the angle of incidence of
the primery beam.

In deriying a theory for the yield of secondary emission, three
factors are of importance in the production of the secondaries. In the
first place, there must be a particle interaction between the primary
electron or positive ion and the electrons of the metal. Second, in
slowing down in the target the primary suffers inelastic collisions,
thus one must know the probability of transferring sufficient emergy to
the electron to allow it to emerge from the surface of the target.
Third, the depth of origin of the secondary is dependent upon the energy

of the primary particle. Therefore, for the secondary to be observed,
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it must move from the point of creation to the surface, still maintain-
ing sufficient energy after collisions with the target atoms to pene-
trate the surface barrier. None of these three processes 1s completely
understood, so that in any theory certain assumptions must be made in order
to compare experimental results with the theory:

One of the first theories using purely classical models was propos-

ed by Bruining.9 A condensed form of this theory is to be found in "Advances
in Electronics".lo Briefly, it is as follows: The assumption is made that

the primaries lose energy according to Whiddington's law

[v2)?] = [())? - ax

where eV(x) is primary energy at distance x from surface,
eV(p) is primary energy at surface,

a is the lattice constant.

Also, it is assumed that the rate of energy loss is proportional
to the number of secondaries produced per unit path length and that the
gecondaries are absorbed exponentially. Then the number of secondaries

emitted due to a layer of thickness dx at a depth x is

(1) ai, = Kipe’ax . eX£x2 ax

9H. Bruining, "The Secondary BEmission of Solids", Springer, Berlin.

10g, G. McKay, "Advances in Electronics", New York: Academic
Press, p. 90 (1948).



where 1g is secondary current,
a is absorption coefficlent,
ip is primary current,
K is constant of proportionality.

Substituting the energy loss as given by the Whiddington law,
8 . -@X 2 -1/2
(2) a1, = 5 Kipe (e2VP - ax) ax .

If eV(x) = O in Whiddington's law, then we have the m?ximum depth of pene-
tration of the pérticles_as

e 2
Xmax = *

a

On integrating (2), we obtain

(3) i, =1/2 Kaipgi,m[éavpz . a.:g'l/ae’ ox

2
(o]

where r = eV

PIR
]
Ll

Taking the derivative of (3) with respect to (eVb) and setting

equal to zero, we obtain

ai ) 2T 2
8. =Ki_ {1 - 2re Sedy:O.
L [o]

d
(V)
Solving for. r = eVp % = 0.92 and -
. v = 0022J§ .
pmax e a
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Using known values of a and ¢ for nickel, Bruining obtained a
value vpmax = 1420 volts as compared with the expérimental value of 550
volts. This vPmax is the energy of the primary particle for which the
secon@ary emigsion is & maximum. A theory such as Bruining presented is
inadequate in that it neglects the detailed mechaniém of particle inter-
action and absorption. _

Wooldridgell has applied quantum mechanics to the process of secon-
dary emission and has derived a theory in much better agreement with ex-
perimental values than the above theory. He takes into account the bind-
ing of the valence electrons to the latticé. A beam of primary electrons

2
of kinetic energy éE— and of momentum f/k travels through the lattice of

2m

the mgtal. Accprding to quantum theory of solids, the lattice electron
in such an energy state is excited into higher energy states as a result
of the interaction with the primary electron. A certain percentage of
the excited electrons will have sufficient energy to escape from the lat-
tice. The exclusion principle is taken into account in two ways:

(1) By using Fermi statistics in summing the results over all the
lattice electrons and

(2) By excluding all transitions of electroms to occupied quantum
states.

The yield curves obtained directly from the theory are widely

variant from the experimental curves. Closer agreement with the experi-

mental results is achieved by a process of normalization. The disagreement

11p, E. Wooldridge, Phys. Rev. 56, 552 (1939).
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between theory and experiment is probably traceable to the fact that
Wooldridge considers only energy losses involved in producing secondar-
ies, and also neglects the elastic colligions’of the secondary electron.
The theory predicts that a large secondary emission can be obtained for
metals with a large lattice constant and a small Fermi energy. One is wn-
able to predict from this theory whether contributions from filled bands
are appreciable.

Another theory advanced by Kb.dyshevichl2 states that the secon-

daries arise from collisions with éffectively free electrons of the

metal. The primary particle collides with a free electron imparting to

it a component of momentum in a direction normal to the direction of the
particle. These electrons undergo elastic collisions with electrons and
lattice ions, and some are eventually liberated from the surface. This
theory falls at high energies since no account is taken of the interaction
of the primaries with the lattice ions.

The hypothesis that bound electrons may be important sources of
secondaries has not been investigated thoroughly. Certain qualitative
arguments can be made to suggest that the bound electrons are important
sources of secondaries. The arguments are:

(1) Bound electrons are much more numerous and thus for high
primary energies may be important.

(2) Experimental evidence shows the yield curve as a function of

energy to be very much the same as the ionization curve of gases; thus

’le. E. Eadyshevich, Journal of Physics, USSR 2, 115 (1952).
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the secondaries may arise from a process of ionization in the metal.

B. Secondary Emission from Electron Impact: Experimental Results
1. Velocity Distribution '
The yield of secondary electrons from metals is usually denoted

by the symbol S and is defined as the ratio of secbndary electron current

to the primary current. In Fig. 3 is shown a curve determined by Rudberg.

| B

@

o)

L]

g

b, A

1§

o

[

Ko~

ot

B

Z

“H

ot

] L 1 | 1 I | ] ]

0 ko 80 120 160

Vg (volts)
Fig. 3. Velocity Distribution of Secondary Electrons.

The curve may be interpreted as follows: The peak at point A is due
to primary electrons which are elastically reflected from the target at

the same energy (i. e., Vg = incident velocity). These electrons are

13g. Rudberg, Phys. Rev. 50, 138 (1936).

13
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known as reflected electrons. A maximum at point B results from the
true secondary electrons, with the curve being ver& close to a Maxwellian
digtribution. The part of the curve between peak A and the Maxwellian
distribution is produced by inelastically reflected primaries. The total
yield is usually reported (i. e., the integral of Fig. 3).
2. Incident Primary Energy '
The general shape of the curve of yleld versus the primary energy

1L
is practically the same for all target materials. Fig. 47" ghows the

. Experimental Points
--~- Kadyshevich Theory

o L — Wooldridge's Theory

/
1B

L. i | ) i
0 200 400 600 800 1000
Primary Energy
Fig. 4. Secondary Electron Yield as a Function
of Primery Energy for BeO.

L —

i

H. S. W. Massey and E. H. S. Burhop, "Electronic and Ionic Im-
pact Phenomens,” Oxford University Press, 1952, p. 306.
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variation in yield for BeO. It is seen that the yleld increases to a
maximum at approximately 600 folts and then gradually decreases. Also
shown are the values predicted by the theories of Wooldridge and Kadyshe-
vich. For pure metals the value of Spax 1s usually between 1.0 and 5.5,
while for compounds the values are uéually greater, being asg high as 11
for compound gurfaces of cesium. Table I from Kbllathl5 shows the value

of & and the incident energy at the maximum for a number of materials.

max

Table I

Maximum Secondary Emission as a Function of the
Target Material and Primary Energy

Target 8max meax
Cesium Compound 8.5 400-600
Be 5.4 600
Al 2.4 koo
Pl 1.52 1000
Au 1.45 780
W | 1.33 625
Ta 1.3 625
Cu 1.27 ~ 600
c 0.6-1 600
Fe 1.27 Loo

13R. Kollath, Ann. de Physik 32, 285 (1938).
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3. Temperature Effect _

WOoldridgel6 has studied in detail the dependence of secondary
emigsion on temperature. Previous workers had shown that secondary emis-
sion was insensitive to temperature, however, Wooldridge has detected
changes of 1 to 2 per cent for iron. The measurements indicate no change
in secondary emission for iron up to 200°C. Above 200°C the coefficient

decreases slowly until at 900°C an abrupt change occurs, probably due to

& change in the crystalline structure of the iron.‘ This small change was
contrary to that predicted from theofy in that_it was expected that the
number of secondaries would increase roughly as the_lattice constant, a,
(i. e., the same as the volume coefficient ofregpansion). It was con-
cluded that if there is an increase in the p;oduepion of secondaries
by temperature_effects, then most of the electrons are absorbed before
leaving the surface. |
4. Effect of the Surface

Much of the work that has been done with secondary electron
emigsion is unreliable since only a few investigators have made any at-
tempt to control the surface condition. This is especially true for
metals which oxidize readily to form a compound with properties entirely
different from the metal. Also, the mechanical condition of the surface
seems to p;ay & predominant role in the emission properties. This has been
explained qualitatively by assﬁming a rough surface to be composed of many

wells. If an electron is emitted from the bottom of one of these wells,

16D. E. Wooldridge, Phys. Rev. 58, 316 (1940).
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there is a high probability that it will be absorbe@. ]3ru:|.n1ngl7 hasg
made a study of the emission properties of lamp black and smooth ca.rb.on
(Fig. 5) and hag concluded that the greatest decrease in yield is obtain-

- ed when the carbon granules are approximately 3OA° apart.

2.0
Smooth Carbon
105_
© 3.0
Lamp Black
005
S| , L1 L | | 1.
o 200 k00 600

Primary Energy (volts)

Fig. 5. Secondary Electron Yield for Smooth
and Rough Carbon.

i

17, Bruining, Philips Technical Review 3, 80 (1938).
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5. Effect of Adsorbed Gases

Closely associated with surface condition is the effect of
adsorbed~gases on the yield. Since the amount of gases adsorbed is an
unknown quantity end also since the method pf ;emoval is usually by heat
treatment (which may induce crystalline changes), no quantitative state-
meﬁt can be made as to the effect of adsorbed géseg. Generally it has
been determined that the adsorbed gas increases the secondary yield
appreciably. Until the emitter is completely outgassed, repeatable re-
sults cannot be obtained.

6. Effect of Atomic Properties

~ Certain trends have been established in.the manner in which

phe atomic properties influence secondary emisgipn. One would expect a
change in the yield with the work function of the metal, yet from the
experimental evidence available the work function p}gys only a minor
role. A plot of yield versus the work function giyesvg‘positive slope,
which is contrary to what one expects. For example, cesium with a work
function of 1.81 ev has a relatively low yield of 0.7 to 0.9, while
platinum with a work function of 6.27 ev has a yield of 1.8. This may
suggest some other atomic property changing along with the work function.

If a plot is made of the yield versus the ionization potential
of the metal, there is a direct correlation. From a classical model,
if one assumes that the number of free electrons decreases as the ioniza-
tion potential increases, then this suggests that secondary electrons
produced within the metal may diffuse more readily to the surface if

the atams which form the lattice have a high ionization potential.
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The effect of crystalline structure on yie;d is relafively small.
Changes up to 10 per cent in yileld have been.detected for a change in
crystal orientation. As mentioned in Section B:3, changes in yield of
1 to 2 per cent were noted as a result of chapge in the crystalline

gtructure. Wooldridge and Hartma_.nl8 have found that the change in yield

between order-disorder states of the alloy Cué-Au is less than 1 per cent.
Suhrman and Khndtl9 have studied secondary emission from thin pure metal-
lic films in both ordered and disordered states for copper, gold and sil-
ver. The secondary emission yleld increases up to 30 per cent for the
ordered cases. The conclusion is usually drawn that no simple correla-
tion has been determined between atomic properties and the yield of secon-
dary electrons.
7. Effect of Angle of Primary Particle
Several investigators have studieﬁﬂt@e_yield ag a function of

the primary éngle and, as expected from the'brgggésgg postulated in secon-
dary emission, the yield is increased for leiqueviqc}dence, gince the

gecondaries are formed closer to the surface, rgsulting in less absorp-

tion. For nearly grazing incidence the yield is often three times larger

18p, W. Wooldridge snd C. D. Hartman, Phys. Rev. 58, 381 (1940).

19, Suhrman end W. Kundt, Z. Phys. 120, 363 (1943).
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than that for normal incidence. The Bruining lgwgo for yield has been
verified experimentally and is usuall& stated in the form

= ke(l - cos 9)

where © is the angle from the normal to the surface.

C. Secondary Emission from Positive Ion Impact

The complex problem of secondary eﬁission yield is furthef com-
plicated in dete;mining the yield from positive_idn impact. For positive
ion impact, not only the various parameters which were discussed for in-
cident electrons must be considered, but also the mass and electronic con-
figuration of the positive ions. The increased mass of the primary parti-
c¢le results in different type of particle intergction. Khdyshevichzl hag
ghown that the maximum amount of energy transferable in a collision is
L ﬁ times the energy of the primary particle, where m and M are masses
of electron and positive ion respectively. Fqghl9w“§n¢rgy_positive ions
it would be impossible to impart sufficient energy pywdirect interaction
with the electrons to enable them to penetrate the surface barrier.

Several processes are possible when a heavy positive ion pene-
trates & metal. One of the most probable is the interaction of the posi-
tive ion with the crystal lattice, giving secondary electrons. For the

glow positive ions it is believed22 that secondary emission takes place

20§, Bruining and J. H. DeBoer,‘Physica 6, 834+ (1938).
21loc. cit.

225, 5, W. Massey and E. H. S. Burhop, loc. cit., p. 54l.
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in two steps: One, the positive ion captures an electron from the metal
leaving the neutral particle in an excited state, and then the transition
of the excited particle to the ground state em;tting energy which ejects
an electron from the metal. Other»processes occurring from pogitive ion
bombardment are sputtering, ions being elasticallyireflected, formation
of metastable neutral atoms which may leave_the surface, creation of neg-
ative ions by the positive ion capturing two electrons and the interac-
tion of the positive ion with the occluded gases at thg surface. All of
thesge processeé»make it extremely difficult‘to obtain quantitative data
that can be repeated by other investigators.

Due to these factqrs no detailed accpunﬁ‘will be presented con-
: cerping the ro;e of'the various parameters effecting the yield from pos-
itive ion impact, but rather a brief summary wi;l be given, presenting
results that several workers have obtained. Much_of the early work done
using artificially created iomns is worthless, singe %t was assumed that
the ions were all of the same kind, and no mass analysis was employed.
Later investigations have shown that this assump@iqg';ﬁ‘ipvalid and can
introduce serious errors. Using alpha particles, it was found that 7,
the ratio of the number of electrons to primary positive iomns, vary from
3 to 30, decreasing with increasing alpha particle energy . This decrease
at high energy is probably due to the greater depth of formation, result-
ing in greater absorption of the electrons.

It must be remembered that the values of y reported will vary

widely since very few investigators were aware of the effect of unclean
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surfaces. Usually the variation of y with energy reaches a maximum for
the lower masses while for heavy ions no maximum is obtained. For Hg23
there is a steady increase in y up as far as 3 Mev.

Oliphanteh hag found that for He' ions striking a molybdenum target
the secondary emission varied with the energy of the incident ion from
0.08 to 70 in the energy range of 80 to 1000 ev. Heale and Cha.ffee25 ob-
tained practically a linear increase in emission with energy when a hot
nickel target was bombarded by Hé+ in the energy range 300 to 1000 ev.
Heale,26 in comparing the effect of H2+ and D2+, found a smaller emis-
sion from nickel for the D2+ than for H2+ ions of the same energy as

27

shown in Table II. Heale and Houterman, using an outgassed Ni target,
found that for He® in the energy range 450 to 1650 ev the secondary emis-
sion ratio increased from 0.49 to 1.07, for Ne' in range 900 to 1275 ev
y increased from 0.43 to 0.57, for AT in range 680 to 1480, 7 changed
from 0.11 to 0.18. The conclusion was drawn that as the mass of the ion

increases the secondary emission decreases for a given energy. Hill et

a1,28 have measured the yield in the energy range 43 to 426 kev for H+,

2
3L° H. Lindford, Phys. Rev. 47, 279 (1935).

QhM. L. E. Oliphant, Proceedings of Royal Society of London Al27,

373 (19%0).

2M. Heale and E. L. Chaffee, Phys. Rev. 55, 984 (1939).

20y. Beale, Phys. Rev. 55, 98k (1939).

27M. Heale and C. Houterman, Phys. Rev. 58, 608 (1940).

28A. G. Hill, W. W. Buechner, J. S. Clark, and J. B. Fisk, Phys.

Rev. 55, 463 (1939).
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TABLE II

SECONDARY ELECTRON EMISSION FROM NICKEL
FOR LOW ENERGY H,* AND D,*

Energy 7
H2+ D2+
%00 0.15 0.125
800 0.265 0.240
1200 0.375 0.305
1400 0.43 0.330

H2+, and He' bombarding targets of molybdenum, lead, aluminum and copper.
Table III shows the results obtained. For protons the yield decreased,
Hé+ was nearly constant with energy, and He* varied slowly with energy.
It is seen from the results obtained that the emission increases as the
mags of particle increases. They also report a decrease in yield of ap-
proximately 50 per cent after the first two hours of operation.

Recently renewed interest in the mechanism of the loss of energy
of positive ions has prompted several investigators to obtain more data
to further clarify the subject.

Hagstrum29 has made a detailed study of the electrons emitted

from a clean molybdenum target by bombarding with ions of He+, He++,

29H. D. Hagstrum, Phys. Rev. 89, 24k (1953).
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TABLE III

VALUES OF SECONDARY EMISSION AS FUNCTION
OF ENERGY AND MASS

Ion | Metal Energy (kev)

78 107 142 213 28l 355 426

gt Mo k.1 3.77 | 3.27 | 2.76 | 2.35 | 2.18 | 2.01
Cu 3.88 3.61 3.41 2.90 2.52 2.4, 2.21

B’ Mo | 6.31 | 6.59 | 6.50 | 6.19 | 5.56 | 5.45
Cu 6.68 6.64 6.45 6.26 6.30 5.71 5.6
Het Mo 12.8 13.3 13.9 4.1 4.3 4.3 4.1

He2+ in the energy range 10 to 1000 ev. The data obtained indicates that
for every He' ion, an electron is excited into the kinetic energy continu-
um with some of them being reflected at the surfaée barrier. Evidence is
presented to show that the electron is released in an Auger type process,
i. e., the excited metal ion on decaying to its ground state ionizes it-
self with the eJection of an electron. The metal ion is excited while
the incoming ion is outside the metal surface, hence this process is com-
monly termed potential ejection. It was found that the number of elec-

trons emitted is neerly independent of the kinetic energy of the primary
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positive ion over the energy range studied.

Ploch30 has made a study of lithium, neon, and potassium ions on
degassed molybdenum, beryllium, and copper targets. To eliminate the
effect of electronic configuration, the isotopes of fhe above ions were
compared, and it was found that for isotopic ions of the same energy the
lighter isotope always emitted more electrons than the heavier ion. From
the manner in which the data are presented, the emission for ions of dif-
ferent elements cennot be compared. Analysis made of the data indicates
a velocity dependence, since the ratio (at a given velocity) of emis-
sion for heavy isotopic ions to lighter isotopic ions is always near
unity over the energy range 600 to 6000 ev. It was concluded that the
only.source of secondaries compatible with the data was the release of
secondaries from the surface. For similar electronic configurations a
simple relationship exists between the electron emission and the radius
of the ion.

The inconsistencies of emission from positive ions as discussed
above suggests that much more reliable experimental results must be ob-

tained before any comprehensive theory may be established.

30y, Ploch, Zeitschrift fiir Physik 730, 174(1951).



CHAPTER III
EXPERIMENTAL APPARATUS

The experimental equipment used for measurements in the energy in-
terval of 1 to 10 kev is shown in the block diagram (Fig. 6) and the
photograph (Fig. 7). Briefly, it consists of an ion source to supply the
ions; a beam defining system and an analyzing magnet to provide a homo-
geneous lon current; the electrometer to measure incident current; the
vacuum system, an alpha particle source mounted on a Wilson seal; the
electron multiplier; and the associated electrical equipment. For high
energy measuremegts the beam of ions (homogeneous in mass and energy) was
supplied by a conventional Cockcroft-Walton accelerator.

A. The Ion Source

The ion source3l'used in this work was developed specifically to
provide an intense beam of positive ions for a Cockcroft-Walton accelera-
tor. The essential elements of the source are shown in Fig. 8. Two cir-
cular tantalum anodes are mouted on airplane type spark plugs. This elec-
trode assembly is flanged to a cylindrical stainless steel vacuum chamber.
The vacuum seal is accomplished by means of a copper gasket. The magnetic
field parellel to the axis of the electrode assembly is established by a
variable electromagnet, capable of supplying field strengths up to 1000
gauss. The discharge or plasma is initiated and maintained with a stand-

ard O to 7.5 Kv D. C. power supply. The ions are extracted through a 1/8"

3e, &. Barnett, P. M. Stier, and G. E. Evans, Rev. Scient. Inst. 24,
39% (1953).
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diemeter opening in one of the cathodes and are accelerated through the
center of one of the pole pieces. Ion currents in excess of one milli-
ampere have been obtained from the source. Gas consumption is approxi-
mately 2 atmospheres cc/hr. Operating life is in excess of 500 hours.
Power consumption is approximately 100 watts, which could be reduced to
30 watts by replacing the electromagnet with a permanent magneﬁf

B. Vacuum 8ystem

The vacuum system consisted of two high vacuum oil diffusion pumps,
one to maintain low pressure in the source region and the other to evacﬁa%e
the multiplier region. Both pumps were VMF-260 manufactured by Distilla-
tion Products Industries. Each pump was backed by a rotary mechanical
pump (Welch-Duo-Séal 1405). Between the oil diffusion pumps &nd the
vacuun system liquid air cold traps were imstalled to condense oil vapor
from the pumps. Octoil-S, with a vapor pressure of lO'8 at room tempera-
ture, was used in the diffusion pumps. All pressure measurements wére
made with a VG-1A ionization gauge believed to be accurate to within five

per cent.

C. Beam Defining System

The beam was defined by two rotaery slits, one mounted preceding the
analyzing magnetfwith-the other defining the beam after the mass analysis.
Each slit consisted of a circular brass plate 1/8" thick with a horizon-
tal slit 1/8" wide cut in the plate. By mounting these plates on rotating
geals to allow axial rotation of the slit, a very highly collimated beam

could be obtained. These plates also serve as the beam attenuator. To
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further insure a well-collimated beam and to prevent neutral particles
from entering the multiplier, a non-movable defining system was installed
which consisted of two slits 1/16" wide with one mounted vertically and
the other horizontally.

D. The Electron Multiplier

Two designs of the electron multiplier were constructed and tested.

32

The first design tested is that as used by Snell, while the other is

basically the one designed by Allen.33

The latter design, used in most
of the experiments, is shown in photograph, Fig. 9. Essentially, Snell's
desigﬁ is the same as Allen's with an enlargement of the first dynode and
a rearrangement of the position of the first three dynodes. Due to the
increasged area of the first dynode in Snell's model, it is necessary to
use an entrance grid to prevent severe electric field distortion. Since
the two electron multipliers are essentially of the same design, only
Allen's multiplier will be dlscussed in detail.

All dies and templates for the multiplier were machined by the ex-
perimental machine shops at Oak Ridge National Laboratory. The dynodes
vere made from a commercial grade 2 per cent beryllium-copper alloy, 5
mils thick. The end pieces were fabricated of l/h" thick“teflon. The

dynodes were supported between the end plates with 062" diameter nickel

rods with ends threaded and terminated in rounded closed caps to hold

2
3 A. H. Snell and L. C. Miller, "The Secondary Electron Multiplier

as a Particle Counter,” AECD-1956.
- ‘\,l

33J. S. Allen, Rev. Sci. Instr. 18, 739 (1947).
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the assembly together while reducing corona to a minimum. External
voltages were supplied through a BG-1087 airplane-type spark plug.
The edges of the dynodes were rolied to allow the nickel rods to slide
through. The voltage divider consisted of 1.2 megohm resistors soft-
goldered to the ends of the nickel support rod. No trouble was experienc-
ed with outgassing of the resistors, but the flux used in making solid
golder Jjoints leads to some outgessing. The lead from the collector was
carefully shielded and taken through the support base flange by means
of a kovar seal. The capacity of the collector and output lead was 21
micro-micro farads. Aluminum plates were mounted near the front end and
tied electrically to the first dynode. The purpose of these was to shield
electrically the first few dynodes and to prevent positive ions from drift-
ing in. Two multipliers were constructed with 1/2" holes drilled in the
insulating end pieces to increase the pumping speed in the active region
of the multiplier, since a high pressure tends to result in positive ion
feedback. On later models these holes were omitted with no noticeable
increase in positive ion feedback. Throughout the construction of the
multiplier sharp edges and points were carefully avoided to decrease
corona. The entire structure of the multiplier was mounted on a brass
base flange. A soft iron wacuum housing was used to decrease effects
that stray magnetic flelds might have on the multiplier operation.

One great disadvantage encountered at low energies was the field
distortion at the entrance of the multiplier. Since the first dynode

was at potential of negative 5 kilovolts with respect to its surround-
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ings, it was found necessary to attach the multiplier housing to the
vacuum system with & sylphon bellows to allow adjustment of the position
of the multiplier to give maximum response for various energies of incom-
ing particles.

The method of activation of the dynodes consisted of first polish-
ing the surface of the beryllium;copper dynodes with fine polishing paper.
Then the dynodes were placed in a 4 normal solution of nitric acid until
the entire surface had been etched. Following this, they were thoroughly
rinsed in distilled water, then in ethyl alcohol and finally in distilled
water. Immediately thereafter they were placed in & quartz tube under
vacuum to outgas. Surrounding the tube was an electrical heating element
whose temperature was raised to approximately 300°C to facilitate out-
gassing. After sufficient outgassing for the pressure to stabilize at
lO'5 mm Hg, the temperature of the glow coil was raised until the dynodes
were a dull red. After 15 minutes of this treatment the heat was removed
and the dynodes were allowed to cool to.room temperature. The dynodes
were removed from the quartz tube, assembled onto the end plates, the
voltage-dividing resistors were soldered in, and the structure placed
under vacuum. No appreciable difference in sensitivity or gain was de-
tected whether the.multiplier was assembled under the atmosphere of an
inert gas or under direct exposure to room conditions. Also, no noticea-
ble change was found when the multiplier was exposed to atmospheric con-
ditions for periods.of two to three hours. The conclusion has been drawn
that the sensitivity of the dynodes is not affected appreciably by ex-

posure to air for short periods of time.
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E. The Electrometers

The input current to the electron multiplier was determined by two
different types of electrometers. Directly behind the vertical slit a
Faradey cup wes placed whose output was measured by either a balanced
bridge electrometer or a vibrating reed electrometer. The balance bridge
electrometer is essentially the same as that described by Lafferty and
K’:i.ngdonaa,+ The tube used as a GL-5674, which is a dual tube, the plate
resistances of which form two legs of a balanced Wheatstone bridge. A
change in the operating potential of one grid of the tube unbalances the
bridge giving an indication of the potential signal on the grid. The grid
regigtance is of the order of 10ll - 1012 ohms, necessitating extremely
high resistances in all insulstions. Thé %nsulation of the Faraday cup
wag provided by mounting the cup on a coiled quartz rod. All leads and
the electrometer tube were mounted in the same vacuum system to minimize
capacitance effects. At the high grid resistance used (lO12 ohms) the
capacitance expressed in micro-micro fafads equals the time comstant in
geconds. Thus, it is necessary to keep the capacitance to as low & value

16

as possible. For very small currents (of the order of 10"~ amperes) a
vibrating reed electrometer replaced the bélanced bridge electrometer.

F. Electrical Equipment

For measurements at low energies (0 to 10 kev) the ions were accel-

erated by a conventional type D. C. power supply with the positive termi-

3""J., M. Lafferty and K. H. Kingdon, Journal of Applied Physics 17,
89k (1946).



37
nal connected to the cathode of the ion source, the negative end being
grounded. For high energies (up to 250 kev) the pafticles were further
accelerated by & convention D, C. voltage doubler essentially the same as
designed by Cockcroft and Walton.

The output current from the electron multiplier was determined by
measuring the potential developed across & precision resistor inserted in
the output circult, using a high-gain D. C. microvoltmeter. At counting
ratea the output of the multiplier was fed to a high-gain preamplifier,
_the signal of which was further amplified by an Oak Ridge National Lab-
oratory type Al ;inear amplifier. The counting circuit consisted of a
high speed multi;scaler with an input resolving time oﬁ 1 microsecond
and a scale of 4096. The output of the multi-scaler was cascaded with a
gscale of 64 scaler. All pulse spectra curves were obtained with a single
channel differential analyzer. At high particle energies the output pulses
from the multiplier were very large, making it necessary to replace the
above preamplifier with a cathode follower type preamplifier of gain 0.8.
The voltage to the multiplier was provided by a variable, vacuum tube reg-

ulated, 6 kilovolt supply.



CHAPTER IV

PRELIMINARY MEASUREMENTS

A. Calibration of the Magnetic Analyzer

Since the ion source is not capable of emitting a homogeneous ion
beam, it was necessary to use a magnetic mass analyzer. For the low en-
ergy measurements the magnet current was éupplied by three six volt storage
batteries. A rotating coil gaussmeter was used to obtain the magnetic
field strength. To obtain a useful curve it is convenient to plot the
square of the magnetic field strength against the product of mass and the
accelerating voltage. This is easily seen by‘equating the magnetic force

to the centrifugal force:

2
Hev =0V
Yr .
v :\"?.EY.
m
2 _ 2e '
H = ;E mV

where g% is a constant of the equipment
r

e 1is électfonic charge

m 1s particle mass

r 1is radius

V 1s accelerating voltage

H 1is magnetic field strength

v 1s particle velocity
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It is seen that if the magnetic field strength and accelerating
voltage are known, the mass will be fixed.

In Fig. 10 the results of
the mass calibration are shown for low energies, while Fig. 11 presents

the curve obtained in the energy range 10 to 200 kev.

The magnet used at
high energies shows.only slight saturation in the range used, therefore,
B.

the magnetic field is plotted as the magnet current.

Electrometer Calibration

The belanced bridge electrometer was calibrated using the circuit
as shown in Fig. 12.

:L._

Fig. 12.

Circuit for Calibration of Electrometer.

Resistance R;, the grid resistance, is mounted ingide the vacuum system

with a lead coming out through a high resistance (~/10

14

ohms) kovar
seal. The resistance R, was varied over the range lOIo to lO13 ohms to
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determine if any low resistances were present in the measuring circuit.
No change was detected in the sensitivity of the electrometer in changing
Ry, implying that the input leakage resistance was 6f the order of lOlh
olms or higher. The voltage E was measured with a high precision poten-
tiometer capable of measuring voltages to the sixth place. R3 and Rh
were used as voltage dividers in order to vary the impressed voltage. The
Victoreen resistors (Rl and R2) were measured by the Instrument DPivision
of the Oak Ridge National Laboratory. Since the resistors polarize and
the resistance may change by a few per cent, it was necessary to calibrate
the electrometer frequently. Using this balanced bridge electrometer cur-
rents as low as 1o‘1h amperes were easily mqasured with time constants of
the order of 60 seconds. The range was extended by a factor of 10 by
feeding the bridge output into & high gain D. C. amplifier; however, in-
stability limited the accuracy of measurements for currents less than
lO-15 amperes.

Fof lower currents a vibrating reed electrometer was used. This
method involves determining the time necéssary to charge a condenser a
given amount. The vibrating reed electrometer was calibrated against the
balanced bridge electrometer after making sure the electromeﬁers were
linear over a sufficiently wide range of currents. Currents as low as
lO"16 amperes could be measured accurately, but considerable difficulty
_wag encountered in obtalning reproducibility for smaller currents (e. g.

10717 amps).



CHAPTER V L3

RESULTS *AND  DISCUSSION

A. Snell's Design

As described previously, Snell, et al redesigned the first two stages
of the conventional electron multiplier increasing the area of the first
dynode to approximately 28’§q.‘cm. With this large area the gain depends
on the position that the beam strikes the dymode and the focusing field
established by the potential gradient betwgen the first dynode and the en-
trance grid. In Fig. 13 is plotted the electron multiplier response as a
function of_the bias voltage for H2+ particles of energy 8.2 kev. The £wo
curves shown are for an overall multiplier voltage of 3.25 and k.5 kv.

As is seen there is a shift of approximately 60 volts in the grid
bias necessary for maximum response when the multiplier voltage is in-
creased by 1.25 kv. In Fig. 1% the multiplier gain is plotted as a func-
tion of the position the ion beam strikes the dynode. The distance along
the abscissa is the distance from the outer edge to the inner edge with
the inner edge denoting the edge adjacent to the second dymode. Two curves
are shown: (1) the bias voltage is maintained at a constant value of 200
volts as the plate is moved across the beam, (2) the bias voltage is ad-
Justed at each position to give maximum gain. The necessary bias voltage
is indicated on the graph for each position. A cursory study of this data
indicates that the gain of the multiplier is influenced by the position
the incident particle strikes the surface and also the bias voltage. Thus,
if this type of multiplier is to be used as & quantitative detector of
ions, the bias voltage must be maximized for each position the beam im-

pinges upon the first dynode. Except for a beam of small cross section,

32Snell and Miller, loc. cit.
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only an average gain would be determined and this would be a function of
the homogeneity of the current density. Since the gain varies with posi-
tion, an extremely wide distribution of output pulse heights will be ob-
tained from the multiplier.

The difficulty encountered with this design might be overcome by
shaping the entrance grid to provide a suitable electrostatic field to
focus the electrons emitted from the first dynode onto the second dynode.
From these considerations it was decided that the design in its present
form is inadeéuate to enable its use as a reliable quantitative detector
of positive ions.

B. Allen's Design

(1) Results Obtained at Low Energies.

The gain has been plotted as a function of multiplier voltage or
volts/stage in Fig. 15. It is seen that an apparent plateau exists at ap-
pfoximatély 500 volts/stagé. With greater voltages the gain would be ex-
pected to decrease due to the greater average depth of formation of the
secondary electrons. The gging effect is shown in Fig. 16. For the first
few minutes of operation there is a rapid decrease in the gain followed
by a slow decrease for approximately two hours; thereafter, no noticeable
effect wﬁs apparent. Contrary to some previous reports, it was observed
that the activation waslseriouslj impaired by :& momentary spark or glow
discharge. Following a discharge the gain decreased approximately ten
per cent. After a period of time the gain increased to a point where the
net loss was only 2-3%. Except for such discharges or long exposure to

air the gain remained constant from day to day.
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Fig. 17 shows the independence of the gain when the pressure in

4 and 107 m Hg. At

the electron multiplier region is varied between 10~
counting rates the pressure influences the operation in that an increase
in pressure results in a rapid increase in noise or background counting
rate. This probably results from corona losses around the tube. An es-
timate may be made of theApressure effect by a very eimple calculation.
The path length of an electron from one dynode to the next in the Allen
type multiplier is approximately 2 cm. For a gain of lO6 the average gain

per stage 1s determined from

, gt
100 - !

X = 3.85.

Using this value the total number of electrons involved in the impact of
one positive ion at the first dynode is given by an expression of the
1,000,000 + 285,000 + 80,600 4 .ccevese .

1.4k x 106,

form N

6

or the total path length is 2.8 x 10° cm. The value: given by Darrow35

for the cross section for ionization by an electron of 100 ev average

7

- 2
energy in air is 2.81 x 10 1 cm . Using this value the mean free path

of the electron can be computed from the relation

1

oP

35K. K. Darrow, "Electrical Phenomena In Gases" Baltimore: Williams
and Williams Co., p. 142 (1932).
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where \ is the mean free path
P 1ig the pressure

o is the cross section.

Teble IV summarizes the effect of the pressure. It is assumed in the
calculations that the electrons which suffer collisions are lost and that
the positive ion resulting from ion pair formation liberates one electron

from the preceding dynode.
TABLE IV

EXPECTED EFFECT OF PRESSURE ON THE GAIN
OF THE MULTIPLIER

e —

Number Number
P A Number Electrons Electrons Net Per cent
(mm Hg) (cm) Collisions Lost: Gained From Loss Loss

Positive Ion

lO-h 6.8 x lO2 L.l x th L.l x th 3.18 x th 9.2 x lO3 0.656

105 6.8 x 103 4.1 x 103 4.1 x 103 3.18 x 103 9.2 x 10°

1076 6.8 x 10* 2 2 2

0.065

L.1 x 10° k.1 x 10 3.18 x 10 9.2 x lOl 0.007

—————
—

It is thus seen that one would expect only & slight decrease in gain for
operating pressures.
A determination of the possibility of current saturation is shown

in Fig. 18. The gain is shown as a function of input current. There
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apparently ig little if any change in gain with the quantity of ion
current up to lO-12 amperes. The fluctuation of the data &t low currents
is due to the difficulty in maintaining stable beam currents at low ener-
gies.

Fig. 19 gives the variation in gain with particle energy for pro-
tons. A difficulty in low energy ion detection was the distortion of the
path due to the entrance electric field of the multiplier. For this
reason it was necessary to move the multiplier with respect to the ion
beam to obtain optimum gain. This probably accounts for the deviation of
the data at low energies.

In Fig. 20 is plotted the gain as a function of the mass of the in-
cident ion. It is seen that for triatomic and diatomic ions the gain is
greater than that for the monatomic iong. The detailed shape of the curve
has very little meaning. The gain of Be' ions being less than that for
protons contradicts the data at high energies. This observation and the
unexpectedly low value for Net ions will be discussed in a later section.

The efficiency, which is the ratio of the number of output pulses
to the number of incident ions, is plotted in Fig. 21 as a function of
the input current. The efficiency is constant over a wide range of cur-

14

rent. The decrease at 10~ amperes arises not from the multiplier tube
but rather from blocking or overloading of the linear amplifier or scal-
ing circuit. Fig. 22 is the pulse spectrum curve taken with a single
channel differential analyzer for a window or gate width of one volt.

The shape of this curve indicates that a large number of the pulses are

below the allowable discriminator setting of the amplifier, which is
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determined by the noise of the circuitry. For higher efficiencies it
is necessary to obtain better activation of the dynodes.

An attempt was made to count alpha particles from P0208, Fig. 23.
Initially the counting rate was excessive, however, investigation reveal-
ed that the negative potential of the first dynode accelerated the re-
coil particles from the surface of the source. To remedy this, the source
was covered with a thin coating of Krylon, a plastic spray. Due to the
geometry employed only & rough estimate could be made of the expected
counting rate. This estimate coincided to within 20% to that as measured
aftef coating the source.

(2) Results Obtained at High Energies.

The beam of high energy positive ions was produced by a Cockcroft-
Walton accelerator capable of accelerating ions to 250 kev. Fig. 2k
shows the relationship between the electron multiplier gain and the inci-
dent energy for various ion masses. Théseldata were obtained with a gain
of approximately 105. To determine the effect of dynode activation on
the gain, the dynodes were reactivated in the usual manner and the dsta
were taken again, as shown in Fig. 25. Here the gain is of the order of

6
10 . The gain is seen to increase with the mass except for the ion Ne+,

which has a gain very nearly that of He'. This probably results from
two factors: the small radius of the Ne' ion, which decreases the col-
lision cross section, and the high jonization potential of neon.

The results obtained at high energies definitely establishuan. .
increase in multiplication with increase in mass with the exception of

neon. At lower energies (i. e. below 30 kev in Fig. 25) it is observed
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that the yleld for light ions may become higher than the yield for
heavier ions in agreement with the data as presented in section B-1.

6 .
Plock3 (also at low energy) has shown that a smaller multiplication al-
6

ways results from a heavier isotope than fof the higher (i. e. Li” and
Li7). These observations suggest a strong dependence of the secondary
emigssion on the surface conditioﬁ. .

The only mass showing any maximum of gain with energy is . As
is seen this occurs at approximétely 110 kev. The general velocity de-
pendence of secondary emission may be demonstrated by comparing this max-
imum with the similar maximum obtained for electrons (Fig. 15),_ Here the
maximum number of secondary electrons per incident electron occurs at ap-l
proximately 550 ev. The energy of HY at maximum of 110 kev divided by the
relative mass of the pfofon is 590,'thus the velocity ratio is 1.03. This
is good agreement when it is realized that the detailed mechanism of ener-
gy loss ig different in the two cases. These results confirm the general
velocity dependence reported by.Plock37.

The pulse spectra obtained for Nt at energies 100 kev and 9 kev are
shoﬁn in Fig. 26. At the higher energy approximately 100% of the pulses
are above the discriminator setting of the-linear amplifier, however, with
the same discriminator setting at low energy several per cent of the puls-
iés are lost. For these measurements the gain of the amplifier is as high

as is allowed by the condition that amplifier noise pulses must not be

more numerous than the real pulses.

3plock, loc. cit.

37Plock, loc. cit.



NORMALIZED COUNTING RATE

120

100

80

60

40

20

UNCLASSIFIED

DWG. 187648
NN
/ X o\ A SPECTRUM FOR N AT 9 kev
‘B/ ;/ \ \ O SPECTRUM FOR N* AT 100 kev
/AN
/ X N
[T X N
/ N .
[ AN Aol
“\?\ e O—
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

PULSE HEIGHT (arbitrary units)

Fig. 26. Pulse Spectrum from Electron Multiplier.

£9



To determine the maximum counting rate before losses became ex-
cesslve the efficiency was obtained for different counting rates and is
shown in Fig. 27. The maximum counting rate permissible before losses be-
came very large is 80,000 counts/sec; which corresponds to an input ion
current of approximately 10'15 amperes. This observed decrease in ef-
ficiency is due to blocking of the external electronic circuits and not
of the multiplier tube, as is readily seen by reference to the data dis-
played in Fig. 18. The 5% spread in data points is a result of the inac-
curacy in the measurements of the input ion current.

The variation of efficiency with energy is shown in Fig. 28 for Nt
ions. The efficiency is 100% for energles greater than 10 kev. Below
this value it decreases, being 92% at U4 kev.

The efficiency as a function of mass is shown in.Fig. 29. PFor an
energy of 10 and 100 kev the efficiency of all masses studied was 100%.
Fig. 30 shows a slight shift in the pulse height maximum toward large
pulgse gize for the diatomic iom of nitrogen.over that of the monoatomic
ion.

An sttempt was made to determine the efficiency of the multiplier
in the detection of neutral particles. The neutral particles were ob-
tained by paésing the positive ion beam through a region of gas. By é
process of charge exchange a large per cent of the emergent beam was
ﬁeutral atoms with essentially the initial energy. If the pulse spectra
were the same both in shape and most probable pulse height, the efficiency
would be the same for both neutrals and positive ions for the same mass

and energy. The pulse spectra of N° and N* at an energy of 52 kev is
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shown in Fig. 31. The average pulse height is approximately 10% smaller
for the neutral atoms. Additional work must be done to definitely estéb-
lish that the multiplication of the multiplier -is less for the neutral
particles. The efficiency of the multiplier for counting the neutrals is
100% if the discriminator setting is sufficiently low to insure the pulse
spectrum curve to be above the value selected for the bias setting (the
same criterion as used for ion counting).

In all the measurements an absolute knowledge of the error of the
measurements is unknown. The high voltage measurement is known to within
five per cent. All the caiibrations of the electrometers used are accurate
to within 2%. The greatest source of error arises due to the fluctuations
in the positive ion beam during the measurement;‘ In all cases where it
was obvious the beam varied the measurement was discdarded. In this manner
repeatable results could be obtained within a range of five per cent. The
multiplier efficiency as stated is believed to be accurate within this five

per cent.

Conclusions.

Ags a relative detector the electron multiplier is an excellent choice
for measuring positive ions. It is also a reliable quantitative detector
if proper care is taken. The efficiency for counting positive ions'of
an energy greater than 10 kev can be made 100 ¥ 8%. The gain of the
multiplier for high energies increases as the mass increases with the ex-
céption of such ions as neon. Positive ion currents as large as lO"15

amperes may be detected with high speed counting circuits. Dynode aging

has very little effect on the gain of the multiplier. The multiplier is
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Pressure independent below’lo'h mm Hg. The determination of efficiency
shéuld be made by an ana}ysis of the pulse spectre before usipg the multi-
plier. The phenomena of secondary emission are dependent to some extent
upon velocity. The secondﬁry electron multiplier may be a very useful de-

tector of neutral pafticles, however, more work must be done to determine

the yields from atoms.
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