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I. STATEMENT OF THE PROBLEM

The problem herein discussed is a study of discrete energy

losses suffered by electrons with primary energies in the range 25

to 115 kev which are scattered through angles less than one degree

in passing through thin foils of aluminum, magnesium, copper, and

silver. The measurements were made with an electron accelerator and

an energy analyzer of very high resolution resulting from the use of

a stopping potential type energy analyzer together with a low-energy

cylindrical electrostatic analyzer. The mean free paths, cross

sections and stopping powers, as a function of incident electron

energy, corresponding to these discrete losses have been calculated

for aluminum, magnesium and copper. The results are compared with

previous experimental measurements and with the "plasma oscillation"

theory of Pines and Bohm (1952, 1953).

There have been previous applications of the stopping potential

technique for measuring energies and previous measurements of dis

crete electron energy losses by other methods. The contribution of

this investigation is the measurement of discrete electron energy

losses by the stopping potential technique, the measurement of such

losses over a considerably extended primary energy range and the

evaluation of the corresponding mean free paths, cross sections and

stopping powers as a function of primary energy.

Attempts have been made to attribute the discrete electron

energy losses observed in metals to excitation of oscillations of the
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electron plasma in the metals. Some of the previously observed losses

agree with those predicted by the plasma oscillation theory; more of

them do not. Pines (1953) obtained an expression for the mean free

path for excitation of plasma oscillations. Prior to the present

investigation, there were no experimental determinations of this mean

free path. The measurement of the discrete energy losses over a much

wider primary electron energy range and the evaluation of the corres

ponding mean free path should, in addition to providing a further test

of the plasma oscillation theory, contribute to the understanding of

the nature of these losses.



II. REVIEW OF PREVIOUS RELATED STUDIES

The stopping potential technique for measuring electron energy

has been known for some time, having originated in the work of Franck

and Hertz in 1914 on atomic excitation potentials. A recent application

of this method has been made by Hamilton and Gross in 1950 in an

electrostatic beta ray spectrograph utilizing a spherically symmetric

retarding electric field and achieving an energy resolution of about

0.6 per cent for energies up to 30 kev. The spectrograph was used to

study the low energy portion (0-30 kev) of the spectrum of sulfur 35•

In another application Phillips in 1953 measured the energy loss in

gases of protons with initial energies in the range 10 to 80 kev.

In 1930 Rudberg observed in the energy distribution of electrons

scattered from incandescent solids a large, sharp peak corresponding to

reflected electrons and several small maxima at slightly lower energies.

These maxima were characteristic of the target material and their

position with respect to the reflected peak remained constant for the

range of bombarding voltages used, 90 to 540 volts. The measurements

were confined to energy losses not exceeding 50 volts. These maxima

were also independent of the scattering angle. The energy losses were

measured by varying a magnetic field or by adding an accelerating

potential equal to the energy loss. The results follow:



Energy Loss, ev

Copper

3.4 + 0.11 6.9 + 0.10 12.3 + 0.15 25-5 + 0.31 34.5 + 0.31

Silver

4.6 + 0.06 7.4 + 0.08 24.8 + 0.26

Gold

7-3 + 0.07 10.1 + 0.29 25.9 + 0.21 35.2 + 0.19

Platinum

6.5 + 0.09 9.4 + 0.08 24.8 + 0.16 33-7 + 0.14

Magnesium Oxide

6.9+0.10 11.7+0.11 17.5 + O.II 22.7+0.05 33.8+0.13

Calcium Oxide

9.4 + 0.07 13.8 + 0.07 20.0 + 0.17 29.4 + 0.10 36.7 + 0.13

Strontium Oxide

7.3 + 0.13 9.6 + 0.08 13.2 + 0.11 24.9 + 0.17 31.6 + 0.12

Barium Oxide

10.6 + 0.14 16.8 + 0.19 25.3 + 0.20 32.7 + 0.14

In 1935 Haworth published results of studies on the energy

distribution of secondary electrons from molybdenum under bombardment

by electrons with primary energies up to 150 v. He observed, in

addition to the usual sharp "elastically reflected" peak and the broad,

low energy maximum, peaks at energies 10.6, 22 and 48 volts less than

the primary energy which were due to critical energy losses among the
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inelastically scattered electrons. The energies were measured with a

l80° magnetic analyzer.

In 1936 Rudberg reported further results of measurements of the

energy distribution of electrons scattered inelastically from solids for

primary energies from 50 to 400 volts, using a method of magnetic

deflection. For certain values of the energy loss suffered by

scattered electrons the curves exhibited maxima, which were character

istic of the target material and independent of the primary voltage in

the range studied. These maxima appeared to correspond roughly to the

regions of high optical absorption for the same substance. His

results follow:

Metal Energy Loss, ev. (Approximate)

Cu

Ag

Au

4.2 7.2

3.9 7.8 23

3.0 6.0 24

Turnbull and Famsworth reported in 1938 results of investi

gations on the energy distribution of slow electrons inelastically

scattered from a (ill) face of a silver single crystal using the

magnetic deflection method. At 45° incidence, primary electrons were

regularly reflected into the analyzer and diffraction beams observed

at primary energies of 7.7, 23.2 and 83.2 ev. The energy distribution

showed two discrete loss peaks at 3.9 and 7.3 ev, in general agreement
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with those found by Rudberg (1936) for polycrystalline silver. The

relative intensities of the two discrete loss peaks were found to

depend on both the primary voltage and the target angle in the neighbor

hood of the diffraction beams, whereas Rudberg found that for poly

crystalline targets the peaks were independent of these variables.

In 1941 Ruthemann reported discrete energy losses suffered by

electrons of initial energy 3 to 8 kev in passing through foils a few

hundred A thick of collodion, AlgO^, Be, Al, and Ag. These losses were

independent of primary energy and foil thickness. The losses were most

pronounced in Al and Be and five losses which were multiples of 15.1

ev were observed in Al. The measurements were taken with a semi

circular magnetic spectrometer which had an energy resolution of about

0.05$ at 5.3 kev. A photographic plate was used as a detector, the

proper intensity distribution being determined from a photometer curve

with the aid of a density curve. Using the same apparatus in 1942,

Ruthemann observed energy losses of 22, 298, 400 and 546 ev suffered

by electrons with 7.5 kev primary energy in passing through collodion

films about 100 A thick. The last three losses correspond to the K

excitation levels in C, N and 0, respectively.

Hillier and Baker in 1944 used an instrument consisting of an

electron gun, a two-stage, probe-forming lens system, a movable

specimen stage, a projection lens, a l80° magnetic deflection type

velocity analyzer and a photographic chamber to measure discrete

electron energy losses. Their results are given in the following

table.



Element Z AE (ev) Level E (kv) AE (ev) (ICT)

Be 4 129-3 K 46.5

C 6 286.2 K 26.0 284.2

N 7 404 K 26.0 397.6

0 8 525.8 K 26.0 526.2

Al 13 1605 K 46.0 1553.7

Si 14 2033 K 47.8

Fe 26 703.9 L 26.0 709.8

723-9

Fe 26 51.3 M 26.0 56.5

Zn 30 1160 L 46.0 1021.2

1044.4

Values from International Critical Tables

The losses in C, N, and 0 were observed in collodion films. It

was found that the values of the discrete energy losses corresponding to

the K levels of carbon and oxygen increased with increasing accelerating

potentials.

In 1948 Ruthemann published in a more detailed paper results on

collodion, A120_, Be, Al and Ag in addition to those reported in 1941 on

his preliminary investigations. Using the same semicircular magnetic

analyzer with electrons of 2 to 8 kev primary energy, he found in Al five

discrete energy losses of 14.72, 29-59, 44.34, 59-34 and 73.84 ev,

respectively; in Be four of 18.97, 38.11, 57-31 and 75-98 ev; in Al 0,

two of 22-31 and 45.52 ev; in Ag two of 22-57 and 45.31 ev, and in
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collodion one loss of 21.4 ev. In each case the higher losses were

integral multiples of the lowest and the values were independent of

the primary energy of the bombarding electrons. The mean values of

the differences between successive losses were 22.3 ev in AlpO.,,

19.0 ev in Be, 14.7 ev in Al, and 22.6 ev in Ag. The foils were

100 to 500 A thick.

Also in 1948 Lang reported additional measurements in Al and

measurements in Cu and Ni taken with the same apparatus as that used

by Ruthemann. Discrete energy losses were measured in Al foils of

thicknesses l80A, 250A, and 350A using electrons with primary

energies of 7.75, 7-75, and 7.54 kev. Two discrete energy losses

were found in the 180A foil, three in the 250A foil, and six in the

350A foil with values of 14.5, 29.4, 44.2, 58.6, 75.2, and 90.4 ev,

the higher losses being integral multiples of the smallest. The

mean value of the difference between successive losses in Al was

given as 14.8 ev. Single losses were found in both Cu and Ni with

values of 19.1 and 24.2 ev, respectively. The uncertainty in the

measurements was stated to be + 3$. The energy resolution at 7.75

kev was about 0.06$.

Mollenstedt reported in 1949 measurements of discrete elec

tron energy losses in thin foils made by means of a velocity analyzer

composed of a 5 micron slit placed off the axis and in front of an

electrostatic cylinder lens in an electrostatic electron microscope.

Due to chromatic aberrations in the off-axis region, images of the

slit due to electrons which had suffered discrete energy losses in

passing through a foil were displaced on a photographic plate from



the image due to the unretarded electrons, the displacement being

proportional to the energy loss. The foils were placed in the object

position in the electron microscope. The electrons had initial

energies in the range 25 to 40 kev. The resolution was 1 : 35,000.

The intensity distribution was obtained from a photometer curve. The

results are shown in the table below.

Substance Energy Losses (ev)

Mbllenstedt Ruthemann - Lang

Values 5-8 kev

Collodion 6 21 21.3

Aluminum 7 15 22 14.7

Aluminum,

different exp. 9 18 36 5*

Aluminum

Oxide, Al 0. 22.5 22-5

Nickel 22.6 65 24.2

Gold 15 30 45 60

Tellurium 8 20

Cadmium 9 21.5

Antimony 15 20 31

Platinum on

Collodion Ik 22.4 46 61.4

Copper 20.4 19-1

Muscovite 400A 25

Muscovite 700A 25 50

Vacuum 10"^ mm Hg 3-5 7 12 66 130
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Reichertz and Farnsworth reported in 1949 measurements of the

energy distribution of low speed electrons inelastically scattered

from a (100) face of a copper single crystal by the electrostatic

deflection method. A cylindrical electrostatic analyzer similar to

that used in this research was used. With normal incidence of the

primary electrons, observations were made in the neighborhood of two

strong diffraction peaks, one at 59*5 ev primary energy and 60°

scattering angle, the other at 114.5 ev and 40.5°. Discrete peaks

were observed at 3*0, 6.0, 12.3, and 20.0 ev energy loss with

intensities depending on both primary energy and scattering angle.

In 1952 and 1953 Pines and Bohm attempted to explain the

discrete energy losses observed in metals as being due to excitation

of plasma oscillations of the free electrons in the target materials.

A more complete discussion of this theory will be given in the

section on theory.

In 1952 Mbllenstedt reported discrete electron energy losses

measured in several gases, water and some organic compounds in the

vapor state using the same equipment described earlier but modified

to permit small amounts of the gases to be admitted through a needle

valve just beneath the objective lens in the electron microscope.

Also, the two projective lenses were removed. His results are shown

in the following table. The primary energy of the electrons was

35 kev. These losses are due to excitation or ionization of the

target atoms.



Substance Energy Loss (ev)

Nitrogen 13.1 + 0.3

Oxygen 8.0 + 0.3 13-6 + 0.5

Hydrogen 13.1 + 0.3

Helium 12.9 + 0.3 19.8 to 20.9

Benzene, CgHg 6.9 + 0.2 11.8 + 0.3

Carbon Dioxide 11.9 + 0.3

Water 13.8 + 1

Xylene, CgH^CH)g 7.0 + 0.5 14.0 + 1

Ethyl ether CgH-OCgH 11.5 to 13

A paper by Cauchois in 1952 compares the discrete energy

losses, V, observed by Ruthemann in 1941 in aluminum with the

distances, A, between each dark band and the absorption disconti

nuity measured in the K absorption spectrum of metallic aluminum.

The comparison follows:

V (ev) 15 32 47 63 82

A (ev) 9 29 47 63 85

The author states that if these coincidences are not fortuitous

one can conclude that the spectrum of the transmitted electrons

describes the density of excitation states for the conduction

electrons in aluminum. The discrete energy losses observed by

Ruthemann in aluminum correspond to the excitation of electrons

11
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from the conduction band of the metal to the permissible unoccupied

bands, which are of great density.

Lander reported in 1953 in a study of Auger peaks in the

energy spectra of secondary electrons from various materials, in

the region near the elastically scattered primary beam in aluminum

and beryllium, peaks corresponding to those reported by Ruthemann

in 1948. He found that slight oxidation changed drastically the

character of this region of the curve. His equipment consisted

essentially of an electron gun, an electrostatic electron velocity

analyzer consisting of two electrodes which were sections of

spheres, and a target at an angle of 45° with both the gun and the

entrance to the analyzer. In this experiment, the phenomenon was

observed in the spectrum of reflected electrons. He observed no

peaks corresponding to the K excitation levels in carbon and oxygen

as reported by Ruthemann in 1942.

Marton and Leder reported in 1954 discrete energy losses in

the spectrum of 30 kev electrons passing through thin foils of a

number of metals and insulators. The measurements were made with

equipment very similar to that used by Mollenstedt. An electro

static electron microscope was modified by replacing its two pro

jection lenses with a slit and a "cylindrical" lens. The analysis

of the scattered primary beam was accomplished by utilizing the

off-axis chromatic aberration of the "cylindrical" lens. An

energy resolution of 1 part in 35,000 was obtained. Thin films,

which were between 50 and 100 A thick, were mounted in the normal
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object position of the microscope. The spectra were detected on

photographic plates. The authors state that where higher energy

losses appear to be multiples of some lower one, this indicates

the repeated occurrence of the same event. The results are shown

in the following table :

Material Energy Loss in ev

Beryllium 6.5 18.9
Na on quartz 5A 10.7 13.3 17.5
Na on collodion 5.1 10.8 17-5 18.6
Magnesium 9-7 20.3
Aluminum 6.2 13-9 19-2 27-8 35-0
Silicon 5-2 16.9
K on silicon 7.8 11.3 15-0 I8.7 22-6 27-8
K on collodion 8.0 11.0 14.9 19-5 22.7 25-8
Titanium 11.4 21.4 42.9
Chromium 9.7 21.8 45.0
Manganese 9.9 22-1
Iron 15.8 19-ii- 56.1
Cobalt 5.7 lS.3
Nickel 5.8 9.4 13-2 17-6 23.4
Copper 6.9 11.3 19-6
Germanium 16.0 30.1
Palladium 15-7 21.5
Silver 16.0
Cadmium 14.5
Tin 4.5 12.4 18.0 23-9
Antimony 14.2 24.3
Gold 16.5 21.5
Bismuth 13.0 25-2
Collodion 4.5 19.3
Quartz 5-5 19.4
Air (nitrogen) 12-9

Later in 1954 Leder and Marton reported characteristic

energy losses of 30 kev electrons in passing through thin films of

several metals and compounds of these metals. In each case the
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peaks observed in the compounds were shifted to higher energies

than those of the peaks in the metal. The results are shown in

the following table:

Material Energy Loss (ev)

Si

Si02

Te

Te02

Pb

PbS

Sb

sb2s3

Mg _
MgO

4.8
5.4

16.9
19.4

4.6 16.0

9-5 17-5

5.1
6.8

12.1

14.7
21.8

21.9

4.3
6.3

14.9
18.0

30.6
35.4

9-7
11.4

20.3
25.0

H. Watanabe (private communication)

The authors state that these results suggest that some of

the characteristic energy losses observed were not due to electron

plasma interaction, since there would be no plasma in the compound,

but were rather due to excitation of some outer orbit electrons.

Watanabe reported in 1954 discrete energy losses of 15-25

kev electrons in passing through a MgO foil. The electron velocity

analyzer used in the measurements was of the same type as that of

Mollenstedt (1949), described previously. Watanabe concluded that

the positions of the peaks were independent of the accelerating

voltage of the incident electrons. He considered the discrete

energy losses to correspond to the transitions of the electrons in
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MgO from the valence band to the empty bands above the valence band.

His results are given in the following table:

Accelerator First Peak Second Peak Third Peak

Voltage Position Position Width Position
kv ev ev ev ev

16 5.2 11.41 1.7 24.5
18 5-2 11.44 1.9 25.1
22 5-3 11.45 1-9 25-0
24.5 5-4 11.49 1.9 25-2

In another paper in 1954 Watanabe reported further discrete

energy losses of 22 kev electrons in passing through thin foils of

various materials. He used an electron microscope with an analyzing

lens very similar to that of Mollenstedt (1949) and Marton and

Leder (1954), which have already been described. He reported a

resolving power of about l/l0,000 and a detectable energy loss of

2 ev for 22 kev electrons. The losses were detected photographically

and the energy distributions obtained by means of a microphotometer.

His results are given in the following table:



Substance Foil Energy Losses (ev)
Thickness (A)

Al 200

A1203
Ag

Au 6.5 17-5 25 34 49
Be 300

BeO

Ca(OH) 7.5 12 15 22 37
Cr 2
Cu

Ge

MgO 200
NaCl 14.5 20 24 29 32
Ni

Sb

Sn

SnOg 5.5 12.5 19-5 35 63
Collodion

Residual Gas

in Vacuum

6.5 14.8 23 29.5
22.5 46

22

6.5 17-5 25 34
19 38 56
5-7 16.5 28 57

7-5 12 15 22

26 54
7 19-5

17 34
4.5 5-5 11.4 25
14.5 20 24 29

6.5 12 22.5 45
6.5 18 24.5 46

6.3 13 19.5

5.5 12-5 19-5 35

7 13 18 21.2

6 9 13-5

16

He also compared the loss peaks in aluminum with the "valleys" near

the K and L X-ray absorption edges. This comparison follows:

Valleys of K Valleys of L Loss Peaks

Absorption Edge Absorption Edge
(ev) (ev) (ev)

6.1 (3.8) 6.5
14.0 (10.0)

23.0

14.8

23.0

29-5
37.0 39.0

55.0 54.0
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In still another short paper in 1954 Watanabe reported dis

crete energy losses of 25 kev electrons in passing through Mg foils,

about 600A thick, using the same apparatus. His results are:

Energy Loss (ev) 10-3 20.7 31.2 4l.5

Half Width (ev) 1.5 1.5 2 3

Prior to the work of Pines and Bohm (1952, 1953) there was

no explanation of the observed discrete electron energy losses.

Moreover, only some of the discrete losses observed in Be, Na, Mg,

Al and K agree with the plasma oscillation theory; others observed

in these metals and those observed in other metals do not. In

addition, the measurements of discrete electron energy losses which

have been described were made with initial electron energies up to

only 40 kev. These facts indicate a need for further investigations

of such discrete losses over an extended primary energy range.
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III. METHODS OF PROCEDURE AND SOURCES OF DATA

The Instrument

A description of the instrument in its present form has been

published by Blackstock, Birkhoff and Slater (1955). However, a more

detailed description will be given here. Figures 1 and 2 are a

schematic diagram and photograph of the apparatus, respectively. The

instrument consists of an electron gun, an accelerating tube, a

decelerating tube which derives its potential from the same source

as the accelerating tube, a low energy cylindrical electrostatic

analyzer, and a Faraday cage collector. The accelerating and

decelerating tubes are typical of those used in Cockroft-Walton

machines, each consisting of alternate ceramic insulators and

accelerating electrodes sealed vacuum tight with vinyl cement. The

potentials of the electrodes are established by six fifty megohm

International Resistance Company voltage dividing resistors in series

across the accelerator and six across the decelerator. The foil to

be bombarded is located at the center of the machine, which is at

ground potential. The same principal accelerating voltage is applied

between the center and both ends of the system. In addition separate

biasing voltages ( $ and §') of a few hundred volts are applied at

each end of the system. £ ' is a variable potential in the lead to

the accelerator which provides additional acceleration to compensate

for energy lost in the foil. £ is a fixed potential, usually set

at approximately 100 volts, used in the lead to the decelerator to
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provide less deceleration than would result from the total high

voltage.

Operation of the Instrument

The instrument permits the study of electron energy losses

which do not depend critically on the primary energy of the electrons.

Electrons from a cathode ray gun are accelerated in the accelerator,

pass through the test foil, are slowed down in the decelerator, pass

through the electrostatic analyzer and are collected in the Faraday

cage. An aluminum baffle, with a 3/4 in. diameter hole in it,

immediately in front of the foil insures that all electrons reaching

the electrostatic analyzer and collector pass through the foil.

Fluctuations in the high voltage affect both accelerator and

decelerator similarly; thus, although the energy of the electrons

incident on an absorber placed between the two tubes fluctuates, the

energy of the electrons leaving the decelerator is unaffected, de

pending only on the processes occurring in the foil. The electrons

enter the electrostatic analyzer with about 100 ev energy thus

eliminating defocussing which occurs if collection is attempted at

zero energy directly from the decelerator. The width of the energy

distribution is essentially independent of the bombarding energy, a

situation not generally found in accelerators in which the energy

analyzer is a separate unit. The energy resolution of the instrument

is 0.00256 at 100 kev as given in Fig. 3 by the ratio of the width at

half maximum to the accelerating voltage. The resolution is limited

only by the spread in energy of the electrons from the cathode ray
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gun, and the resolution of the electrostatic analyzer. The reso

lution for effects which depend critically on the bombarding energy

is limited only by the stability of the high voltage supply and not

by geometrical factors.

With S ' set at zero and no foil in the beam, electrons

leave the decelerator with an energy of about 100 ev, pass through

the electrostatic analyzer, which is set to select electrons of this

energy, and then into the Faraday cage. When a foil is placed

between the accelerator and decelerator, electrons which have lost

energy in the foil may still be collected if the voltage £ ' is

increased to a value corresponding to the amount of energy lost.

All electrons which are collected, regardless of the amount of

energy lost, leave the foil with the same kinetic energy, are

decelerated by the same amount, are deflected the same amount by

any residual magnetic fields, and are deflected in the electrostatic

analyzer by the same electric field. Such operation eliminates any

ambiguities in energy which might arise in any of these steps if the

energy of the electrons collected is scanned by varying the potential

applied to the electrostatic analyzer, or by changing the $ voltage

with S' set at zero.

The Electrostatic Analyzer

The electrostatic analyzer used is similar to that described

by Hughes and Rojansky (1929) and Hughes and McMillen (1929). Their

analysis shows that in a radial inverse first power electrostatic
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field good focussing of a beam diverging from a slit source and good

resolution are obtained if the angle between the planes of the

entrance and exit slits is 127° 17'. In an analyzer of this type

the deflecting plates are sections of surfaces of two concentric

cylinders. Herzog (1934) and Dempster (1937) give a more general

treatment of the theory involved.

There have been several applications of electrostatic

deflectors of this type prior to the present one. Mattauch and

Herzog (1934) describe a mass spectrograph utilizing such an

electrostatic deflector with an angle of 31° 50' in one case and

an angle of 63 39' in another. Bainbridge and Jordan (1936)

describe a mass spectrograph in which an electrostatic deflector

of this type with an angle of 127° 17' is employed. Such a

deflector employing an angle of 90° was used by Allison, Skaggs

and Smith (1938). In 1940 Rogers, McReynolds and Rogers used an

analyzer of this type with an angle of 89° 51' and Hanson (1944)

employed one with an angle of 15°. This type deflector with an

angle of 127° was used by Backus (1945) as a beta-ray spectrometer.

Warren, Powell and Herb (1947) used a 90° analyzer of this type

and obtained an energy resolution of 5000 at 1 Mev, corresponding

to an energy spread of 200 ev in the beam. A 90° electrostatic

analyzer was described by Fowler, Lauritsen and Lauritsen (1947).

After passage through the analyzer the beam had an energy spread of

300 ev at 1 Mev. In 1949 Reichertz and Farnsworth used a similar

electrostatic analyzer which had a theoretical resolving power
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AV/v = 0.0273- Another 90° cylindrical electrostatic analyzer has

been described by Allison, Frankel, Hall, Montague, Morrish, and

Warshaw (1949). A cylindrical electrostatic analyzer using a de

flecting angle of 630 39• was used by Hunt (1952). The energy

resolution was stated to be one part in a thousand at 340 kev,

corresponding to an energy spread of 340 ev.

The electrostatic analyzer used in this research was designed

by Dr. M. Slater. Cross sectional views of the analyzer and the

Faraday cage collector are shown in Fig. 4. Because the radiation

entering the analyzer was approximately parallel, the angle between

the planes of the entrance and exit slits was made half the 127°

given by the analysis of Hughes and Rojansky (1929)> or 63.5 .

However, to insure that a narrow, parallel beam enters the analyzer,

the electrons are collimated by a double slit as shown in Fig. 1.

A block of lucite was milled out to form the concentric cylindrical

plates, which were made conducting by an aquadag coating. An

0-ring between the lucite top and the body of the analyzer provides

the vacuum seal. Brass screws, with 0-rings under their heads,

make electrical connections to the plates and to the guard

electrodes, which serve to make the electric field between the

plates more uniform. The radius of the inner plate is 9 inches

and that of the outer plate 10 inches. The depth of the gap is

3 inches. With this geometry the ratio of the energy selected in

ev to the potential difference between the plates in volts is

4.75. Thus a potential difference of 21 volts across the plates is
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required to select electrons of 100 ev energy. The voltage across

the plates is supplied by a battery, the upper and lower plates

being at equal potentials above and below the potential of the

entrance slit6 to the analyzer. The center guard electrodes are

at the entrance slit potential and the other two pair are at

potentials half way between this and that of the analyzer plates.

The energy resolution of the electrostatic analyzer is about 1$

at an energy of 100 ev, corresponding to an energy width of 1 ev

at half maximum of the peak in the distribution curve.

The electrostatic analyzer gives the energy distribution

directly, whereas in many of the experiments described in the

literature the energy distribution was obtained by differentiating

an integral distribution or by density and photometer measurements

of a photographic plate, processes which are subject to considerable

error.

Auxiliary Equipment

The source of electrons is an electron gun employing both

electrostatic focussing and deflection from a 5BP1 cathode ray tube.

To prevent deactivation of the cathode, the tube envelope is broken

in an atmosphere of nitrogen, helium or argon in a dry box. The

electron gun is transported in a plastic bag to the accelerator

which has previously been flushed with one of the three gases

mentioned.

-6
The system is evacuated to a pressure between 5 x 10



28

and 1 x 10"5 mm Hg using a Welch Duo-Seal forepump and a Dis

tillation Products Industries VMF-26OR oil diffusion pump. The

pressure is measured with a Consolidated Vacuum Corporation VG-1A

ionization gauge. A National Research Corporation Model 501

thermocouple gauge is used to indicate pressures above the range

of the ionization gauge. A pressure interlock in the thermocouple

gauge control circuit turns the diffusion pump off if the pressure

gets too high. A valve between the diffusion pump and the rest of

the system permits the system to be brought to atmospheric pressure

without having to turn off the diffusion pump and allow it to cool.

As a power supply for the electron gun, at first an Atomic

Instrument Company Model 3l6 power supply was used with the circuit

given in the RCA Tube Handbook HB-3, Vol. 1-2, for a 5BP1-A

cathode ray tube, a modification of the 5BP1. In this circuit the

potentials of the gun elements were established by voltage

dividing resistors. However, the current to the gun elements was

a sufficiently large fraction of that in the voltage divider that

when the voltage of one element, and hence the current to it, was

altered, the potentials of the other elements were changed. This

circuit was therefore replaced by the one shown in Fig. 5> in

which the load is large enough, about 10 ma, so that changes in

the potential of one gun element do not alter the potentials of

the other elements. This circuit was designed and built by J. L-

Blankenship. The voltage dividing resistors of the former circuit

have been replaced by the voltage regulator tubes shown, which give
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adequate regulation of the voltages supplied to the first anode,

pin 4, and the control grid, pin 10. The grid voltage is variable

from 0 to -50v and the first anode voltage from 150 to 450 volts.

The series regulated high voltage supply provides a stabilized

voltage, variable from 500 to 2500 volts, for the second anode,

pin 7. The second anode potential is normally 1500 v. Dual

potentiometers permit the potentials of each member of the two

pairs of deflecting plates to be varied equally above and below

the second anode potential. Pins 3 and 8 are connected to one

pair of deflecting plates and pins 6 and 9 the other. Pins 1

and 11 are connected to the heater and pin 11 also to the cathode.

Meters have been installed so that the voltages of and currents to

all gun elements can be monitored. The electron beam is aimed by

varying the potentials of the deflecting plates of the gun. It

can also be aimed by tilting the gun by means of two horizontal

and two vertical adjusting screws.

The high voltage is supplied by a Westinghouse 250 kv

X-ray power supply. This supply is center grounded so that only

the negative 125 kv can be used with the accelerator and

decelerator, both ends of which are at high negative potential with

the center grounded. An oil immersed switch designed by Dr. H. H.

Hubbell, Mr. R. F. King, and Mr. R. W. Bennett permits either the

accelerator or an X-ray tube to be operated from the same power

supply. Separate controls, designed by Drs. Hubbell and M. Slater,

permit the high voltage supply to be operated from the accelerator
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control panel. The voltmeter which measures the high voltage is

accurate to within 2%.

Horizontal and vertical coils, designed to neutralize the

earth's magnetic field are used, in addition to the electron gun

deflecting plates, to aim the electron beam.

The S' voltage is supplied by batteries and is variable

from 0 to 600 v. The voltage is measured with a voltmeter con

sisting of a Weston Model 86l D.C microammeter with series

resistors giving full scale ranges of 2, 6, 20, 60, 200, and

600 volts which are selected by a switch. The voltmeter was

calibrated against Rubicon potentiometers Nos. 2730 and 2732.

The 8 ' voltage can be accurately set on each range anywhere

between 0 and the maximum value by means of a ten turn 100 K

ohm Helipot potentiometer. This voltage is scanned by means of a

continuous 50 K ohm model LS Helipot potentiometer driven by a

one rpm type KYC-22 Bodine motor to cover the energy range to be

investigated.

The S voltage is supplied by a model A3A Oregon Electric

Manufacturing Company regulated power supply, the output of which

is variable from -300 to + 400 volts. This voltage is usually

set at a value slightly less than 100 volts, which corresponds to

the energy the electrostatic analyzer is set to select, so that

the peak in collector current due to electrons which have lost no

energy in passing through a foil will be separated slightly from

the beginning of the scanning cycle.
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The collector current is measured by an electrometer and is

plotted directly as a function of the energy lost, measured by

£', by means of a Brown recorder, range 0-10 mv, driven by

the electrometer. Two different electrometers were used. The

first was an RCA WV-84A D.C. microammeter, a schematic diagram of

which is shown in Fig. 6. The circuit is essentially a battery

operated D.C. vacuum tube microammeter. Batteries E3 and E4 are

- i
arranged with tubes VI and V2 to form a bridge circuit. The zero

adjust control acts to balance the bridge, zero potential existing

across the meter Ml when balance is obtained. The potential drop

across the shunt, Rl to R6 selected by the range switch, is applied

to" the grid of VI and changes the resistance of the tube in a

direction which depends on the direction of the applied current.

This change unbalances the bridge and causes a current through

the meter. The current through the input terminals required to

give full-scale deflection is dependent on the resistance of the

shunt. The voltage drop for full scale deflection is 0.5 volt for

all ranges. There are six ranges of 0.01, 0.1, 1, 10, 100 and

1000 microamperes full scale. However, in this application the

shunt resistors for the 100 and 1000 scales were replaced by 500

-9 -10
and 5000 megohm resistors, giving ranges of 10 ' and 10 amperes

full scale, respectively.

The RCA microammeter was replaced by a model Q-826-B 0RHL

Instrument Department electrometer, a circuit diagram of which is

shown in Fig. 7- This instrument is described by Glass (1952).
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Compensation for drift within the electrometer tube has been

accomplished by the placement of a second electrometer tube in the

opposite leg of the bridge. The 5803, a sub-miniature Victoreen

tube, is used because of availability, high leakage resistance

/ 14(10 ohms), low microphonics and low grid current. Since the

filament current is only 10 ma, the regulated plate supply is

used for filament power. If the two tubes are aged for 72 hours

and then carefully matched as to plate current for given grid and

plate voltages, they will drift in the same direction at approxi

mately the same rate, thus providing good drift compensation.

Since less than 15 ma is required to supply both filaments and

plates, sufficient regulation was obtained by cascading a VR-150

and a VR-75 tube. The degree of regulation required for the two

circuits is less than that required for a single-tube circuit.

However, additional compensation was added by making the bias

voltage a function of both filament and plate voltages. As a

result of these two features a 20$ change in line voltage gives

no change in the meter reading. The two relays shown prevent

the plate voltage from being applied to the two electrometer

tubes until after the cathode reaches operating temperature.

The 5803 is used here as a voltage amplifier, directly coupled

to a cathode follower. By dividing the current gain between the

electrometer tube and the cathode follower, optimum operating

conditions for low grid current, good linearity and long tube

life can be realized. For good stability, the 12AU7 must be aged
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and the two halves matched. In the instrument used a high impe

dance range switch using fluorothene as an insulator was in

stalled. Resistances of 10 , 10 , Kr, 10 , and 10 ohms were

used. Since the full scale voltage is 0.25 volts, these give

ranges of 2.5 x 10"8, 2.5 x 10"9, 2-5 x 10-10, 2.5 x 10-11 and
-IP 12

2-5 x 10 amperes full scale. Grid resistors larger than 10

ohms should not be used since the grid current is then not small

compared with the full scale current. With the 10 ohm resistor,

the RC time constant of the input circuit is about 1 second.

In operation the electron gun, the initial end of the

accelerator, the final end of the decelerator, the electrostatic

analyzer and the collector are all at high negative potential.

Hence all equipment connected to these, which includes the

electron gun power supply, the S ' supply, the scanning circuit,

the £ supply, the analyzer voltage supply, the electrometer and

the Brown recorder, must be at high voltage also. Therefore all

this equipment is mounted on two insulated tables. One hundred

ten volts A.C. is supplied to the equipment which requires it

through oil immersed insulating transformers. Two such trans

formers are cascaded at each table. The primary and case of the

first transformer is at ground potential, its secondary and the

primary and case of the second is at half the high voltage, and

the secondary of the second transformer, which is connected to

the table, is at the full high voltage. The potentials are

established by voltage dividing resistors. The accelerator and
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the two tables with the auxiliary equipment at high voltage are

all enclosed by a screen wire cage. Insulating rods attached to

the equipment at high voltage permit this equipment to be

operated from outside the cage. The thermocouple and ionization

gauge controls, the power supply for the neutralizing coils and

the accelerator high voltage controls, which are all at ground

potential, are mounted in a relay rack which is located at a gap

in the cage. The cage has a door and a grounding hook. When the

high voltage is off, the grounding hook is hung from a copper tube

housing the leads to the initial end of the accelerator. When

the high voltage is on, this copper tube is at high voltage.

Interlocks require that the grounding hook be suspended from

another hook just inside the cage door, that the door be closed,

and that the powerstat controlling the high voltage be turned

all the way down before the high voltage can be turned on. When

the door is opened, the high voltage is turned off, if this has

not been done previously. An overload relay causes the high

voltage to be turned off when excess current is drawn due to an

arc or some other cause. Figure 8 is a photograph showing the

cage, the accelerator and the backs of the control panel and

auxiliary equipment on the two tables.

Foils

The metal foils were evaporated onto Zapon or Formvar

backings. A Zapon backing was prepared by dropping one drop of
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* a solution of Zapon Aquanite "A" in Zaponite Thinner No. 5 on water

and picking up the resulting film by raising in a vertical position

a thin rectangular piece of aluminum with a 1-5/8 in. circular hole

in it. The film was then transferred to a rectangular piece, about

1-3/8 in. by 7/8 in., of 0.010 in. stainless steel or 0.0l6 in.

aluminum sheet with a 5/8 in. circular hole in it. Solutions of one

part Zapon in five parts thinner were usually used. The Formvar

films were prepared in the same manner using a solution of one gram

of Formvar 15/95E in 100 cc, or equivalent proportions, of ethylene

chloride or 1,4 dioxane or p-dioxane. Zapon films could be made

thinner and more uniform than Formvar films. However, Formvar films

were stronger than Zapon films of'the same thickness. According

to Chen (1950) Formvar films are about seven times as strong as

Zapon films. Magnesium foils on Zapon backings ruptured very easily,

whereas they were much sturdier on Formvar backings. However,

aluminum and silver foils on Zapon backings were quite durable.

Copper foils on Formvar backings were stronger than those on Zapon

backings. Zapon films as thin as 8ug/cm2 and Formvar films as thin

as 12ug/cm2 were used as backings.

Prior to July, 1954, the foils were evaporated by the 0RHL

Instrument Division. Since that time the evaporation has been done

in an evaporator set up by G. R. Harrison in the Health Physics

Division. This evaporator consists of a bell jar resting on a

brass plate, a rubber gasket coated with vacuum grease making a

vacuum seal between the two. Teflon washers provide insulation
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and a vacuum seal between the brass plate and the two filament elec

trodes passing through the plate. The bell jar is evacuated to a

pressure of 1x 10~^ mm Hg or less by two Distillation Products

Industries MC 500 oil diffusion pumps in parallel feeding into a

Kinney forepump. The filament is then heated until the metal evapo

rates. Tungsten wire is used as a filament for aluminum, gold and

magnesium and a tantalum "boat" for copper, silver, tin and indium.

Fifteen foils are usually evaporated at once. The amount of metal

evaporated is determined by weighing the filament before and after

the evaporation.

As soon as the metal foils are removed from the evaporator they

are placed in a desiccator, which is immediately evacuated. The foils

are kept in a vacuum until they are introduced into the accelerator.

The foil is then mounted on the end of an aluminum rod l8 in. long and

0.95 in. in diameter. A vacuum lock permits the foils to be introduced

into the accelerator without opening the system to the air.

After measurements on a foil have been completed, it is

removed from the accelerator through the vacuum lock and placed

again in the desiccator which is evacuated. The foils are kept in

the evacuated desiccator until ready for weighing. The metal and

backing within the 5/8 in. circle is cut away from the foil holder

and weighed on a quartz fiber Precision Torque Balance manufactured

by Vereenigde Draadfabrieken, Nijmegen, Holland. Although the

smallest scale division on the balance is 10 ug, the weights of the

foils can be estimated to the nearest ug using a telescope
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focussed on the scale. Each foil is weighed at least three times and

the average of the values taken. There was no consistent increase

in the successive weights, indicating moisture was not adsorbed

during the weighing. Several blank Zapon or Formvar films which were

prepared at the same time as those on which the metal was evaporated

are also weighed. The weight of the backing is subtracted from the

weight of the metal plus the backing to give the weight of the metal.

The thickness of the metal foils in ug/cm2 is obtained by dividing

the weight by the known area.

Attempts were made to remove Zapon backings from aluminum

foils by dissolving the Zapon in Zaponite thinner, but the metal

foils always ruptured. However, since no energy losses were observed

in Zapon or Formvar films in the energy range in which the discrete

losses were observed in the metals, it was not considered necessary

to remove the backings.

The thickness in ug/cm2 of the metal foil was also calculated

using the inverse square law, assuming isotropic evaporation, from
mh

the relation t = 7 3 where m is the mass of the. metal evaporated,

h is the perpendicular distance between the source of evaporation

and the plane of the foil, and r is the distance from the source to

the foil. When a "boat" is used as a filament 2« instead of 4jt

geometry is assumed. Agreement between the thickness values deter

mined by the two methods will be discussed later.
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Development of the Instrument

An account of the development of the instrument, including

improvements made since the writer began working with it and some

difficulties encountered, is appropriate here. The design, con

struction and assembly of the accelerating and decelerating tubes,

insulators and supporting frame were carried out by Dr. H. E. Banta,

Mr. R. W. Bennett and Mr. R. F. King of the High Voltage Group at

ORNL. The instrument was leak tested and made vacuum tight by

Dr. R. D. Birkhoff and Mr. A. W. Smith of the Health Physics Division;

Mr. J. Bergstein made preliminary measurements on the performance of

the instrument. Brief descriptions of the instrument were given by

Bergstein and Birkhoff (1953) and Blackstock, Birkhoff and Slater

(1954).

The cage had just been built around the instrument when the

writer began work on it. The first task was to rewire the auxiliary

equipment in a permanent manner.

At this time a tungsten filament electron gun served as the

source of electrons. The filament was bent in the shape of a V, the

point of which was ground flat. The filament fitted into a small

hole in the center of a disk so that the flat part was flush with the

surface of the disk. The accelerating anode was another disk, with

a 3/32 in. hole in the center, separated from the first disk by a

distance variable between 0.040 and 0.300 inches. The potential of

the accelerating anode could be varied from 0 to 600 v.
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At that time the current collector consisted of a large steel

cylinder with a steel plate on the end. It was necessary to make

the collector 20 volts or more positive with respect to the end of

the decelerator to suppress secondary electrons produced in the

collector. The current had been measured by a galvanometer, but

this was replaced by the RCA microammeter, which has greater sensi

tivity.

The plate on the end of the current collector could be re

placed by a fluorescent screen consisting of a lucite plate on which

zinc sulphide had been deposited. A fluorescent screen which could

be rotated in and out of the beam could also be placed at the center

of the instrument in the foil position and viewed through a lucite

plate on the side of the instrument. The effects on the spots pro

duced by the electron beam at these two positions caused by varying

separately several parameters were observed. These parameters were

the current in the coil designed to neutralize the vertical component

of the earth's magnetic field, the gun filament current, the

focussing anode voltage, the secondary electron suppressor voltage,

the high voltage and the S voltage. The spot at the collector

became badly defocussed at S voltages less than 50 volts. A coil

forming a thin magnetic lens was designed to improve the focussing

at Ibw S voltages, but did not improve it significantly. A coil to

neutralize the horizontal component of the earth's magnetic field

was added and proved useful in aiming the beam.

A considerable number of measurements of the operating
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characteristics with no foil in the instrument were taken. At that

time the S voltage was varied manually in small steps and the

collector current recorded at each step. A graph of the data

yielded an integral distribution of the collector current as a

function of o" voltage. With no foil, the collector current should

rise sharply to a maximum in the vicinity of S = 0 and remain at

this value as 6 increases. The differential distribution, obtained

by differentiating the integral curve, should exhibit a sharp peak

at 6 = 0. Instead a o of 40 volts or more was required to obtain

maximum current, resulting in a relatively broad peak in the

differential curve. The parameters mentioned in the previous para

graph were varied to see if the resolution could be improved. In

addition, various geometries of apertures and grids of different

mesh sizes were tried at the entrance to the collector to attempt

to better define an equipotential plane at the barrier or &

potential. However, none of these methods improved the resolution.

An attempt was made to use a time varying <J produced by an

oscillator to sweep the o and observe the collector current signal

on an oscilloscope. This proved unsuccessful due to stray pickup

which could not be eliminated and was replaced by the method

previously described of sweeping the o and recording the current

with a Brown recorder.

The defocussing of the electron beam was eliminated by

adding the electrostatic analyzer and not allowing the electrons to
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have energies below 100 ev. In addition the electrostatic analyzer

yields the differentiated collector current distribution directly,

from which the resolution can be obtained immediately. No secondary

electron suppressor voltage was necessary with the Faraday cage

current collector used with the electrostatic analyzer. This

collector replaced the large steel collector. But still the

resolution was improved little. By means of a fluorescent screen

the beam after passing through the analyzer was observed.

With an oscilloscope a test was made for a phase shift in the

voltage between the initial end of the accelerator and the final end

of the decelerator, but none was found. With an oscilloscope a test

was made for any high frequency oscillations in the energy of the

electrons which might cause an energy spread in the beam or a

phase difference in the potentials of the initial end of the

accelerator and the final end of the decelerator. None were found.

Additional filtering was added in the two neutralizing coil supplies,

the focussing anode supply and the high voltage supply, but the

resolution was not improved.

An electrometer more sensitive than the RCA microammeter was

installed but did not operate satisfactorily probably because of too

low leakage resistances and too high stray capacitances. However,

the ORNL Instrument Department Q-826-B electrometer was installed

later and works quite well on all ranges except the most sensitive,

-12
2.5 x 10 amperes full scale.

The poor resolution might have been due, in part at least,
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to an energy spread in the electrons leaving the gun. The replace

ment of the tungsten filament gun with an electrostatic electron gun

from a cathode ray tube was decided upon as a means of trying to

reduce the energy spread in the beam. The cathodes of these guns,

however, are deactivated when exposed to air. Attempts were made

to replace the cathode in one of these guns with a tungsten filament,

which proved to be a very tedious task. Although several filaments

were installed, it was impossible to measure any current at the

collector from any of them, probably because the filaments were not

properly aligned with the axis of the gun or not properly spaced from

the grid.

The envelopes of cathode ray tubes were broken in an atmosphere

of an inert gas as has been described. This method proved successful

and was adopted. War surplus 5BP1 electron guns are used since they

are available at no cost. Many of the guns have sufficient emission

for only a week, but several have lasted much longer.

Although the resolution was improved by the use of the

cathode-ray tube guns, not until the double slit was inserted at the

entrance to the electrostatic analyzer was the present resolution

attained.

Insulating coatings have been found deposited on the central

baffle, the analyzer entrance slits, the collector entrance slit

and the accelerating electrodes. These coatings probably result

from diffusion pump oil vapor since there is no trap between the

diffusion pump and the remainder of the system. The coatings
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evidently become charged and deflect the beam so that it does not

reach the collector. This seems to be true for the accelerating

electrode coatings even though the inside diameter of the electrodes

is 5 in., much larger than the beam diameter- These coatings must

be removed at intervals with emery cloth.

Difficulties were also encountered in weighing the foils.

These were overcome by using a vacuum desiccator to keep moisture

from collecting on the foils.

As these improvements were made, the data also improved.

Several thousand graphs of collector current versus energy loss

were taken in order to obtain enough good data.
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IV. TEXT OF STUDY

Energy Distributions

The energy distribution of electrons with an incident energy

of 45 kev after passing through a 15 ug/cm2 aluminum foil is shown

in Fig. 9. The peak to the right represents electrons which have

lost no more than one ev of energy and will be referred to as the

"no loss peak." The next peak corresponds to a group of electrons

which have lost 14.2 ev of energy. The higher losses are very

nearly integral multiples of the smallest one.

The energy distribution of electrons with 100 kev incident

energy after passing through the same foil is shown in Fig. 10.

Figure 11 shows the energy spectrum resulting when 45 kev electrons

pass through a thinner aluminum foil. The thickness of this foil is

not known very accurately, since at the time the data were taken no

balance of sufficient sensitivity to weigh the foil accurately was

available. However, from an estimate of the thickness made on the

basis of the inverse square law assuming isotropic distribution in

evaporation of the foil, it is definitely thought to be thinner than

the first foil, perhaps about 5 ug/cm2.

Figure 12 shows the energy spectrum resulting when 30 kev

electrons pass through a 72 ug/cm2 magnesium foil. The energy dis

tribution resulting when 115 kev electrons pass through the same

foil is shown in Fig. 13- In both figures the larger losses are

seen to be very nearly integral multiples of the first.



1.50

60.0 44.8

Energy Loss In ev.

FIG.9-ENERGY DISTRIBUTION FROM

l5Mg/cm2 ALUMINUM FOIL
INCIDENT ELECTRON ENERGY 45 Kev.

49



1.25

o

i

o

* LOO
10

O)
V-

o>

Ql

E
<

~ 0.75
c

a>

\_

O

w

O

o 0.50
CD

O

O

0.25 U-
0

__—-—-""( 1

V/ I
!|5 44.5 29.4

Energy Loss In ev.

FIG. 10-ENERGY DISTRIBUTION FROM

15/xg/cm2 ALUMINUM FOIL
INCIDENT ELECTRON ENERGY 100 Kev.

14.0

50



X

O)
LU

or
UJ
Q_

LU

or 3
or

O

or

?2
o
LU

O
o l\\ - ' -J 0

1 \ \
100 14.8 0

5T

— ENERGY LOSS IN ev

Fig. II- Electron Energy Distribution from an Aluminum

Foil. Incident Electron Energy 45 Kev.



22.8 9.6 0

Energy Loss In ev.

FIG. 12-ENERGY DISTRIBUTION FROM

72 ug/cm2 MAGNESIUM FOIL
INCIDENT ELECTRON ENERGY 30 Kev.

52



c.c o

2.00 1
1.75 —

7 1.50
O

—

X

(Amperes
CJl

c

t 1.00

o

o

o

^ 0.75
o

o

0.50 —

0 25

n 1
56 31.6 21.5

Energy Loss In ev.

10.5

FIG.I3-ENERGY DISTRIBUTION FROM

72/ig/cm2 MAGNESIUM FOIL
INCIDENT ELECTRON ENERGY 115 Kev.

53



5k

The energy distribution resulting when k5 kev electrons pass

through a 66 ug/cm2 copper foil is shown in Fig. 14. Figure 15 shows

the energy distribution from the same foil resulting from electrons

incident with 115 kev energy. In copper only one loss is observed.

Figure l6 shows the energy distribution from 45 kev electrons

passing through a silver foil. Only one loss is observed in silver.

The thickness of this foil is not accurately known but from a

determination of its weight and from the inverse square law, it is

thought to be between 10 and 20 fig/cm2.

Discrete Energy Losses

The discrete energy losses found in the four metals are

listed in Table 1. The mean values of the difference between

successive losses in Al and Mg and the mean values of the single

losses in Cu and Ag are listed in the column headed "Quantum Loss."

The number in parentheses after each energy loss is the number of

measurements of that loss.

Table 1

DISCRETE ENERGY LOSSES

Metal Energy Losses (ev) Quantum Loss (ev)

Al 14.8 (74) 30.0 (59) 44.2 (31) 59.8 (10) 14.87 + 0.04 (rjk)

Mg 10.5 (44) 21.5 (kk) 31.6 (9) 10.60 + 0.03 (97)

Cu 22.6 (93) 22.6 + o.l (93)

Ag 23.8 (8) 23.8 + 0.2 (8)
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The quantum loss for Al, 14.87 ev, was obtained by adding the

quantities 14.8, 30.0, 44.2 and 59.8 ev, identifying the first

quantity with one fundamental loss, the second with two, the third

with three and the fourth with four, and dividing the sum of the four

numbers by 1 + 2 + 3 + k = 10. The quantum loss for Mg, 10.60 ev,

was obtained in the same way. Had the mean value of all differences

between successive losses been taken, many of the quantities would

have cancelled, eliminating many of the measurements.

The magnitudes of these losses were found to be independent of

primary energy and foil thickness. The number of losses observed in

Al increased with increasing foil thickness.

No energy losses were observed in gold, tin and indium. An

energy loss of about 520 ev, which can be identified with the K

excitation energy of oxygen, 526 ev, was indicated in Zapon films.

Ho losses were observed in Formvar films. The 8 ' voltage was

scanned to measure energy losses up to 600 ev in all the foils

mentioned.

Comparison with Other Experiments

In Table 2 comparison is made of the measurements of the dis

crete losses in aluminum, copper,, silver and magnesium with other

measurements of such losses. The values obtained here for aluminum

agree quite well with those of Ruthemann (1948) and Lang (1948) except

that Ruthemann observed one, and Lang two, additional losses. Two of

the present losses agree fairly well with two observed by Marton and
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ENERGY LOSSES (ev) IN ALUMINUM
59

Ruthemann Lang Mollenstedt Marton and Watanabe .This

(191+8) (1948) (19*9) Leder (195^) (195k) Research

7 9 6.2 6:5
14.72 14.5 15 13-9 14.8 14.8

22 18 19-2 23

29-59 29.4

36
27.8
35-0

29.5 30.0

44.34 44.2 44.2

59.3k 58.6 5k 59.8
73-84 75.2

90.4

ENERGY LOSSES (ev) IN COPPER

Rudberg Rudberg Lang Mollenstedt Reichertz- Marton Watanabe This

(1930) (1936) (1948) (1949) Farnsworth

(1949)
and (1954) Research

Leder

(1954)

3.4 4.2 3.0

6.9 7.2 6.0 6.9 7
12.3 12.3 11.3

19.1 20.4 20.0 19.6 19.5 ^
22.9* 22.6**

25.5
34.5

Cu on collodion

*» Cu on zapon



Table 2 (Continued)

ENERGY LOSSES (ev) IN SILVER

6o

Rudberg
(1930)

Rudberg
(1936)

Turnbull-

Farnsworth

(1938)

Ruthemann Marton-

(1948) Leder
(1954)

Watanabe This

(1954) Research

4.6
7.4

24.8

3-9
7.8

23

3-9
7-3

16.0

22.57
45.31

22 23.8

ENERGY LOSSES (ev) IN MAGNESIUM

Marton-

Leder

(1954)

Watanabe This

(1954) Research

9-7
20.3

10.3 10.5
20.7 21.5
31.2 31.6
41.5
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Leder (1954) and Watanabe (1954), but they obtained additional losses

in between the values obtained here. One measurement obtained here

agrees fairly well with one obtained by Mollenstedt (1949), but he

also obtained values in between the present ones, some of which agree

with those of Marton and Leder and Watanabe. Ruthemann obtained

14.72 ev and Lang 14.8 ev for the fundamental loss, compared with

14.87 ev obtained here. The interval between the measurements of

Marton and Leder does not seem to be the same in each case. However,

the mean value of this interval is 6.8 ev. The interval between

losses of the first set of Mollenstedt's data is 7.3 ev; there does

not seem to be a constant interval between the values in the other

set. The interval between losses is 7.4 ev for Watanabe's data.

The measurement of 22.6 ev for the single loss obtained here

in copper agrees quite well with the value 22.9 ev observed in copper

on collodion by Lang (1948). The copper foils used in the present

experiment were on Zapon backings, as were the aluminum foils.

Although Lang observed a difference in the energy loss in backed and

unbacked copper foils, he did not report any such difference for

aluminum and nickel, on which he also made measurements. The quantity

22.6 ev obtained here also agrees fairly well with the values near

20.0 ev obtained by Mollenstedt (1949), Reichertz and Farnsworth

(1949), Marton and Leder (1954), and Watanabe (1954). However,

Reichertz and Farnsworth, Marton and Leder, Watanabe, and Rudberg

(1936) observed losses less than 20 ev and Rudberg (1930) observed

greater ones as well.
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Good agreement is found between the value 23.8 ev observed

here for the single loss in silver and one measurement each of

Rudberg (1930), Rudberg (1936), Ruthemann (1948) and Watanabe (1954).

However, Rudberg, Turnbull and Farnsworth (1938) and Marton and

Leder (1954) all observed losses less than this value. Ruthemann

observed a loss very nearly twice as great.

The discrete losses observed in magnesium agree very well with

those observed by Marton and Leder (1954) and Watanabe (1954). How

ever, one additional loss was observed by Watanabe. The mean value

of the interval between successive losses obtained here is 10.6 ev

compared with 10.0 ev for Marton and Leder and 10.4 for Watanabe.

Mean Free Path

As has been shown, discrete energy losses have been observed

in the metal foils. It is of interest to determine the mean free

path A. for the loss of a quantum of energy fi u> in a foil. CO

is the plasma frequency which will be discussed later. This mean free

path can be obtained from the measurements taken here by application of

an analysis due to Mr. R. H. Ritchie (1955).

If it is assumed that energy losses occur only in single

quantum units of n CO and that single losses involving multiples of
P

this unit are not possible, the probability that an impinging electron

will lose energy /) (jj in traversing a thickness dx of the foil is

dxgiven by -*- . The probability pQ(t) that the electron suffers no
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losses in a foil of thickness t is

P0(t) -a**/*

The probability that only one loss occurs in thickness dx at x as the

electron passes through the foil is

PoW j Po<* - x> • e"x/* T e"(t "x)A =e"t/;i T
The probability p (t) that only one loss occurs in the whole foil is

the integral over x of this expression or

Pl(t) =te"^
A

The probability that one loss occurs in dx at x and another in dy at

y is

p„W JPo(y .„J,o,t -„..^J.-(7 -*)*« .-(» -T)/»
0

, 1

= e_t'^ T5 dx dy

If this expression is integrated first over x and then over y there

results the probability for two losses in the foil

The probability that one loss occurs in dx at x, that a second occurs
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in dy at y and that a third occurs in dz at z is

y'dx dy dz
p0(*) -j p0(y - x) -j P0(z " 3T) -j P0(t - z)

m9-*/A f!e-(y-x)A *.-(*-y>/? -a"**"2^
/l /I /I

_tA !
- e 'A —j- dx dy dz

If this expression is integrated over dx, then dy, then dz, there

results the probability of three losses in the foil

3

im-Ux) •"*
The probability of n losses in a foil of thickness t is then

?°(t)4&)°
the Poisson distribution law.

Now it is assumed that the area A under the no loss peak is

a measure of the probability that an electron will suffer no losses in

passing through a foil, that the area A-^ under the first loss peak is

a measure of the probability of one loss in the foil, etc. By taking

ratios of the areas under the different peaks, values of the ratio

tfy can be obtained. Thus



A-l Pi(t) t

An Po(t) ^

A2 P2(t)

Ao P0(*)

1

2

A2 P2(t)

Ax px(t) 2^

a„ eUl

A1 6U

2

A3_ 1 t

A2 3 3
etc.
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Hence six values of t/^ can be obtained from the areas under the

no loss peak and three loss peaks.

An experimental check was made to see if the data fit this

analysis. The six ratios of the areas under the no loss and three

loss peaks were taken for two different curves. From these ratios

six values of t/^ were obtained for each curve. The mean deviation
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of the values of 1 from the mean value was % in one case and 10$

in the other. It is thought that this verifies the applicability of

the analysis to the data obtained here within the limits of accuracy

of the data.

As a further check a value of t/% was determined in another

way from a curve for aluminum from which t/^ had been determined by

taking the ratios of the areas under the peaks. The mean free path /}

is given by

AE AE

A-
dE/dx AE/t

where AE is the value of the quantum energy loss, dE/dx is the

stopping power and AE is the average energy loss in the foil of

thickness t. The average energy loss AE is given by

_ /•
~Jn(e)
E N(E) dE

AE =

dE

where N(E) is the energy distribution function and E is the energy

loss. In order to determine AE, an energy distribution curve was

chosen in which the trailing edge reached zero before the end of the

scanning cycle. The ordinates of a number of points on the curve

were multiplied by the corresponding energy losses, i.e., the energy

intervals from the center of the no loss peak to the points. A

second curve was plotted using the products of the original ordinates

and their corresponding energy losses as ordinates. The area under
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this curve as well as that under the original curve was measured with

a planimeter. AE is given by the ratio of the area of the second

curve to the area of the original curve, t/^ is then given by

t AE

A AE

where AE is the value of the fundamental discrete loss, 14.9 ev for

aluminum. The value of t/^ obtained in this way was 0.933 compared

with 0.943 obtained from ratios of areas under the peaks. The per

cent difference between the two values is 1.1$.

If the intensities of the losses, or areas under the peaks, do

obey the Poisson distribution, then the ratios of the areas under the

larger loss peaks to those under the smaller loss peaks should

increase as the foil thickness increases. That this is the case can

be seen by comparing Fig. 11 with Fig. 9, the energy distribution in

a thicker Al foil at the same incident electron energy.

Figure 17 illustrates how the boundaries of the no loss and

first loss peaks were extrapolated to the base line in a typical case.

The leading edge of the first loss peak was extended to the base line

in a manner such that when it was subtracted from the original curve

there was no hump in the resulting trailing edge of the no loss peak.

The trailing edge of the first loss peak was likewise obtained by

subtracting the extended leading edge of the second loss peak from

the original curve. It is admitted that the drawing of the extended

parts of the edges of the peaks is somewhat arbitrary. However, two
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observers drew the extrapolations independently for several curves

and the measured values of the areas under the peaks agreed within

10$ in every case. The areas were measured with a Keuffel and

Esser No. 4236 planimeter or a Dietzgen OTT Type 30/38 planimeter.

The area of each curve was measured at least three times and the

average of the values taken. The last peak in a curve was not used

since it was difficult to draw its trailing edge and since its area

was much smaller than those of the other peaks. However, in many

cases four loss peaks were obtained in aluminum and the use of the

first three loss peaks and the no loss peak yields six values of

t/ /{ .If only three loss peaks were obtained, and only the first

two used, three values of t/ A can be obtained. At least three,

usually more, energy distribution curves were taken at each value

of the bombarding electron energy for each foil. The mean value of

all the values of t/A at each incident electron energy was taken

and the thickness t of the foil was determined by weighing a known

area of the foil. There result values of A as a function of inci

dent electron energy.

Values of the mean free path in aluminum at different primary

energies are listed in Table 3- The values obtained from two

different experimental runs made on successive days on foil No. 1,

thickness 14.3 ug/cm2, and another run on foil No. 2, thickness

15.3 ug/cm2, are tabulated separately. The value of the foil

thickness in Angstroms is obtained assuming the density of the foil

is the same as that of bulk aluminum. The probable error is given
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Table 3

MEAN FREE PATH IN ALUMINUM AS A FUNCTION OF INCIDENT ELECTRON ENERGY

Foil No. 1 14.3 ug/cm2 or 530 A + 3-6$ Run 1

Incident Energy Mean Free Path Probable Error

kev ug/cm2 Angstroms i

30 17 + 1 630 + 40 6.2
45 19 + 1 690 + 40 5.3
60 19-3 + 0.8 710 + 30 4.1

75 27 + 1 990 + 50 5.5
85 35 + 1 1290 + 50 3.8
100 33 + 1 1230 + 50 4.3

Foil No. 1 Run 2

30 15 +1 540 + 40 8.0

45 16.8 + 0.7 620 + 30 4.2

60 18.8 + 0.7 700 + 30 3.9

75 20.3 + 0.8 750 + 30 3-7

85 24.5 + 0.9 910 + 30 3.8
100 37+2 1360 + 70 5.2

Foil No. 2 15.3 Eg/cm2 or 567A +3-0$

25 16.9 + 0.5
45 17.2 + 0.6
60 19-0 + 0.9
75 25.7 + 0.8

100 31 +1

630 + 20 3.0

640 + 20 3.4

700 + 30 4.6

950 + 30 3-1
ll60 + 50 4.1
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in magnitude and as a per cent of the value of A . These data are

plotted in Fig. 18. The thicknesses of these foils, determined by

weighing a known area, were also estimated on the basis of the

inverse square law assuming isotropic distribution in evaporation.

The value obtained for foil No. 1 was 12.2 ug/cm2 which differs

from the value 14.3 Ug/cm2 obtained by weighing by l6$. The value

obtained for foil No. 2 was 15-9 ug/cm compared with 15.3 |ig/cm

by weighing, a difference of 3.8$. It is believed that these

differences are due to anistropy in evaporation. According to

Bond (1954) actual film thicknesses may range from one-half to

twice the value calculated assuming Isotropic evaporation. Chase

and Cox (1940) obtained a value for the thickness of an aluminum

foil assuming isotropic evaporation which was 19$ higher than that

determined by a colorimetric microchemical method. Bayard and

Yntema (1955) obtained a value for the thickness of a gold foil

assuming isotropic evaporation which was 25$ higher than that

obtained from absolute scattering of electrons in the foil.

As can be seen from Fig. 18 the mean free path increases

with increasing primary energy. This can be seen qualitatively by

comparing Fig. 9, the energy distribution in an aluminum foil at

45 kev primary energy, with Fig. 10, the energy distribution in the

same foil at 100 kev incident energy. A value of the mean free

path A is given by

1 A°A = — t
Al
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An
where __ is the ratio of the area under the no loss peak to that

Al
under the first loss peak and t is the foil thickness. It can be

seen that the area AQ is larger compared with the area A, in

Fig. 10 (100 kev) than in Fig. 9 (45 kev). Hence A is larger at

100 kev than at 45 kev. Comparison between the experimental points

and the theoretical curve plotted in Fig. 18 will be discussed

later.

In Table 4 are listed values of the mean free path in

magnesium at different incident electron energies. The values

obtained from three different foils, of thicknesses 85, 72, and

51 ug/cm as determined by weighing a known area of the foils, are

listed separately. For magnesium there was a wide discrepancy

between the thickness valueB obtained by weighing the foils and

those obtained from the inverse square law assuming isotropic dis

tribution. The thicknesses obtained by the latter method for these

three foils are 8.1, 10.1 and 9»4 ug/cm2, respectively. The former

values are factors of 10.5, 7.1 and 5.4, respectively, greater than

the latter. In an attempt to determine which values were correct,

fifteen magnesium foils were evaporated. Several of them were

weighed and the others were analyzed for total magnesium content

by colorimetric analysis using the titan yellow method by the

Analytical Chemistry Division of ORNL. The accuracy of this method

was stated to be + 3$ by the supervisor of the laboratory which

made the analysis. The quantities of magnesium in the foils ob

tained by this analysis agreed within 30$ with the values obtained by
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Table 4

MEAN FREE PATH IN MAGNESIUM AT DIFFERENT INCIDENT ELECTRON ENERGIES

A. Foil Thickness Determined by Weighing

Foil No. 1 85 ug/cm2 = 4880A

Incident Ene rgy Mean Free Path Probable Error

kev Ug/cm2 Angstroms

x 103
1

40 169 + 6 9-7 + 0.3 3.6
50 185 + 5 10.6 + 0.3 2.9
60 191 + 6 11.0 + 0.3 3.0

75 180+5 10.3 + 0.3 2.8
85 207+6 11.9 + 0.4 3.1
100 202+5 11.6 + 0.3 2.7
115 220 + 10 12.9 + 0.6 4.3

Foil No. 2 72 Ug/cm2 = 4140A

45 157+ 6 9.0 + 0.4 4.0

6o 109 + 3 6.3 + 0.2 2.7
75 127 + 4 7.3 + 0.2 3.0
85 133 + 4 7.6 + 0.2 3.0

100 132 + 6 7.6 + 0.4 4.7

115 133 + 4 7.6 + 0.2 2.9

Foil No. 3 51 ug/cm2 = 2930A

60 69+3 4.0 + 0.2 4.6
100 160 + 10 9.0 + 0.7 7.4
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Table 4 (continued)

MEAN FREE PATH IN MAGNESIUM AT DIFFERENT INCIDENT ELECTRON ENERGIES

B. Foil Thickness Determined by Inverse Square Law

Foil No. 1 8.1 ug/cm2 - 465A

Incident Energy Mean Free Path Probable Error

kev ug/cm2 Angstroms i

40 16.0 + 0.4 920 + 20 2.6
50 17.6 + 0.3 1010 + 20 1.5
60 18.2 + 0.3 1050 + 20 1.6

75 17.2 + 0.2 990 + 10 1.2

85 19.7 + 0.4 1130 + 20 1.8
100 19-2 + 0.2 1100 + 10 1.0

115 21.3 + 0.7 1220 + 40 3.5

Foil No. 2 10.1 ug/cm2 - 58OA

45 22.1 + 0.7 1270 + 40 3.3
60 15.4 + 0.2 890 + 10 1.3
75 17.9 + 0.3 1030 + 20 1-7

85 I8.7 + 0.3 1080 + 20 1.8
100 18.6 + 0.7 1070 + 40 4.0

115 18.7 + 0.3 1080 + 20 1.6

Foil No. 3 9-4 ug/cm2 = 540A

60 12.9 + 0.5 740 + 30 3-7
100 29 +2 1700 + 100 6.9
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weighing foils with the same geometry in evaporation as those

analyzed, whereas they were several times as great as those ob

tained from the inverse square law assuming isotropic distri

bution. The large discrepancies between the amounts of magnesium

in the foils determined both by weighing and by chemical analysis

and those determined by the inverse square law are thought to be

due to anisotropy in evaporation. Magnesium sublimes and does not

melt before evaporating. It is thought that this might cause a

greater anisotropy in the evaporation of magnesium than in the

evaporation of some metal which melts, such as aluminum. The 30$

difference between the quantities of magnesium determined by

chemical analysis and those determined by weighing can also be

accounted for by anisotropy of evaporation. Since magnesium is

rather active chemically some corrosion of the foils undoubtedly

occurs. Although the foils were kept in an evacuated desiccator

containing a desiccant as much as possible, they were exposed to

air when removed from the evaporator, when introduced into and

removed from the accelerator, and when weighed. They were also

exposed to the residual gases in the evaporator during and after

evaporation and to residual gases in the desiccator. According to

Beck (1943), Pannel (1948), the American Magnesium Corporation

(1923), and Whitby (1933), the principal constituents of the

corrosion of magnesium exposed to an indoor atmosphere are water

and the oxide, carbonate, sulphate and hydroxide of magnesium, with

the carbonate predominating. Watanabe (1954) states, "It was rather
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difficult to obtain a thin Mg foil by reason of the rapid oxidation

of this metal foil."

The data in Table 4 are plotted in Fig. 19• Both the mean

free path determined from the foil thicknesses calculated by the

inverse square law and that obtained from foil weight are plotted.

It is interesting to note that the former values for the three foils

agree much better with each other and with the theoretical curve

than do the latter. For this reason the former determinations are

included. Comparison between theory and experiment will be dis

cussed later. Where the probable error is not shown for a point, it

is smaller than the symbol indicating the point.

Table 5 lists values of the mean free path in copper at

different primary energies. The values obtained from two foils,

of thicknesses 66 and 8l ug/cm2 as determined by weighing the foils,

are listed separately. Values of the thickness of these foils

obtained from the inverse square law assuming isotropic distribution

in evaporation agreed with these values within 20$. This difference

can be accounted for by anisotropy in evaporation. Some oxidation

probably occurred also. Parratt (1954) states that a 2000A copper

film may oxidize completely to a depth of 15QA. Comparable, or

even greater, oxidation may take place in the case of magnesium.

The data in Table 5 are plotted in Fig. 20. Comparison with theory

will be discussed later.

Since the thickness of the silver foil was not known the mean

free path in silver could not be calculated. Measurements on silver
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Table 5

MEAN FREE PATH IN COPPER AT DIFFERENT PRIMARY EHERGIES

79

Foil No. 1 66 ug/cm2 1• 742A

Primary Energy Mean Free Path Probable Error

kev ug/cm2 Angstroms i

45 96 + 8 1080 + 90 7.9
60 84+4 950 + 40 4.7
75 97+4 1090 + 40 4.0

85 120+4 1350 + 40 3.1
100 96 + 3 1080 + 30 3.2
115 119 + 3 1340 + 40 2.9

Foil No. 2 81 ug/cm2 = 910A

6o 62+3 690 + 40 5.1
80 71+4 800 + 50 5.8

100 72+2 800 + 20 2.8
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were obtained only at 45 kev primary energy. Further attempts were

made to get more data on silver, but no energy losses were observed.

Stopping Power

dE
The stopping power — is given by

dx

dE AE

dx A

where AE is the quantum energy loss and A is the mean free path for

the loss of a quantum of energy.

Values of the stopping power in aluminum at different inci

dent electron energies are listed in Table 6. As in the case of the

mean free path, the values obtained from two different runs on foil

No. 1, 14.3 ug/cm , and another run on foil No. 2, 15*3 ug/cm , are

tabulated separately. The values are plotted in Fig. 21. It will

be noted that the stopping power decreases as the incident energy

increases.

In Table 7 are found values of the stopping power in magnesium

as a function of primary electron energy. The values obtained for

two different foils, using the values of A obtained from the foil

thicknesses determined by weighing the foils are listed separately.

Values of the stopping power determined from values of A obtained

from the foil thicknesses determined by the inverse square law are

also listed for each foil. The values are plotted in the graph of

Fig. 22.
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Table 6

STOPPING POWER IN ALUMINUM AT DIFFERENT INCIDENT ELECTRON ENERGIES

Foil No. 1 14.3 ug/cm2 - 530A +3-6$ Run 1

Incident Energy Stopping Power

ev

Probable Error

kev ug/cm.2 i

30 0.87 + 0.05 6.3
45 0.80 + 0.04 5.3
60 O.77 + 0.03 4.1

75 O.56 + 0.03 5.5
85 0.43 + 0.02 3.8

, 100 0.45 + 0.02 4.3

Foil No. 1 Run 2

30 1.02 + 0.08 8.0
45 0.89 + 0.04 4.2
60 0.79 + 0.03 3-9
75 0.73 + 0.03 3-7
85 0.6l + 0.02 3-8

100 0.41 + 0.02 5.2

Foil No. 2 15.3 ug/cm2 = 567A + 3«0$

25 0.88 + 0.03 ' 3-0
45 0.86 + 0.03 3.4
60 O.78 + 0.04 4.6
75 0.58 + 0.02 3-1

100 0.48 + 0.02 4.1
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Table 7

STOPPING POWER TJf MAGNESIUM AS A FUNCTION OF PRIMARY ELECTRON ENERGY

A. Foil Thickness Determined by Weighing

—— — . 1 ,i i i i ,

Foil Ho. 1 85 ug/cm2 - 4880A

Primary Energy Stopping Pover Probable Error

kev ev *
ug/cm2

40 0.063 + 0.002 3.6
50 0.057 + 0.002 2.9
60 O.O56 + 0.002 3-0

75 0.059 + 0.002 2.8

85 0.051 +0.002 3.1
100 0.052 + 0.001 2.7
115 0.047 + 0.002 4.4

45
60

75
85

100

115

Foil Ho. 2 72 Ug/cm2 - fclfcOA

0.068
0.097
0.083
0.080
0.080
0.080

0.003
0.003
0.002

0.002
0.004

0.002

4.0

2.7
3.0
3.0

4.7
2.9
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Table 7 (continued)

STOPPING POWER IN MAGNESIUM AS A FUNCTION OF PRIMAHY ELECTRON ENERGY

B. Foil Thickness Determined by Inverse Square Law

Foil No. 1 8.1 ug/cm2 a 465A

Primary Energy Stopping Power Probable Error

kev ev *

ug/cm2

40 0.66 + 0.02 2.6

50 0.602 + 0.009 1.5

60 0.582 + 0.009 1.6

75
85

0.616
0.54

+ 0.007
+ 0.01

1.2

1.8

100 0.552 + 0.006 1.0

115 0.50 + 0.02 3.5

Foil No. 2 10.1 ug/cm2 = 580A

45 0.46 + 0.02 3.3

60 0.688 + 0.009 1.3

75 0.59 + 0.01 1.7

85 0.57 + 0.01 1.8

100 0.57 + 0.02 4.0

115 O.567 + 0.009 1.6
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Table 8 lists values of the stopping power in copper at

different primary electron energies. The values obtained for the

two copper foils are tabulated separately and the data are plotted

in Fig. 23.

Since the thickness of the silver foil was not known the

stopping power in silver could not be calculated.

Cross Sections

The cross section per free electron 0" is related to the

mean free path A for the loss of a quantum of energy AE by

o

1 cm

<T = — (1)
n A free electron

where n is the number of free electrons per cm . n is given by

2

" "d- (2)
where Ui is the plasma oscillation frequency and m and e are the

XT

mass and charge of the electron. This equation will be discussed

in the section on theory. a> is related to AE, the quantum energy

loss, by

AE
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Table 8

STOPPING POWER IN COPPER AT DIFFERENT PRIMARY ELECTRON ENERGIES

Foil No. 1 66 ug/cm2 = 742A

Primary Energy

kev

Stopping Power

ev

Probable Error

ug/cm2

45
60

75
85
100

115

0.24 + 0.02

0.27 + 0.01
0.233 + 0.009
0.188 + 0.006
0.236 + 0.008
0.190 + 0.006

8.0

4.7
4.0

3.1
3.3
2.9

Foil No. 2 8l ug/cm2 - 910A

60

80
100

0.37 + 0.02
0.32 + 0.02
0.316 + 0.009

5.1
5.8
2.8
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Substitution of relation (3) into (2) and then (2) into (l) results

in

1 /eh\ 2

Values of the cross section per free electron in aluminum as a

function of incident electron energy are given in Table 9. Again

the values obtained from two different runs on foil No. 1 and another

run on foil No. 2 are listed separately. The values are plotted in

Fig. 24. As can be seen the cross section decreases with increasing

incident energy.

In Table 10 are found values of the cross section per free

electron in magnesium as a function of electron primary energy. The

values obtained for two different foils are listed separately. Values

•obtained using the foil thickness determined by weighing the foils

are tabulated separately for each foil from those obtained using the

foil thickness determined by assuming isotropic evaporation. The

data are plotted in Fig. 25.

Table 11 lists values of the cross section per free electron

in copper at various electron incident energies. Values obtained

from two copper foils are given separately. The data appear in the

graph of Fig. 26.
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Table 9

CROSS SECTION PER FREE ELECTRON IN ALUMINUM AS A FUNCTION

OF INCIDENT ELECTRON ENERGY

Foil No. 1 14.3 ug/cm2 = 530A + 3-6$ Run 1

Incident Energy Cross Section Probable Error

kev barns x 10> *

30 9.8 + 0.6 6.3

45 9.0 + 0.5 5-3

60 8.7 + 0.4 4.1

75 6.3 + 0.3 5-5

85 4.8 + 0.2 3.8
100 5.0 + 0.2 4.3

Foil No. 1 Run 2

30 11.5 + 0.9 8.1

45 10.0 + 0.4 4.2

6o 8.9 + 0.4 4.0

75 8.3 + 0.3 3-8

85 6.8 + 0.3 3.8
100 4.6 + 0.2 5-2

Foil No. 2 15.3 Ug/cm2 = 567A + 3-0$

25 9-9 + 0.3 3.1

45 9.7 + 0.3 3.4

60 8.8 + 0.4 4.6

75 6.5 + 0.2 3.1

100 5.4 + 0.2 4.1
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Table 10

CROSS SECTION PER FREE ELECTRON IN MAGNESIUM AS A FUNCTION

OF ELECTRON PRIMARY ENERGY

A. Foil Thickness Determined by Weighing

Foil No. 1 85 |ag/cm2 = 4880A

Primary Energy Cross Section Probable Error

kev barns x HP i

40 1.26 + 0.05 3.6
50 1.15 + 0.03 2.9

60 1.11 + 0.03 3.0

75 1.18 + 0.03 2.8

85 1.03 + 0.03 3.1

100 1.05 + 0.03 2.7

115 0.95 + 0.04 4.4

Foil No. 2 72 ug/cm"" = 4140A

45 1.35 + 0.06 4.1

6o I.95 + 0.05 2-7

75 I.67 + 0.05 3-0

85 1.60 + 0.05 3.0

100 1.6l + 0.08 4.7

115 1.60 + 0.05 2.9



Table 10 (continued)

CROSS SECTION PER FREE ELECTRON IN MAGNESIUM AS A FUNCTION

OF ELECTRON PRIMARY ENERGY

B. Foil Thickness Determined by Inverse Square Law

Foil No. 1 8.1 ug/cm2 = 465A

94

Primary Energy Cross Section Probable Error

kev barns x 10* i

40

50
60

13.3 + 0.3
12.1 + 0.2

11.6 + 0.2

2.6
1.6
1.7

75
85

12.3 + 0.2
10.8 + 0.2

1.3
1.8

100 11.1 + 0.1 1.1

115 10.0 + 0.3 3.5

Foil No. 2 10.1 |ag/cm2 = 58OA

45 9.6 + 0.3 3-3
60 13.8 + 0.2 1.4
75 11.8 + 0.2 1.7
85 11.3 + 0.2 1.8

100 11.4 + 0.5 4.0

115 11.3 + 0.2 1.7
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Table 11

CROSS SECTION PER FREE ELECTRON IN COPPER AT VARIOUS

96

ELECTRON INCIDENT ENERGIES

Foil No. 1 66 ug/cm = 742A

Incident Energy

kev

Cross Section

barns x 10

Probable Error

45
60

75
85

100

115

2.5 + 0.2
2.8 + 0.1

2.5 + 0.1

1.99 + 0.06
2.49 + 0.08
2.01 + 0.06

8.0

4.7
4.0

3.2

3.3
3-0

Foil No. 2 8l ug/cm2 =910A

60
80

100

3-9 + 0.2
3.4 + 0.2

3.3 + 0.1

5.1
5.8
2.9
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Theory

Plasma oscillations were discussed as early as 1906 by Ray-

leigh in connection with the constitution of the atom. Plasma in

its normal equilibrium state is characterized by a substantially

equal density distribution of positive and negative charge so that

the volume distribution of charge is practically zero. The positive

charges are heavy and their motion can be neglected. Any distur

bance in the plasma will primarily disturb the distribution of

electrons and produce polarization in the medium. Tonks and Lang-

muir (1929) first derived the expression for the frequency of the

electron plasma oscillations. However, a later derivation will be

given here. Tonks and Langmuir (1929), Merrill and Webb (1939),

Looney and Brown (1954), and others have observed such oscillations

experimentally.

Weizsacker (1933) attempted to determine the effect of the

conduction electrons in a metal on the stopping process. He

considered the electronic motion caused by the passage of the inci

dent particle to be damped by a force proportional to the velocity

of the electrons. The proportionality factor cOg. is inversely

proportional to the electrical conductivity <r of the medium and is

given by

ne2
"V

m <r

where n is the number of conduction electrons per unit volume and
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m and e are the mass and charge of the electron. The stopping power

for electrons obtained in this manner due to conduction electrons

only is

dE 4«ne4 2mv2
— = In (5)
dx mv2 n o><r

dE
where v is the velocity of the incident electron. Thus — depends

dx

on the factor Ui^ which in turn depends on the conductivity of the

medium. Since the conductivity is a function of temperature, the

stopping power should also change with the temperature of the bom

barded medium.

Kronig'and Korringa (1943) treated the problem by means of a

classical hydrodynamical model of an electron gas. The conduction

electrons were considered to constitute a negatively charged fluid

flowing with respect to the fixed metallic ions which in turn

exerted a frictional force on the fluid. An additional frictional

force within the fluid was also assumed. The principal contribution

of this treatment seems to have been the casting of doubt on the

temperature dependent stopping power formula by Weizsacker, for this

treatment predicted no such dependence. Gerritsen (1946) measured

the stopping power of aluminum and tin for alpha particles from room

temperature down to liquid helium temperatures. No change in the

range of the alpha particles with temperature was found within an

experimental accuracy of 0.5$.

In the U.S.S.R. in 1945 Vlasov gave a discussion of the



100

kinetic theory of an assembly of particles with collective inter

action and Landau (1946) gave a further discussion of vibrations of

the electronic plasma.

In a later treatment of the problem Kramers (1947) used a

macroscopic description in which the electrons were treated as a

continuum characterized by an effective dielectric constant. He

used the conventional form of the dielectric constant of an

assembly of free stationary electrons and calculated the stopping

power by means of classical electrodynamics. Both the polarizability

of the medium and the damping effect of the collisions of the

conduction electrons were considered. Using the quantum

mechanical limit for the minimum impact parameter as did Weizsacker,

Kramer's expression for the stopping power for electrons is

dE Wne4 2mv2
__ = m _ (6)
dx mv2 fi(u> + 5 w_)

P 4

where

/4«ne
6U =

p m

2xl/2

is the frequency of the electron plasma oscillations and all the

other symbols have the same meaning as previously. The relative

sizes of ft uJ and f\ 6a_ can be obtained for a representative metal
P T

such as aluminum. If three conduction electrons per atom are
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assumed in aluminum, then

1r)C0v =15.8 ev

TIWjp" 0.088 ev

and the term in LOc may be neglected. This affords an expla

nation of the fact that no temperature dependence of the stopping

power was observed experimentally.

A. Bohr (1948) has given a microscopic description of the

collisions between a charged particle and the individual electrons,

both free and bound, in which the influence of the electron-

electron interactions is taken into account explicitly. He

obtained an expression for the characteristic frequency associated

with the excitation of the conduction electron plasma. The

electric field of the incident electron is given by

E = D - 4*P

where D is the displacement and P is the polarization. The force

experienced by a conduction electron is Ee and may be considered

to arise from the term De which would exist in the absence of any

polarization effects in the medium diminished by a term 4jteP which

represents the force on the electron due to the polarization pro

duced by the incident particle. In effect the electric field is

screened by the setting up of a dipole moment per unit volume P.

If there are n electrons per unit volume and each experiences a
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displacement X due to the polarization force, then P = -neX, and the

force on the electron may be equated to mX. Thus

mX = 4neP

mX =-4jme2X

The square of the frequency of oscillation of the electron plasma is

then given by

o 4jrne2
cop - (7)

m

Kronig (1949) compared the results of Kronig and Korringa

(1943) and Kramers (1947). He showed that for a suitable choice of

the coefficient of viscosity in the stopping power formula of Kronig

and Korringa agreement could be obtained with the Kramers expression

if the quantum mechanical minimum impact parameter is used in the

latter.

Bohm and Gross (1949) gave further discussions on the theory

of plasma oscillations. An extensive treatment of collective inter

actions of electrons has been given in a series of four papers, Bohm

and Pines (1951), Pines and Bohm (1952), Bohm and Pines (1953), and

Pines (1953). The effect of the velocity of the conduction electrons

on the stopping power has been included in this treatment. For

V= >> -v^ , where v is the velocity of the incident particle and

Vj2 is the mean square velocity of the electrons in the plasma,
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Pines (1953) found for the stopping power due to conduction electrons

in which only the plasma oscillations are excited

vdE 4jtnZ2e4 Bk
m ^— (8)

dx mv2 CO
P

where Ze is the charge of the incident particle. The quantity pkQ

is equal to - , where b is the minimum impact parameter for
b

collective interactions or plasma oscillations. According to Pines

and Bohm, collisions with impact parameters greater than b can be

best treated in terms of interactions between the incident particle

and the collection of electrons constituting the plasma; collisions

with impact parameters less than b can be better described in terms

of individual particle interactions. For the minimum impact

parameter Pines and Bohm use b = A -n, the Debye length in the plasma.

The Debye length was originally introduced by Debye and

Hiickel (1923) as a screening distance in ionized electrolytes. A

similar screening distance holds for an electron plasma if the •

positive charges in the medium are assumed to be at rest and spread

out to a uniform density. An amount of work -e0 is required to

move an electron into the medium to a point where the electrostatic

potential is (j) . Considering a volume element dv and a Maxwell-

Boltzman distribution of electron energies, the number of electrons

in dv is

e0 / kT .
n£ r ' dv
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and the number of positive ions in dv is ndv. The charge density is

then

f> =ne(l -£e0 /M)

which for e0 small compared with kT, the thermal energy of the

electrons, becomes

ne2
r> . d

kT

Poisson's equation for the medium may be written

A0 = - 4jc p

which upon substituting for p becomes

4jcne2
A0 =

kT

In polar coordinates the equation is

Id d0 4jcne2
--—(r2-) = 0
r2 dr dr kT

which has a solution of the form

A
d

e -r/AD
9 -

r

where

V
kT

4itne2
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For a Maxwell-Boltzmann distribution this may be written

1 v-2

Al) 3 co2
p

where v^2 is the mean square velocity of the electrons in the medium.

However, the conduction electrons constituting the plasma in a metal

have a Fermi-Dirac distribution of energies. For this case Neufeld

and Ritchie (1955) have shown that /lD is given by

o 1 VF2

~> p

where v_, is the electron velocity at the maximum Fermi energy at a

temperature T = 0.

Thus

1 1 CO
P*0 -- -r -{T

b Ad v-

P

Substituting this expression for 6kQ and setting Z = 1 for electrons

as incident particles, equation (8) becomes

dE 4jtne4 / . v\ /1Q\
ln/{T-

dx mv^ \ v„



io6

The maximum Fermi energy at T = 0 is given by, for instance,

Slater (1939) p. 476, as

£ * — 2/3
2 2m V8jt,

mVF h /3nEF = =— [•

whence

h /3n\ 1/3
vF = - - (11)

2m \ n

The mean free path for the loss of a quantum of energy j) W to the
P

plasma is, using equation (10),

}=u^= Hmyg (ia)
dE/dx knnek In f(3 ^

The stopping power formula of Kramers, equation (6) includes

not only collisions in which plasma oscillations are excited but

also much closer collisions involving large transfers of energy.

Since only small energy losses were observed in this experiment,

comparison will be made with the Pines and Bohm theory.

Comparison of Experiment with Theory

The number of free electrons per cubic centimeter n is given

Npf
n (13)
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where N is Avogadro's number, P is the density and A the atomic weight

of the material and f is the number of free electrons per atom. If

this expression for n is substituted in equation (7), the resultant

expression for the energy loss quantum tl wp is

ergs (14)

Inserting the values of the constants in equation (14) and converting

to ev there results

(? f\ 1/2j\(X> =28.8 —J ev (15)

Pines and Bohm use the number of valence electrons for f in their

calculations. The values of fi ft) calculated for aluminum, magnesium,

copper, and silver from equation (15) using the valence for f in each

case are compared with the experimental energy losses AE in the

following table:

Table 12

Metal Valence ^ (ev) AE (ev)
Calculated Experimental

Al

Mg 2
Cu

Ag 1

3 15-8 14.9
10.9 10.6

1,2 10.8,15.3 22.6
9.0 23.8
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Pines and Bohm calculated values of 71 LO of 15-9 ev for aluminum
P

and 10.8 ev for magnesium. The values in Table 12 agree rather well

for Al and Mg, but not for Cu and Ag.

An alternative method of comparison is to calculate the

number of free electrons per atom f from the observed energy loss

and compare this value with the valence of the element. If equation

(15) is solved for f and AE is substituted for f\ cu ,there results

A p
f = 1.21 x 10-3 - (AEr (l6)

where AE is in ev. This is a more sensitive check than comparing

the values of the energy loss, since f depends on the square of AE.

Thus any experimental error in the value of AE will be magnified in

the value of f. The values of f for the four metals obtained from

equation (l6) are compared with the respective valences in Table 13.

Table 13

Metal AE (ev) No. Free Electrons Valence
Observed per Atom f

Al 14.9 2-69 3
Mg 10.6 1.90 2
Cu 22.6 4.39 1>2
Ag 23-8 7-05 1

Just as in Table 12, there is rather good agreement for Al and Mg,

but not for Cu and Ag.
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The experimentally determined values of the mean free path A

for the loss of a quantum of energy AE are compared with those given

by the Pines and Bohm relation, equation (12). In order to facilitate

the calculation of values of A by means of equation (12), this

equation will be modified somewhat. Using equation (7), replacing

no) by AE and introducing the factor for converting AE from ev to

ergs, there results

cm (17)

Inserting the values of h and e and introducing the density P of the

material and the factor to convert A from g/cm to ug/cm , equation

(17) becomes

v 3.02 x10"l8 pv2
A = - L__ ug/cm2 (l8)

AE In /[3 -
TFi

The density of the foil is assumed to be the same as that of the bulk

metal. If equation (7) is solved for n and AE is substituted for

fl w_, the resultant expression is
, ^ 2

n = «m—
\he;



If this expression for n is substituted in equation (ll) that

equation becomes

(3h)l/3 /AE\2/3
VF =

\ ™e;
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which, upon inserting the constants and introducing the conversion

factor so that AE in ev can be inserted directly, becomes

v =3-22 x 10T (AE)2'3 cm/sec
F

The logarithmic term in equation (l8) then becomes

t>4-m [(3 38 x10"8v (AE)'2/3

or alternatively

In [JT —\= In v - 16.74 - - In AE

(19)

(20)

(21)

The velocity of the incident electrons, v, is obtained from the

relativistic equation

1/2

mc'

v = Be =

E + mc2>

Inserting the constants and the conversion factor so that E, the

energy of the incident electron: can be introduced directly in kev
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there results

aoV m 3.00 X 10J
..60 x 10"9 E + 8.20 x 10"?/ _

I/2
8.20 x 10-7 x2 cm

— (22)
sec

The value of v obtained from equation (22) is used with the observed

value of AE in equation (20) or (21) to obtain the value of the

logarithmic term. This in turn is used with AE, v and the density P

of the material in equation (l8) to determine the value of A .

Values of A for Al, Mg and Cu obtained from equation (l8) for

Incident energies covering the range of experimental measurements are

plotted in Figures l8, 19 and 20, respectively, with the experimental

values of A • The curves resulting from the points obtained from

equation (l8) are labeled "Pines and Bohm Theory."

Rather good agreement between the experimental values and

those obtained from equation (l8) is found in Fig. 18 for Al. How

ever, the curve through the experimental points has a different slope

at nearly every point from that obtained from equation (18).

If equation (l8) is solved for v2//) , the result is

v2 3.31 x 1017 AE /jT
— = - In

a e U

This equation can be put in the form

2 3-31 x 1017 AE IT 3.31 x 1017 AE

1—r ln^ 1—lnT (23)
v
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Since fi ,AE and, therefore, vF are all constants for a particular

element, equation (23) is of the form

v2
—r = c In v + K

A

2Therefore, if 1_ is plotted versus In v, the resulting graph should
" 2 / \be a straight line. Values of 1_ for Al resulting from equation (23),

A
along with the experimental values, are plotted as a function of In v

in Fig. 27. The v0 of Fig. 27 is the same as v, the incident

velocity of the electrons. The departure of the experimental points

from a straight line is immediately evident.

Very poor agreement is found in Fig. 19 between the values

of A for Mg obtained from equation (18) and the experimental values

obtained using the foil thickness determined by weighing the foils.

Much better agreement exists between the theoretical values and the

experimental values obtained using the foil thickness determined from

the mass of metal evaporated assuming isotropic distribution. However,

as has been stated before, the amount of magnesium in the foils

determined independently by colorimetric analysis agreed within 30$

with the amount obtained by weighing whereas it was several times

that obtained assuming isotropic evaporation. Therefore the value of

foil thickness obtained from foil weight is thought to be the more

correct value. It may be recalled that the Formvar backings for the

foils were placed on a rectangular piece, about 1-3/8" x 7/8", of

thin stainless steel or aluminum sheet with a 5/8" circular hole in

it. The metal was evaporated onto the backings and the electron beam
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traversed that part of the foil within the 5/8" circle. It was

noticed that, in the case of magnesium, there was always a ring of

Formvar at the outer edge of the 5/8" circle adjacent to the stainless

steel or aluminum frame on which there was no magnesium. The effect

of this ring is to increase the number of electrons which pass through

the foil with no energy loss, that is to increase the area under the

no loss peak, AQ. Thus, since A/t =kjh^tte experimental value

of X is too large. This effect is a possible explanation for part

of the difference between the experimental values of A determined

from foil weight and the theoretical values. However, it does not

seem that this effect could account for the total difference since

the area of the ring is much smaller than the area of the foil

covered by Mg and, hence, the current through the former area should

be much less than that through the latter.

Rather poor agreement is also found in Fig. 20 between the

experimental values of A\ for copper and those obtained from equation

(18).

Other Considerations

It is of interest to see what magnitude of energy loss might

be expected from elastic collisions between the incident electrons

and the atoms or free electrons in the target. Suppose that an inci

dent electron of mass m and initial velocity u collides elastically

with a target particle of mass M initially at rest. The incident

electron is scattered with a velocity v at an angle 6 with the
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initial direction of motion. The target particle recoils with a

velocity V at an angle <f> with the direction of motion of the inci

dent electron. Using non-relativistic relations and applying the

principles of conservation of momentum and kinetic energy the

following equations relating the energy loss AE to the incident

energy E are obtained:

4 M m cos2 <f>
AE = E (24)

(m + M)2

2m r 1/2
AE - M + m sin2 0 - cos 6 (M^ - m2 sin2 6)

(M + m)2 L
E (25)

Consider first a collision between the incident electron and

the target atom as a whole. For M > > m, equation (24) reduces to

and equation (25) to

4m

AE = — E cos2 0 (26)
M

2m

AE = — (1 - cos 9) E (27)
M

It can be seen from equation (27) that AE increases with increasing

E and 6, the scattering angle of the incident electron. If 6 is

taken to be 1.2°, the angle subtended at the foil by the largest
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dimension of the entrance slit to the current collector, the energy

lost by an electron with 115 kev initial energy, the largest incident

energy used in the experiment, in an elastic collision with a

magnesium atom is 0.0011 ev. This loss is, of course, far too

small to be detected with the instrument used in this experiment.

The energy losses will be even smaller in collisions with aluminum,

copper and silver atoms since M is larger for each of these than

for magnesium.

For a head-on collision 4 = ° and e = l80°; in this case

both equations (24) and (25) reduce to the well known equation

4 Mm

AE = E (28)
(M + m)2

which is the maximum energy loss the electron can experience in an

elastic collision. For M >> m the maximum energy loss from

either equation (26), (27) or (28) is given by the equally well

known relation

4m

AE = — E (29)
M

The maximum energy that an electron with 115 kev incident energy can

lose in an elastic collision with a magnesium atom is 10.3 ev; with

an aluminum atom, 9.3 ev; with a copper atom, 3*9 ev; and with a

silver atom, 2.3 ev. However, in this case the incident electron

will, of course, recoil in a direction opposite to that of its
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original motion and will not enter the collector unless scattered

again in the original direction.

In the case of a collision between the incident electron and

a free electron, M = m and equations (24) and (25) become,

respectively

AE = E cos2 <j) (30)

and

AE = E sin2 0 (31)

As can be seen by comparing equations (30) and (31), the angle

between the directions of motion of the two electrons after the

collision is 0 + 0 = 90°. Using E = 115 kev and 6 = 1.2 ,

equation (31) gives 50.2 ev for the energy lost in a collision with

a free electron. For a head-on collision with a free electron,

both equations (28) and (30) with 0=0 yield, as is well known,

AE = E, a complete transfer of energy. In this case, since the

incident electron comes to rest, there is no scattering angle 9.

From this non-relativistic treatment, it appears that there

should be a continuous distribution of energy losses due to

elastic collisions with free electrons in the target in the energy

range in which the discrete losses were observed. As can be seen

in Figs. 9 through 17, the discrete loss peaks are superimposed

on a continuous distribution.

Inelastic collisions should also be considered. Inelastic

collisions with target atoms will result in ionization or
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excitation of the atoms. According to Ferrell (1955), electrons

which suffer plasma losses are scattered through smaller angles than

those which suffer equal losses in causing atomic excitations.

In order to determine whether or not the losses observed here

correspond to transitions between atomic energy levels, a survey was

made of the optical and X-ray levels in the four metals investigated.

These data were taken from Fine and Hendee (1955), Hill, Church and

Mihelich (1952), Moore (1949, 1952) Eucken (1950), Compton and

Allison (1935), Bacher and Goudsmit (1932), and Washburn (1929).

Pertinent data found are listed together with the observed energy

losses in Table 14. Since the probability of an atom's being

ionized to a degree higher than two by the bombarding electrons is

relatively small and since the excitation energies will in general

be larger for the higher ions, ions of degree greater than two were

not considered. In the column headed "Excitation Energies", the

lowest and highest excitation energies found for each ion are listed

together with the intermediate values nearest the observed energy

losses. Likewise only those absorption edges and lines with energies

nearest the observed losses are listed for each series.

Of the energy levels found for Mg, the value closest to the

value of the first discrete loss in Mg, 10.5 ev, is 10.35 ev, an

excitation level for the neutral atom. The value 22.58 ev, the

second ionization potential of the neutral atom, is the closest

value found to the second discrete loss in Mg, 21.5 ev. None of the

values found are very close to the third loss, 31.6 ev.



Table 14

Comparison of Transitions between Atomic Energy Levels

with the Observed Energy Losses
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Ion

ExcitationEnergy—,—
•

IonizationEnergy Lowest Energy Absorption Edges
Lines

ObservedEnergyLosses

K L K Lm Mx Mn Min M^

Mg

Mg+

ev ev kev ev kev ev ev ev ev ev ev

2.71
10.35

4.42

10.00

11.51
14.65

7.64
22.58

15.03

1.25 39-1 1.30 49.5 7.65 6.80 10.5
21.5
31.6

Mg++ 52.8
78.2

80.12

Al 3.14
9.94

5-98 1.1+9 42.8 I.56 72.7 5-44 14.8
30.0

44.2

59.8

Al+ 4.64
14.89
18.7

18.82

Al+4 6.66

14.39
15.56
26.9

28.44

Cu 1.39
10.1

7.72 8.03 810. 8.98 933 74.7 3.81 22.6



Table 14 (continued)

Comparison of Transitions between Atomic Energy Levels

with the Observed Energy Losses
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Ion

n

c+

o

s»

8

H
O
13
H-
N

&
O
P

8

Lowest Energy
Lines

Absorption Edges

ObservedEnergyLosses

K L M K Lni ^ NII

NIV

(DNV

III

(2)

YI

YII

Cu+

ev ev kev kev ev kev kev ev ev ev ev ev

2.72
19-02

20.29
22.6

Cu++ 7-54

19.1
24.0

24.6

36.8

Ag 3-68
11.2

7.58 22.0 2.64 73-8 25.5 3.36 369 58.2
6.1

4.9

80

29
26

31.5
2.18

23.8

Ag+ 4.86

19-8
21.38

Ag^ 7.83
17.8

35.9

(1) Eucken (1950)

(2) Hill, Church and Mihelich (1952)
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For aluminum, the value found closest to the quantum energy

loss, 14.87 ev, is 14.89 ev, an excitation level in the singly

ionized atom. The value closest to the second discrete loss, 30.0

ev, is 28.44 ev, the ionization energy of the doubly ionized atom.

The value 42.75 ev for the Lj - L __ transition is the one found

nearest the third loss, 44.2 ev. This amount of energy could not be

absorbed, however, unless there were a vacancy in the Ljj or Ljjj

shell. None of the energies found are very near the fourth discrete

loss, 59.8 ev.

The value 24.0 ev, an excitation level in the doubly ionized

copper atom, is the value found nearest to the discrete loss in

copper, 22.6 ev.

The value found nearest the discrete loss in silver, 23«8 ev,

is 26 ev, the value given for the NT absorption edge by Hill, Church

and Mihelich (1952); however, Eucken (1950) gives 4.9 ev for this

edge.

It must be remembered, however, that the optical spectra

were measured with the metals in the gaseous state, in which state

the atoms are essentially free. As is well known, when atoms are

combined in a metal, the outer energy levels containing the valence

electrons broaden to form the conduction bands which contain many

levels. It is therefore difficult to correlate energy transitions

involving the outer levels in a free atom with those in an atom

bound in a lattice. With two exceptions all the energy values which

were near the discrete loss values were taken from optical data and
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are transitions involving the outer levels. The two exceptions are

the value 42.75 ev for the Lj - Ljj ,,., transition in Al, which is

near the third discrete loss in Al, 44.2 ev, and the value 26 ev

for the Ny absorption edge in Ag, which is near the single loss in

Ag, 23.8 ev. Therefore, with these two possible exceptions, none of

the discrete losses observed can be definitely identified with

transitions between the atomic energy levels. Moreover, as has been

stated previously, there is disagreement on the value of the Ny

absorption edge in Ag; Hill, Church and Mihelich (1952) give the

value 26 ev whereas Eucken (1950) gives 4.9 ev.

Diffraction effects should also be considered. The de Broglie

wave length of the incident electrons is given by

h

P

where the momentum p is given by the relativistic relation

1/2
p=_|"e (E +2mc2)J

where E is the incident energy and m the rest mass of the electron.

For E = 25 kev, the lowest incident energy used, /\ * 7.70 x 10~2 A

and for E = 115 kev, the highest primary energy used, A = 3.43 x

10_c: A. In order for Bragg reflection to occur from the crystal

planes, A must satisfy the relation

n A = 2d sin 0 (32)
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If the beam is parallel-to the axis of the accelerator upon striking

the foil, the maximum angle 6 at which electrons can be reflected and

still be accepted by the collector is 6=|=0.3°, where 0is half
the angle subtended at the foil by the largest dimension of the

o

entrance slit to the collector, the whole angle being 1.2 .

According to Wyckoff (1951) the lattice spacings of Mg are 3*20

and 5.20 A and of Ag, Al and Cu are 4.08, 4.04 and 3«6l A,

respectively. The minimum atomic separations are 3-20, 2.88, 2.86

and 2.55 A, respectively. Ag, Al and Cu have face centered cubic

structures and Mg has a hexagonal close packed structure. Bragg

reflection can occur from planes with spacings smaller than the

minimum atomic separation, but the intensity of the reflected beam

decreases as the plane spacing decreases, since the planes with

smaller spacings contain fewer atoms. From equation (32), 6

decreases as A decreases and as d increases. Taking n= 1 for the

first order, A = 3-43 x 10"2 A, the smallest value of A in the

primary energy range 25 to 115 kev, and d = 4A,the value of 6

obtained from equation (32) is 0.246°. Hence, for these conditions,

a part of the maximum nearest the central maximum will enter the

collector, since the collector will accept electrons reflected at

angles 6 up to 0.3°. If electrons in the beam make an angle as

great as 30 = 1.8° with the axis of the accelerator when striking

the foil, those suffering Bragg reflections at angles as great as

6 = 20 = 1.2° can enter the collector. This analysis indicates

that maxima other than the central maximum can enter the collector.

The problem is complicated by the fact that the focussing properties
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of the decelerator are not accurately known. If the observed energy

losses were due to diffraction effects, it would seem that the

separation of the loss peaks would vary with incident electron energy.

However, the separation of the peaks was found to remain constant

over the range of bombarding energies used, 25 to 115 kev.

In this connection, attempts were made to see whether or not

there is a resonance effect in which there is excitation of oscil

lations with the de Broglie wave length between the crystal planes.

If the crystallites have a preferred orientation, this effect might

be expected to result in a change in the separation of the discrete

loss peaks as the foil is rotated to angles other than 90° with the

incident beam. However, no change in the peak separations was ob

served in aluminum when the foil was rotated to positions making

angles of 45° and 60° with the incident beam. The normal foil

position is perpendicular to the incident beam.

Calculations

In order to show how the calculations were made, the calcu

lation of each quantity for aluminum foil No. 2 and 100 kev incident

electron energy will be shown here. The method of calculation is

the same for other incident energies and for the other foils.

Three values of the weight of the Al foil plus the Zapon

backing obtained from three separate weighings are k6, 48 and 47 ug.

The mean value of the weight is 47.0 + 0.3 l-ig. The results of three

weighings of each of two Zapon films prepared at the same time and



125

under the same conditions as the foil backing are l6, 13 and 17 ug

and 19, 17 and 19 ug. The mean of these values is l6.8 + 0.5 ug.

The difference between the weight of the aluminum plus the Zapon

and the weight of the Zapon is 30.2 + 0.6 ug. The area of the foil

is the area within a 5/8 inch circle, which is I.98 cm2. The foil

thickness in ug/cm is then

30.2 ug
t = _ = 15.3 + 0.5 ug/cm^

1.98 cm2

The foil thickness was also calculated from the mass of metal

evaporated assuming isotropic distribution from the relation

mh

t »

4«r3

where m is the mass of metal evaporated, h is the perpendicular

distance between the source of evaporation and the plane of the

foil and r is the distance from the source to the foil. Aluminum

foil No. 2 was vertically above the source so that h = r and the

relation becomes

m

t =

4*h2

The mass of metal evaporated was 58.4 mg and h = 17.1 cm so that

5.84 x 10^ ug
t = „ 15#o Ug/cm2

4*(17.1 cm)2
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There is a difference of 3.8$ between the two values.

Three values of the area A under the no loss peak from

three different measurements with a planimeter are 1.46, 1.49 and

1.47 sq. in., the mean value of which is 1.47 sq. in. Three

measurements of the area A± under the first loss peak are O.67,

O.65 and 0.66 sq. in., the mean value of which is 0.66 sq. in.

A value of t/^ is given by

t A-, 0.66
. = 0.449

A A0 1.47

Since three loss peaks were observed at 100 kev in Al foil No. 2,

/ Ap
two other values of t/^ can be obtained from the ratios _5 and

Ap Ao
—- , where Ap is the area under the second loss peak. The last
Al
(third) loss peak is not used since its area is too small and it

is difficult to extrapolate its trailing edge properly. Two other

distribution curves were used, each yielding three more values of

t/ A , making a total of nine values. The mean of all values of

t/^ is 0.491 + 0.014.

The mean free path A In ug/cm is given by

t 15.3 ug/cm2 p
^ = = = 3;U2 + 1#3 ug/cn^

t/A 0.491

Assuming the foil density p is the same as that of bulk aluminum,

2.70 g/cm^, the value of A in Angstroms is



31.2 x10"^ g/cm2 31.2 x10"6 g/cm2
A= = 5 = 1160 + 50 A

P 2.70 g/cnr5

dE
The stopping power — is given by

dx

dE AE 14.9 ev ev

= 0.48 + 0.02
dx /) 31.2 ug/cm ug/cm2

The cross section per free electron is given by equation (k) as

1 /eh* 2

jtm/1 \AEy
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Inserting the values of the constants, the conversion factor so

that AE can be introduced in ev, and converting to barns, there

results

1.38 x 103
0~ = barns

A (AE)2

Inserting the values of AE and A for Al and 100 kev incident

energy,

1.38 x lO3
CJ" = -z = (5.4 + 0.2) x 105 barns

11.6 x 10"° (14.9)2
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The theoretical value of A Is obtained from equation (18).

But the value of the incident electron velocity must be calculated

first. From equation (22) for E = 100 kev

I/2
/ 8.20 x 10-Y \&

1
10

v = 3.00 x 10
,1.60 x 10-9 x 100 + 8.20 x 10"7/

10v = 1.6k x 10xu cm/isec

The logarithmic term in equation (18) is given by either equation

(20) or (21). Choosing equation (20),

In JjL-W In 15.38 x10-8 x1.64 x1010 (14.9)'2//J

In NT—V= ^.98
f/

Substituting these values together with the value of the density P

in equation (18) there results

I-
3.02 x 10"18 x 2.70 x (1.64 x 1010)2

14.9 x 4.98

/|= 29.7 ug/cmS
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The values of v2/^ for Fig. 27 were obtained simply by

dividing the values v2 by the values of A • The experimental value

at 100 kev is

v2 (1.64 x 1010)2 ,a (cm/sec)2
— « = (8.6 + 0.4) x 10lb
A 31.2 ug/cm2

The theoretical value is

v2 (1.61+ x io10)2 (cm/sec)2= =9>o6 x10io ^^
A 29.1 ug/cm^
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V. SUMMARY OF FINDINGS AND CONCLUSIONS

Summary of Findings

The discrete energy losses found in the four metals are

listed in the following table. The magnitude of these losses was

found to be independent of primary energy and foil thickness. The

number of losses observed in Al increased with increasing foil

thickness. The mean values of the difference between successive

losses in Al and Mg and the mean values of the single losses in Cu

and Ag are listed in the column headed "Quantum Losses".

Table 15

Metal Energy Losses (ev) Quantum ]Losses ( ev)

Al 14.8 30.0 44 .2 59 .8 14.87 + 0.04

Mg 10.5 21.5 31 .6 10.60 + 0.03

Cu 22.6 22.6 + 0.1

Ag 23-8 23-8 + 0.2

The values of the mean free path for the loss of a quantum of

energy at the lowest and highest incident electron energies used are

listed in Table l6. The mean free path increases with increasing

primary energy. Mg(a) designates the values for Mg obtained from

the foil thickness determined from foil weight. Mg(b) refers to the

values for Mg determined from the foil thickness calculated assuming

isotropic evaporation.



Table l6

Metal Incident Energy Mean Free Path
kev ug/cm2 A
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Al 25
100

16
34

590
1250

Mg (a) 40

115

150

180

8600
10300

Mg (b) 40

115

12

20

690
1150

Cu 45
115

70
100

790
1120

In Table 17 are listed the extreme values of the stopping

power. Mg(a) and Mg(b) have the same meaning as in Table l6. The

stopping power decreases with increasing primary energy.

Table 17

/ ev

Metal Primary Energy (kev) Stopping Power

Al 25 0.93
100 0.45

Mg (a) 40 0.08
115 0.06

Mg (b) 40 0.66
115 0.54

Cu 45 0.30
115 0.23

ug/cm2/1
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Table l8 lists the extreme values of the cross section per

free electron. Mg(a) and Mg(b) have the same meaning as in Table l6.

The cross section also decreases with increasing primary energy.

Table 18

Metal Incident Energy (kev) Cross Section (bams x 105)

Al 25 10.3
100 5-0

Mg (a) 40 1^.5
115 1*2

Mg (b) 40 13
115 1°

Cu 45 3.2
115 2-5

Conclusions

The observed discrete energy losses suffered by electrons

traversing thin foils cannot be identified with transitions between

the atomic energy levels of the element. The quantum energy losses

and the number of free electrons per atom in magnesium and aluminum

agree well with those predicted by the plasma oscillation theory.

Both the single discrete loss and the number of free electrons per

atom in copper and silver disagree with the plasma oscillation theory.

Pines (1953) states that the valence electrons in Cu and Ag are

probably not sufficiently free to take part in undamped collective
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motion. The broad single peaks observed in Cu and Ag are in contrast

to the sharp peaks found in Mg and Al. Wolff (1953) has suggested

that this broadening may be due to strong coupling between electrons

in overlapping s and d conduction bands which makes possible a rapid

transfer of energy from a plasma oscillation in the s band to a single

d electron, thus leading to a short life and large energy width for

the oscillations in accordance with the uncertainty principle. Based

on this interpretation he predicts that the widths of the absorption

peaks should increase in Sc through Ni as the 3d shell is filled.

However, the band widths estimated in Ti, Cr, Mn, Fe, Co and Ni by

Marton and Leder (195k) "indicate that this may not be the case."

According to Wolff, a shift in the plasma energy of the order of

10 ev toward higher energy due to interaction with the 3d electrons

is also to be anticipated in Cu and Ag. If 10 ev is subtracted from

the magnitudes of the discrete energy losses in Cu and Ag, 22.6 and

23*8 ev, respectively, the resulting values agree better with the

plasma energies calculated assuming the number of free electrons per

atom equals the number of valence electrons. The quantity for Cu to

be compared with 10.8 and 15.3 ev, for valence 1 and 2, respectively,

is then 12.6 ev; for Ag, the loss 13.8 ev is then to be compared with

9.0 ev for valence 1.

The mean free path for loss of a quantum of energy in

aluminum agrees within experimental error with that predicted by the

plasma oscillation theory. The mean free path in magnesium determined

from the foil thickness obtained from foil weight is in wide
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disagreement with the plasma oscillation theory. Rather large

disagreement is found between the mean free path in copper and that

predicted by the plasma oscillation theory.

The agreement of the discrete energy losses in Mg and Al and

the mean free path in Al with the plasma oscillation theory does not

constitute a unique proof of this theory. Evidently there are

aspects of the phenomenon which are not covered by this theory.
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