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ABSTRACT

A new method is described for measuring ranges of charged

particles in conducting solids, and experimental data are presented

for proton ranges in aluminum at energies less than 10 keV. A thick

ness of aluminum which is greater than the maximum range of protons

at this energy, is evaporated onto a glass substrate in a system

-5
evacuated to 1.0 x 10 mm Hg. This layer is covered by an extremely

thin (< 75 A) layer of silicon monoxide which is a good electrical

insulator. The thickness of the SiO layer was determined both by a

neutron-activation-beta-counting procedure and by using a quartz -

oscillator, film-thickness monitor during evaporation. A second

aluminum layer was then evaporated onto the SiO layer and its thick

ness was accurately measured by optical interferometry. The two

aluminum layers were separated by an electrical resistance across

the SiO layer of the order of 1 megohm and each was provided with

current leads to a galvanometer.

The proton beam was extracted from a radio-frequency ion source

and accelerated to the desired energy by a series of anodes in an

evacuated system. An electrostatic stopping potential analysis was per

formed to determine the energy distribution in the beam. Protons were

incident normally on the top aluminum layer and fractional currents to

the top and bottom aluminum layers were measured as the beam energy was

increased. Curves for proton transmission as a function of energy were

derived from the normalized current data for several aluminum film

thicknesses. The energy at which 50% of the current protons were

transmitted was determined for several thicknesses. A curve showing
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the range of charge as a function of energy for 50% transmission was

thus derived, and this curve was compared with existing theory and

other empirical range-energy data.



I. INTRODUCTION

One aspect of the study of the interaction of radiation with

matter has been the determination of range-energy relationships for

charged particle beams. In the early experimental development of

nuclear science, range data provided the principal means for measuring

the energy of particle beams and nuclear decay products. The sub

sequent development of more accurate electrostatic and magnetic

deflection techniques, scintillation spectrometers and solid state

spectrometers rendered the direct application of range measurements

to these purposes of less importance.

dE
However, the differential rate of energy loss, — , as a function

of energy and the related stopping cross-sections of the target

material have assumed considerable importance as far as uses of

tabulated data are concerned. The precision with which nuclear

reaction cross-sections can be determined depends a great deal on

the accuracy with which the stopping cross-sections of target

materials are known. A more recent application of energy-loss data

is the study of nuclear reactions by the observation of recoiling

nuclei. Frequently when a nuclear disintegration involves the

emission of several particles, the only practicable method of

2
recording events involves the measurement of nuclear recoil. Another

area of great interest currently is the study of radiation effects on

"Sf. Whaling, Handbuch der Physik, 3k_, 192 (1958).

2B. G. Harvey, Ann. Rev. Nucl. Sci. 10, 235 (i960)



solids, and investigators in this field acknowledge a need for

3 k
additional data.

In the intermediate and high-energy regions an extensive body of

experimental data has been accumulated on range and stopping power in

different media for heavy charged particles. Theoretical development

has kept pace with experiment and shows reasonable agreement over the

entire range of energy from very low-energy particles in gaseous media
f. n O.

to relativistic particles in solids. ''' However, in the energy

region below 30 keV there is a marked lack of data for protons and

alpha-particles, especially for solid absorbing materials. Table I

presents a partial listing of relevant experimental work in this energy

region.

Until very recently the lack of data has been equalled by a lack

of theoretical treatment in this energy range. The Bohr and Bethe-

Bloch formulations are known to be inapplicable. Several theorists

have recently extended the theory of heavy charged particle interaction

down into very low-energy regions using the Fermi-Teller gas model.

3
~T. Seitz and J. S. Koehler, Solid State Physics, Vol. 2, 305 (1955).

k
D. S. Billington and J. H. Crawford, Radiation Damage in Solids,
(Princeton University Press) (1961).

"TR. E. Brown and N. Jarmie, LA-2156 Physics and Mathematics (TID-V?00,
13th ed., Suppl.) (1958).

A. E. Taylor, Rep. on Prog, in Phys. 15, k$ (1952)

7
H. A. Bethe and J. Ashkin, Experimental Nuclear Physics, E. Segre, ed.
(John Wiley and Sons, Inc., New York) Vol. 1, p. 166, (1953).

Q

S. K. Allison and S. D. Warshaw, Rev. Mod. Phys. 25, 779 (1953).



Table I

PREVIOUS EXPERIMENTAL WORK ON LOW ENERGY CHARGED PARTICLE ABSORPTION

Reference Incident Particle

and Energy Range

Absorber

Material

Method Results

Phillips, J.A.V ;
Protons

Af1

W =V(MiE) for10 < E £ 80 keV gases Magnetically analyzed protons
P pass through gases confined in

thin- window cells. Energy

loss is measured by applying
stopping potential to collector.

all gases if
appropriate values
of L., M. are used.

1 1

Reynolds,, .
et. al.VD;

Protons Electrostatically analyzed Stopping cross -

30 < E < 600 keV gases protons pass through thin sections

P window gas cell and energy

loss is measured with

magnetic spectrometer.

determined.

(c)
Wilcox, H.A.^ ' Protons

60 < E < 1+00 keV
- P ~

Al, Au
Protons pass through self-
supported films and energy loss
is measured by electrostatic
•analyzer and electron multipliei
tube.

Range -Energy

curves and

dE/dx.

A. Van /,\
(<3J

Protons Magnetically analyzed ions Found stopping

k < E < 30 keV C, Alo0_ penetrate self-supporting cross-section
Wijngaarden P 2 3

and

VYNS

films. Energy loss is s =4.3 x io-15
measured with electrostatic

analyzer.
E^5 eV cm2
for Al2 °3; also
show few atomic

collisions and

few wide-angle

deflections.



Table I (continued)

Reference

Hines, R.L (e)

Young, J.R. (f)

incident ^article

and Energy Range

Deuterons

5 < Ed < 27 keV

Protons

1 £ E < 25 keV

ADSoroer

Materials

Al, Cu
and Au

Al

Method

Change in optical reflection

coefficient of quartz due to
radiation damage is measured
and related to 50% penetration
by incident particles through
metal films evaporated onto
quartz.

Thin aluminum films were

supported on ZnS powder
phosphor. Magnetically ana
lyzed protons were incident on
aluminum side and luminescence

from the phosphor was a measure
of transmitted energy.

(a) J. A. Phillips, Phys. Rev. 90, 532 (1953).

(b) H. K. Reynolds, et.al., Phys. Rev. 9_2, 7*4-2 (1953) .

(c) H. A. Wilcox, Phys. Rev. 7}^ 17V3 (19I+8).

(d) A. Van Wijngaarden and H. E. Duckworth, Can. J. Phys. kO_, 17^9 (1962)

(e) R. L. Hines, Phys. Rev. 132, 701 (1963).

(f) J. R. Young, J. Appl. Phys. 27, 1 (1956) .

Results

Tabular and

graphed data are

corrected for

protons and

plotted here.

(See Fig. 17)•

R(u)=0.02

E(KeV)°-83
This function

is plotted

here (see Fig.
17).

-p-



More extensive experimental work is required to substantiate these

newer calculations which are discussed in the following section.

One of the primary reasons for this lack of data is the difficulty

of constructing sufficiently thin self-supporting foils for range

measurements. Work currently being carried on at ORNL on electron

tunneling suggested the new approach employed here.

A metallic conductor (2) is evaporated onto a glass substrate

to a thickness exceeding the possible range of protons of 30 keV

energy. (See Fig. l). An extremely thin layer of SiO is then

evaporated onto the initial collector followed by (l) a layer of the

metal to be studied. Light-weight current leads are soldered to

each of the metallic layers. The beam is incident normally on the

top metallic layer. The thin SiO layer provides sufficient electrical

insulation between the two conducting layers so that charged particles

stopping in one of the conducting layers will result in a current

flow through a sensitive galvanometer connected between that layer

and ground. The thickness of the top layer is measured

interferometrically and the measured currents are analyzed to yield

range information.



PROTON

BEAM

GLASS SUBSTRATE

ORNL DWG 64-4753

ALUMINUM (I)

SiO INSULATOR

ALUMINUM (2)

Fig. 1. Cross-sectional View of Evaporated Target (Not to Scale)



II. THEORY

A. Lindhard-Scharff Stopping Power Theory for Heavy Particles

In the kilovolt energy region, the slowing down of ions in

matter is a complex phenomenon and is predicted theoretically only

in an approximate manner. The incident ions may lose energy by

ionization or excitation of electrons in the stopping material or

by displacement of atoms of the material. In addition, the incident

ions may lose energy in a few hard collisions and may be deflected

through large angles. Thus the motion of the incident ions through

the material is a diffusion phenomenon and this range straggling makes

it necessary to broaden the concept of range to include a mean

9
penetration depth.

For ions with velocity v < v = e /h-, (v = the velocity of the

electron in the first Bohr orbit of hydrogen) or for protons at energy

E < 25 keV, competition for energy loss occurs between electronic

collision and atomic recoil. The corresponding stopping cross-sections,

dE
S and S , are related to the differential energy loss — by the

equation

p- = -NB (1)
dx

where N is the number of stopping atoms per unit volume in the absorber,

and the total stopping cross-section is S = S + S .
** & en

9R. L. Hines, Phys. Rev. 132, 701 (1963)



The energy dependence of S has been calculated using the Fermi-

Teller model which assumes that the incident ion moves through

11 12
an electron gas of uniform density. J. Lindhard and M. Scharff '

have found that the electronic stopping cross-section is proportional

2/3
to velocity at low velocities, i.e., where v < Z ' v , and have

derived the variation with Z and Z , the atomic numbers of the incident

ion and of the stopping material respectively. To a first approximation

they found
Z„Z

2

e e o <-

1 2
S„ = § (8* ecaJ o/, ' oA, ,/o C-) (2)(z2/3 +z2/3)3/2-

,v

V
o

where 5 is the ratio of the screening parameter a, to the collision

approach parameter b, and has a value of the order 1-2; a is the Bohr

il2 -8
radius of the hydrogen atom which is equal to —^- = O.529 x 10 cm.

2/3 me
For v ^ v Z ' formula (2) is no longer valid, and the stopping cross-

section will reach a maximum and decrease at higher velocities and S
e

In E 1^
vary approximately as —— according to Bloch's quantum mechanical

E

treatment for intermediate energies.

Powers and Whaling have suggested the value Z,' for ? and,

if this is accepted, equation (2) can be written

10E. Fermi and E. Teller, Phys. Rev. J2, 399 (19^7)•

1J. Lindhard, Kgl. Danske Videnskab Mat. Fys. Medd. 28, No. 8, (195*0.

J. Lindhard and M. Scharff, Phys. Rev. 12U, 128 (1961).

13F. Bloch, Ann. Physik, 16, 285 (1933).

D. Powers and W. Whaling, Phys. Rev. 126, 6l (1962).



„l/6 ,o 2 s r Z1Z2 1 ,E n1/2 ,*Se =Z/ (8*e aQ) L(z2/3 +̂ /S^J (iT } ^

where E is the kinetic energy of the incident heavy particle when it

has velocity v , or 25 keV for protons.

The stopping cross-section for atomic collision S^ can be derived

15following the outline presented by Van Wijngaarden and Duckworth.

Niels Bohr first studied the form of S and assumed it was nearly

16
constant in a considerable velocity interval at low velocities.

Bohr suggested that incident particles will collide elastically with

atoms in a potential c /
e2 ZnZ e"r/a

V(r) = 4 CO

where r is the distance between the incident ion and the target atom

17and a is the electronic screening parameter. Lindhard and Scharff

considered a Rutherford scattering model and used a value for the

screening parameter
0.8853 a

" = (Z2/3 +Z2/3)V2 (5)

The distance of closest approach b1 in a head-on collision in this

type of potential is given by

H^'e^'A (6)
a a

15A. Van Wijngaarden and H. Duckworth, Can. J. Physics, k0_, 17*1-9 (l96l)

N. Bohr, Kgl. Danske Videnskab. Selskab Mat. Fys. Medd. 18, No. 8,
(19I48).

17
J. Lindhard and M. Scharff, loc. cit.
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where b is the distance of closest approach if the colliding atoms

were stripped of their electrons and has the value

M, + M

b = 2Z Z e2
M-jM v
^}. (7)

M and U being the masses of the incident ion and target atoms

respectively.

In the case where a Coulomb potential is a good approximation

-b'
and the scattering is predominantly of ihe Rutherford type, then —

« 1 and b -» b. In this energy region Bohr found S to be given by

q p Ml kZl4 n f 2a M2 n 1S = 2it j-± e — In 1 ^7— — — Er ,QNM2 E lz^e2 M1+M2 J (8)
As energy decreases, — increases in value and scattering occurs more

frequently in the screened part of the field. When — ~ 1, the
a

scattering potential is approximately inverse square rather than

Coulombic. In the energy range of this experiment — is less than 0.5
3.

and equation (8) is a valid expression for computing S .
-io

For completeness it should toe noted that Lindhard and Scharff

give an expression for S when E ^ E and — ^ 1 although the latter
n o a °^

restriction is not satisfied in the case of the present experiment.

V +MJ

where

sr 2 _ r M,
s = S ft 2
n n — e a Z Z

"1 ' "2"

n
= —

2

2 .718 x 0 .885

a = :h2
2

me

X O.885 (572/3

ift
J. Lindhard and M. Scharff, loc. cit,

(9)
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An evaluation of Eqn. 8 yields the result:

-22

E(eV)

in units of eV cm"J S.~ . The notation E(eV) indicates that the energy is

to be entered into the equation in electron volts. The electronic

stopping cross section can be evaluated from equation (3) and yields

the value:

s =
n

81.5 x 10"
In I.87 x 10"3 E(eV)

S = 9I+.I x 10 -s/ETeVj

(10)

(11)

The nuclear recoil stopping cross-section is small in the energy range of

this experiment, and an expression for the absolute range of protons in

aluminum can be computed from

f- = - NS .
dx e

(12)

23 3N for aluminum is 0.602 x 10 atoms/cm3 and formula (12) is thus:

dE^•= 5-66 x 10"* ^leVj"
dx (13)

in units of eV A . Integrating dE from E to 0 and dx from 0 to R

yields, the range in A;

R(S) =35-3 VeT^vT . -•' (1*0

Values are calculated from this formula and plotted in Figure 17 for

comparison with our data and other experimental range-energy curves.

B. Analysis of Current Energy Curves and Definition of Range of Charge

The target foils and associated galvanometer system employed here

are sensitive to the incident particles only while they are charged.

If a proton passes from the front layer to the back, it may do so

as a charge + 1 or as a neutral. In the latter case the front layer

has lost onfelectron and thus appears to have gained a proton, while
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the back layer receives no net charge. It is convenient to analyze this

current data using the following formulation:

T(E) = transmission fraction for protons of incident energy E

f (E) = fraction of protons of incident energy E emerging from
° front layer with zero charge

f (E) = fraction of protons of incident energy E emerging from
+ front layer with + 1 charge

The sum of the top and bottom currents must equal the sum of the

incident proton and molecular hydrogen ion currents,

iH+ XB XP + XH. (16)

Upon incidence into the foil, the hydrogen molecular ion component

dissociates into a proton and a neutral hydrogen atom, each sharing the

initial energy equally.

H£ -P+ +H° (17)
The top and bottom currents can be expressed as sums of terms utilizing

the above definitions and the fact that f + f+ = 1.

iT(E) =[l -T(E)] ip +[T(E) fQ (E)] ip +[l "T(E/2)]

+[t(E) fQ(E/2)] ^ -[t(e/2) f+ (E/2)J i^

iB(E) =[T(E) f+(E)] ip +[2T(E/2) f+(E/2)] ^

It is interesting to note that in the case of high energy, T(E) - 1,

f =0, and f =1. The current to the top layer that is measured
o ' +

is simply the negative term above.

Lim iT(E) = - i^

\
2

(18)

(19)
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Thus the total hydrogen molecular ion component in the beam can be

read from the constant negative portion of the normalized plot of

current to the top collector. (Fig. ik, a, b, c). /,
.- -__.x.: - ,. / •- ' " ••'.--^c-.v*:^'./' ' ••'•"•

We define T(nE)f (nE) as the range-of-charge parameter and

calculate a curve of this quantity against energy. We write the

expression for current to the bottom collector as follows:

i (2nE) = T(2nE)f (2nE) i + 2T(nE)f (nE) i (20)
si l. + JJr'L +J JJ

We choose a low value, say 0.5 keV, for 2nE from Figure ik and assume

T(nE)f+(nE) - 0, at half that energy. Then

iT,(2nE)
T(2nE)f (2nE) = -A (21)

+ XP

For twice the value of energy chosen initially for 2nE, the second

term in Eqn. 20 is given by Eqn. 21 and the first term can again be

calculated. This now may be used in the second term when the energy is

again doubled and so on. Thus a set of values for proton transmission

as a function of energy can be calculated. Figures 1*1- a, b, and c are

analyzed in this manner and calculated values are plotted for each

foil in Figure 15. A value of energy is chosen from Figure 15 at

which 50% of the incident protons are transmitted for each of the

three aluminum thicknesses, and a plot of this energy versus the thickness

for T(E) f+(E) = 0.5 is presented in Figure l6.
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III. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Radio-Frequency Ion Source

The proton beam is extracted from a radio-frequency ion source

19 /
similar to that described by Allison and Norbeck. (See Figures 2

and 3)• Hydrogen gas is fed into the pyrex glass discharge vessel

from a variac-controlled paladium diffusion tip inserted into a tank

containing gas at about two atm. pressure. (See Figure k.) A plasma

is excited in the vessel by the r.f. coil. The oscillator used here

generates a rms voltage of 870 v., operates at a frequency of U9.8

Mc/sec, and is capable of establishing a continuous plasma over a

wide range of pressures (2(j, - 1000a) without initial excitation.

Positive ions are accelerated toward the beam port by a positive

potential applied to a 0.020" o.d. tungsten wire anode embedded in

the top of the discharge vessel. The anode is fitted with a vaned

aluminum cylinder outside the vacuum for heat dissipation. A pyrex

glass electron shield is mounted just below the expulsion anode to

to prevent excessive heating of the discharge vessel. The aluminum

cathode and beam port is removable to allow for changing the hole

size which permits varying the pressure differential between the

discharge tube and the target area. A Hastings thermocouple vacuum

gauge type DV-3M is positioned in the copper hydrogen gas line near

the vessel gas inlet.

19S. K. Allison and E. Norbeck, Rev. Sci. Inst. 27, 285 (1956)
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ORNL PHOTO 64804

Fig. 2. Photograph of Experimental Apparatus
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A quartz disk shield is aligned coaxially and in contact with the

cathode exit port and has a dual function. Recombination occurs in

the plasma resulting in a molecular hydrogen ion (H*) component in the

extracted beam. Metal surfaces are better catalysts than quartz for

recombination; the recombination coefficient for metals is about 1,
-1*l 20

compared to 7 x 10 for quartz. Thus the quartz shield reduces

the metal surface exposed to the plasma and increases the proton purity

of the beam. Secondly, the quartz disk becomes electrostatically

charged, and near the central aperture, field lines extending into the

plasma produce a spherical equipotential surface. Positive ions are

emitted from the plasma normal to this surface and the field assists

in channeling the ions through the exit port.

A positive ion current (equal to 1-5 ua) is generated by the

source by an extraction potential to 2 kV for a Hp gas pressure of

20u.

B. Accelerator, Expulsion and Focus Anode Circuit, and Procedure for
Beam Energy Analysis

Ions emerging from the exit port have attained an energy slightly

less than the product of their charge and the potential difference

between the expulsion anode and the accelerating plate and exhibit a

small spread of energy values below the maximum due to diffusion

through the plasma. The expulsion voltage which results in the smallest

energy spread is 2000 V. (See Figure 6.) The beam passes through a

cylindrical focusing anode which functions as an electrostatic lens.

20
C. D. Moak, Nucleonics 9, No. 3,l8 (l95l)
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The field lines focus the beam axially, and control of beam current

on the collimator aperture is possible by varying the potential on

the focus anode.

The expulsion and focus anode potentials are supplied by a dual

output high voltage supply capable of 5000 V. on each output. (See

Figure k.) A Sorensen High Voltage Supply, model 106l, provides

additional potential for accelerating ions up to 30 keV. This voltage

is fed into the negative side of the dual expulsion and focus anode

supply, and the shielded high voltage leads to these anodes are connected

to the aluminum accelerating plate. The dual voltage supply as well

as the r.f oscillator supply, the thermocouple gauge meter, and the

hydrogen gas supply are floated above ground at the voltage applied

by the Sorensen. These instruments are insulated from ground through

an isolation transformer which provides the 110 V. line voltage at

high DC voltage. Thus for a beam energy of 20 keV, the Sorensen

voltage is 18 kV, the expulsion anode is at 20 kV, and the focus

anode will be some value between l8 and 20 kV. An ion in the plasma

accelerates through a voltage drop from the 20 kV at the expulsion

anode to 18 kV on the accelerating plate, and then receives an additional

l8 keV between the accelerating plate and the target foil at ground.

The distribution of energy in the proton beam was determined

by applying a stopping potential to an aluminum collector plate

located in the same position occupied by the target foils during

current measurements. (See Figure 5-)
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Beam energy was established at k keV by applying 2 kV to the

expulsion anode and an additional 2 kV accelerating potential to the

base. The focal control was adjusted for a beam current of .15 ua

used typically in foil bombardment. A retarding potential was applied

to the collector, and current to the galvanometer was read as this

voltage was increased. A graph of collector current vs stopping

potential indicates a 200-eV energy spread with a maximum at 3-9 keV.

(see Figure 6.)

The initial sharp drop in current was caused by secondary electrons

ejected from the collector by incident ions. Negative suppressor voltage

was applied in small steps to the collimator to determine the saturation

point for secondary emission. Collector current is plotted against

secondary electron suppressor voltage in Figure 7- During current

measurement on the evaporated targets a collimator voltage of -200 V

was applied. At energies of 30 keV a voltage of at least -125 v

required to completely suppress secondary emission from the aluminum

foils.

C. Collimator and Secondary Electron Bias Plate

The collimator and bias plate is a 5" diameter stainless steel

disk, 0.025" thick with a 3 mm. diameter aperture centered coaxially

with the exit port and focus anode. (See Figure k.) It is mounted

to the lucite ion source base by lucite insulating standoffs. A

secondary electron negative bias voltage is supplied to the collimator

by an Oregon high voltage supply. The collimator is positioned about

1 cm above the target foil. No net energy change is experienced by

ions passing through the collimator.
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D. Target Foil Design and Evaporating Apparatus

Foils are evaporated onto a standard k" x 3" glass cover slide

carefully cleaned and heat dried prior to evaporation. (See Figure 8.)

The evaporation apparatus is provided with a cathode ring centered

on the glass substrate. A gas discharge is established at 2 kV at a

pressure of 35m- to effect additional cleaning and surface outgassing

of the substrate by ionic bombardment. A series of masks and templates

are mounted close to the substrate and are positioned via control rods

external to the vacuum system.

The initial step is a silver-manganese alloy evaporation which

provides electrical contacts for the top and bottom aluminum layers.

Light-weight current leads are soldered to the silver-manganese contacts

using a low temperature indium solder. The bottom layer of aluminum

(2) is evaporated to an "infinite" thickness (> 2000 S) for 30-keV

protons, from a cylindrical tantalum source (see Figure 9)- Since

there is higher resistance to current flow near the aperture in this

evaporating source, there is greater heating near the center. Molten

aluminum is observed to flow towards the cooler areas of a source, and

thus is contained near the crimped ends of the tantalum tube. Several

deflections of the vapor particles which eventually condense on the

substrate are therefore required, and this insures an atomic vapor,

which reduces excessive graininess of the surface and stops sputtered

agglomerates from reaching the substrate. Uniform and smooth surfaces

are necessary in order to prevent low resistance current paths through

the very thin silicon monoxide layer. The silicon monoxide layer is

evaporated from a boron-nitride crucible heated by a tantalum wire
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ORNL PHOTO 65087

Fig. 8. Photograph of Evaporated Target.
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Fig. 9- Diagram of Evaporating Source for Aluminum.
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wound coil and provided with a heated tantalum tube deflection

chamber. (See Figure 10.)

The top aluminum layer is evaporated from the tantalum source

shown in Figure 9-

The evaporating apparatus is contained in an l8" diameter by

2*+" high glass bell jar evacuated by a k" oil diffusion pump backed

by a Welch forepump. The vacuum system utilizes a liquid nitrogen

cold trap to condense residual vapors and a cooled chevron baffle

to prevent back-streaming of oil vapor. The bell jar and electrodes

are carefully cleaned prior to each target fabrication to prevent

contamination of evaporated layers. All evaporations are conducted

at pressures below 5 x 10 mm Hg. Sources are positioned about 20

cm from the substrate to insure uniform thickness of the layers and

prevent excessive radiative heating of the substrate. All sources

are preheated (with the substrate shielded) to outgas impurities.

E. Current and Resistance Measuring Circuits and Procedure for

Resistance Regeneration

Beam particles stopping in the top or bottom aluminum layers are

detected by measuring the positive current from each with two Leeds

and Northrup D-C galvanometers, Model 2*4-30. (See Figures k and 11.)

The galvanometers are shunted with *4-*4-0 ^ damping resistors and present

22 0 paths to ground from each aluminum collector. The instruments

were calibrated frequently using a known current source and had the

following sensitivities: G, 0.00*4-37 p.a/mmj G , 0.00313 ua/mm. Each

galvanometer casing is guard grounded.

The electrical resistance between the two aluminum layers is
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measured frequently during data runs to insure that radiation damage

in the SiO layer has not occurred. A Leeds and Northrup potentiometer,

Model 7553> type K-3, is used in conjunction with galvanometer 1.

(See Figure 11.) A potential is applied across the silicon monoxide

by the potentiometer and the resulting current passing between the alumi

num layers yields the foil resistance if it is large compared to the

internal resistance of the potentiometer (~ l80 ohm). The potentiometer

supplies from 0 to 1.5 volts and is standardized with a I.OI87I-V

standard cell.

A switching circuit is provided which allows rapid resistance

measurement and grounds both aluminum collectors during the change from

beam current to resistance measuring positions. (See Figure 11.) Typical

foil resistances are in the megohm region, though lower resistances

can be used.

A shutter is provided which is positioned by an external control

rod utilizing a rotating 0-ring vacuum seal (see Figure k). Total

beam current was measured prior to target exposure using a Keithley

electrometer, Model *4-l*4-, and it agreed well with the sum of currents

measured in the top and bottom layers.

Currents to the target collectors are measured when the shutter

is rotated out of the beam path. Current is regulated prior to exposure

to a maximum of 0.15 ua, and exposure times are limited to several

seconds to avoid radiation damage to the SiO insulating layer. Figures

1*4-, a, b, and c are normalized curves of top and bottom currents as a

function of energy for several targets. Target resistance is monitored

frequently during current runs.
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Occasionally target foils have insufficient resistance between

the aluminum layers due to conducting bridges across the SiO layer.

In several cases these shorts were successfully removed by passing

large currents from a charged *4-0 uF capacitor between the aluminum

layers in a short time. The very narrow conducting paths were presumably

21
burned out, restoring sufficient resistance between the aluminum

layers without causing further damage to the SiO.

F. Optical Interferometer for Thickness Measurement

The thicknesses of the top aluminum layers were measured using an

interferometric method. This method utilizes the interference pattern

produced when a light beam is reflected from two adjacent metal surfaces

which are displaced from each other by a height equal to the thickness

of the film being measured. The displacement of the break in the fringe

pattern is then simply related to the height of the step in the surface.

The measurement is made on a section of film evaporated onto the

substrate very near the target region. A sharp step is formed during

evaporation by masking a portion of the substrate with a thin tantalum

foil. An opaque coating of silver is evaporated over the surface of the

metal and adjacent substrate. Since an evaporated layer accurately

contours the surface of the substrate, this procedure provides a sharp

step displacement in the silver coating equal to the film thickness.

This surface is then matched against another surface on which a slightly

21
D. Meyerhofer and S. A. Ochs, J. App. Phys. 3*4, 2535 (1963) .



32

transmitting silver layer has been evaporated. The combination is

then illuminated with monochromatic light, and the back-reflected

fringe pattern is observed.

A diagram of the apparatus is shown in Figure 12. The light

source was a mercury arc lamp producing an intense line spectrum. The

5*4-6l-A and the *4-358-A lines were used and were isolated from the

spectrum by means of interference filters. The fringe shift was observed

with a Leitz Panphot photomicrograph and recorded with a Polaroid camera.

It was necessary to focus by tilting the slides containing the step

because the ring condenser delivers the light to the microscope stage

at a slight angle.

Since the fringes are one-half wavelength apart, the thickness of

the step is given by:

a=f| (22)
where f is the fractional displacement of the fringe shift. In the

case of foils whose thicknesses are near some multiple of a quarter

wavelength, there could be an uncertainty in the thickness determination

because of the uncertainty in the direction of movement of the fringe

shift. This difficulty is resolved by observing the same fringe

pattern using a different spectral line. One of the two possible

thicknesses determined will be common to both sets and this is the

correct value. Typical fringe shift patterns for a *4-75_A aluminum

foil photographed using the blue and green mercury lines are shown

in Figure 13•

The precision with which a step can be measured is dependent

upon how well the fringe pattern can be focused. The width of a
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well-focused fringe is about 3$ of a spacing. This represents about

80 A in a typical case. Since it is a simple matter to locate the

center line of a fringe to within 10 or 2"0$, it is possible to de-

0 22
termine the thickness of a step to within 10 or 20 A.

G. Thin Film Thickness Monitor

An Edwards High Vacuum Ltd. thin film thickness monitor, model FTM

I, is used during evaporation of the silicon monoxide and top aluminum

layers. The monitor was calibrated on all scales for aluminum using

the interferometric methods previously described, and on the 500-A

range scale for SiO.

The principle of operation is as follows: when a film is

evaporated onto the flat surface of a vibrating quartz crystal, the

crystal's effective mass is increased and its frequency of oscillation

will decrease. The frequency change is linearly related to the mass

deposited, and since the area of crystal exposed is constant, to the

thickness of the film. The frequency shift is converted using two

reference frequencies, one an identical vibrating crystal and the other

a variable inductance and capacitance controlled circuit. The fre

quency shift is presented to a pulse analog type counter circuit, the

output of which is shown on a moving coil meter.

The vibrating crystal housing is positioned as near as possible

to the target area to be evaporated, and the geometry of placement is

reproducible. Comparison of the monitored aluminum thickness and the

interferometrically measured thickness showed agreement to within 10$

on all foils.

22L C. Emerson, E. T. Arakawa, R. H. Ritchie and R. D. Birkhoff,
ORNL 3^50 (1963),(unpublished).
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H. Silicon Monoxide Thickness Determination by Neutron Activation

An optimal thickness for the SiO layer providing sufficient

resistance and negligible absorption appeared to be approximately 75 A.

Since interferometric and weighing methods are inaccurate at this ex

treme, a neutron activation-beta counting method was investigated.

SiO samples are weighed using an electro-micro-balance and then

irradiated to saturation in the ORNL Low Intensity Test Reactor. The

reactions of interest are:

1US1 + n - 1*4-S1 + Y

followed by

q,31 p31
i*4-bl - 15^ +3" (23)

-2*4- 2
a = 0.11 x 10 cm

Tl/2 =2'6 ^

Ep = ±.kQ6 MeV

These bulk samples are then counted for beta activity in a G. M.

o

counting system using a calibrated aluminum absorber, 16*4-3 mg/cm ,

to reduce the count rate and coincidence loss. After evaporation of

the initial sample, the targets are scanned for activity; and after

geometry, time decay, and coincidence corrections, the ratio of count

rates indicates the fraction of initial mass which has been deposited

on the substrate. The area of the insulating layer is easily measured,

and, since the distance of the substrate from the evaporant source is

sufficient to insure uniform deposition, the thickness of the SiO layer
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can be determined with reasonable accuracy by the following calculation:

m M n'
d= _L = _1X_ (2*4-)

PA pan:
1

where

d: thickness of SiO layer

M : mass of initial SiO sample

m : mass of SiO deposited on substrate

A: area of SiO layer =2.37 cm2

Ni: count rate of initial sample corrected for
coincidence loss

Nf: count rate of evaporated SiO layer corrected
for decay time

P: density of SiO 2.15 g/cm3

Self absorption and G.M. tube window losses should introduce

little error since the emitted 3 energy is high. The geometry

correction is minimized by counting both the initial sample and the

evaporated layer at approximately 8 cm from the G.M. tube window. A

calculation of relative solid angles subtended at the G.M. tube by

the initial point source and the evaporated disk shows a difference

of 0.3$ .Additional error is introduced here by the uncertainty

concerning the density of thin layers of evaporated materials. This

density can be as much as 20$ lower than the bulk density.
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IV. DATA

Figures l*4--a, b, and c are normalized curves which show the

fractional currents measured in the top and bottom aluminum layers as a

function of proton energy in keV. The currents are measured by the

procedure outlined in Section III-E with readings taken at two kilo-

volt intervals and repeated on several successive days to provide an

average. Resistance monitoring showed no change in the insulating layer

of SiO for the targets for which data is included. Each had an

initial resistance of approximately 1 megohm between the aluminum

layers, and the measured thickness of the silicon monoxide layer for

each was near the optimum of 75 A. After exposure to the proton beam,

the target surfaces were inspected by optical magnification to ensure

that no increase in thickness of the top layer had occurred as a result

of pump oil dissociation and deposit.

In the energy region below 2 keV a small negative current is

observed consistently in the bottom collector. The magnitude of this

current is typically about 1$ of the total beam current and is attributed

to secondary electrons originating in the top aluminum layer and passing

through the target to the bottom collector.

Figure 15 shows the proton charge transmission probability as a

function of energy. These curves are derived from the proton current

data in Figures 1*4--a, b, and c by the method described in Section II-B.

Vertical dashed lines are drawn from each curve to indicate the energy

at which 50$ of the incident protons are transmitted through the

respective aluminum thickness.

Figure l6 is a curve of aluminum thickness as a function of

energy for penetration of 50$ of the incident proton charge.
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V. RESULTS

Figure 17 is a comparison of our range-of-charge curve with range

theory and the available experimental data for particle ranges. The

Lindhard-Scharff curve is calculated using the range-energy formula

derived in Section II-A. The stopping power theory is based on an

absolute range of protons and does not consider charge exchange

phenomena likely to be significant in any experimental determination

of ranges. The Hines curve is a conversion to protons of range-energy

data measured for deuterons in aluminum. The energy loss due to

ionization per unit path length, dE/dx, is the same for deuterons and

protons of the same velocity. But a deuteron has twice the energy

of a proton at the same velocity. Thus the range of protons at half ''i

the energy of deuterons should be half the range measured for deuterons,

23Hines' data measures the transmission of 50$ of the incident beam.

Young's curve presents data for protons in aluminum and is a

measure of range for protons at the maximum beam energy. His data is

2*4-
fitted by the expression

R(S) =200 E(keV)°-83 (25)

The data presented in this work is lower than that of Hines

and Young at low energy because they measured the particle range and

we measured the product of this and the probability that the particle

23R. L. Hines, Phys. Rev. 132, 701-706 (1963)

9*1
J. R. Young, J. Appl. Phys. 27, 1-k (1956).
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has a charge + 1 as it leaves the top layer. This probability is

less than one at low energies. However, this data does tend to

approach that of Hines and Young above about 10 keV, as would be

expected since the charge transfer cross-section decreases above this

energy.
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VI. REVIEW AND CONCLUSIONS

The results shown here demonstrate the applicability of this

method to range-energy studies for low energy charged particles in

conducting solids. The data accumulated to date is perhaps insufficient

to establish a new range-of-charge versus energy measurement for protons

in aluminum. Of sixty evaporated targets only three yielded current-

energy curves with sufficient reproducibility to permit analysis. The

thickness of the silicon monoxide insulating layer is a critical

limiting factor, and the nonuniformity of evaporated layers at this

thickness resulted frequently in contact shorts between the aluminum

layers. Another frequent cause of target failure was radiation damage

or heat damage to the silicon monoxide layer resulting in irreparable

resistance loss. Several targets which initially yielded good results

did not perform in a reproducible manner, indicating a deposition of

hydro-carbon contaminants from the vacuum system, and these were

discarded.

This work is being continued by the staff of the Radiation

Physics Section of the ORNL Health Physics Division. More sophisticated

evaporation techniques are being developed to perfect the target

fabrication procedure. A rotary turbine pumping system has been in

stalled and already indicates a reduction in hydro-carbon contamination.

Several suggestions have also been made to improve the ion purity of

the incident beam, and subsequent investigations may utilize deflection

analysis techniques to remove the Hp from the proton beam.
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