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CHAPTER I 


INTRODUCTION 


1. Background 

The energy loss of atomic particles in passing through matter 

has been a subject of interest for some time. The extensive work on 

the subject has been summarized by Whaling (W-58) and more recently 

by Northcliffe (N-63). 

The small number of experiments performed with projectiles 

having energies less than 100 keV prompted such experiments to be car­

ried out in this laboratory. Previous work in this field in this 

laboratory consists of the following: 

(l) The energy loss of Ii1 and He4 atoms having energies less than 

30 keV in traversing thin films of various materials was studied by 

Van Wijngaarden and Duckworth (W-62). 

(2) The systematic determination of stopping cross-sections in carbon 

films of atoms with Z.$: 12 in the energy interval from 10-140 keV by 

Ormrod and Duckworth (0-63). 

(3) The determination of stopping cross-sections in aluminum and nickel 

foils of atoms with Z ~ 12 and the extension of the work described in 

(2) to Z .(.19, both in the energy interval from 10-140 keV by Ormrod, 

Macdonald and Duckworth. (0-64). 

1 




2 

These experiments have been found to be in satisfactory agree­

ment with the theoretical work of Lindhard et !:!, (L-54, L-61, L-63). 

Howeve.r an interesting experimental phenomenon not accounted for by the 

theory was found. The magnitude of the electronic stopping cross-

section was found to vary periodically with the atomic number of the 

projectile. Further experiments were then proposed in order to add 

to the systematic data concerning the slowing down in solids of projec­

tiles with keV energies. 

This thesis represents an experimental study of the energy 

loss in thin boron films of atomic projectiles with Z~11 in the energy 

interval from 15-140 keV. 

2. Theoretical Approach to the Stopping of Atomic Projectiles 

When an atomic projectile slows down in encounters with the atoms 

of a stopping medium, two distinct collision processes occur. These we 

shall distinguish as nuclear and electronic collisions. 

We can define a total stopping cross section (S) by the follow­

ing relation: 

1 dE 
= - I-1N dX 

where the subscripts y and [. represent the nuclear and electronic 

stopping components respectively. (This notation will be used 

throughout this .. thesis.) 

N is the number of stopping atoms per unit volume 

- ~ is the stopping power. 
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In this section we shall summarize the theory of nuclear stopping 

and then do the same for electronic stopping. Theoretical expressions 

for Sv and Se. applicable to our experiments will be given. 

First, in nuclear collisions, energy is lost elastically to the 

recoiling atoms of the stopping medium. In each such collision, the 

energy lost by the penetrating atom is given by 

. 2 eE sin - I-2
2 

where M is the atomic mass 

e is the relative angle of deflection 

E is the energy of the projectile 

~Ty is the energy transfer in a nuclear collision. 

Throughout this thesis, the subscripts 1 and 2 will represent the projec­

tile and target atoms respectively. 

A nuclear stopping cross-section can be determined by integrating 

-­equation I-2 over all angles. 

1T 

S..; = r ~Ty dv-(e) I-3 
0 

where d <r(e) is the differential scattering cross-section. 

At high energies, the colliding atoms can be approximated by 

point charges, and nuclear collisions are described by the well-known 

Rutherford scattering (R-11). However, at lower energies, the projec­

tile atom would be surrounded by most of its planetary electrons, and 

the penetration into the electron cloud of a scattering atom would only 

be partial. Thus, electron screening must be taken into account to 
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describe nuclear collisions at these energies. The energy range of our 

experiments brings them into this category. 

The first detailed study of nuclear stopping at low energies 

was made by Bohr (B-48). In describing atomic collisions Bohr used an 

exponentially screened coulomb potential. 

z1z2e 2 

P(r) = exp (- .!) I-4 ar 

where P(r) is the potential between two atoms separated by a 

distance r. 

Z is the atomic nU?Ilber 

e is the elementary charge 

a = .8853 a (Z 2/ 3 + Z 2/3)-i is the screening parameter.
0 l 2 

~ 
a = is the first Bohr orbit in hydrogen.

0 me 

In Bohr's original work the numerical factor in the screening parameter 

was not used, but all subsequent workers in this field have used the fac­

tor and it will be used in this thesis. 

At this point, it is convenient to introduce a dimensionless 

energy variable£, first used by Lindhard and Scharff (L-61). 

I-5 

is the distance of closest approach be-
E 

tween a projectile of energy E and a scattering atom in the unscreened 

case. 
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In the region £~ 1 Bohr assumed that nuclear collisions could be 

described by isotropic scattering in the centre of mass system. This 

simple differential cross-section, gave a nuclear stopping cross-section 

independent of energy in this region. 

With £~1, the transition between isotropic scattering and 

Rutherford scattering begins. Although Bohr did examine this region, we 

shall use the later approach of Lindhard et al (L-61, L-63) to describe 

the energy loss in nuclear collisions. This is the region in which all 

our experimental results lie. In fact, for projectiles stopping in boron, 

f=l for hydrogen at 0.3 keV and for sodium at 15 keV. Both these ener­

gies are beyond the low energy limit of our experiments. 

Everhart ~ & (E-55), Firsov (F-58), and Lindhard ~ & (L-61, 

L-63) have used a perturbation technique to calculate numerically the 

differential cross-section for a potential that includes electron screen­

ing. Everhart used the Bohr potential (equation I-4) while both Firsov 

and Lind.hard used a coulomb potential screened by the Fermi function 

({) (! ).
'o a 

The nuclear stopping cross-section was calculated by Lindhard 

from the differential cross-section, by performing the integration of 

equation I-3 numerically. The stopping cross-section so obtained is 

applicable to all projectile-target combinations and is shown in Fig. l. 

d.€ iHere the reduced stopping pow . er di> is plotted against £ , where £ is 
I 

given in equation I-5 and 

-d[. = l • s..,.. I-6df 
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Next, we shall consider the energy lost by atomic projectiles 

to the electrons of the stopping medium. 

At high energies, the electronic stopping cross-section is given 

lby the familiar formula s€ a. E ln E due to Bloch (B-33). This ex­

pression was derived using the approximation that the electrons were 

stationary in the stopping medium. In our experiments, the Bloch formula 

is not valid, since the projectile velocity is the same order of magnitude 

as the electron velocity. For example, v 0 , the velocity in the first 

Bohr orbit is attained at a hydrogen ion energy of 25 keV. 

Fermi and Teller (F-47)have calculated the energy loss of low 

energy mesons and their argument is applicable to heavier projectiles as 

well. The stopping medium is approximated by a degenerate electron gas 

in which the maximum electron velocity is VW When energy is trans­

!erred to the electrons, the amount transferred per collision is of the 

same order as the velocity v of the penetrating projectile. Because of 

the Pauli exclusion principle, all collisions are forbidden for which 

the final velocity of the electron lies inside the velocity space of the 

degenerate electron gas. Thus, only those electrons with speeds close 

to VM by amounts of the order v will be available to undergo collisions. 

Their number will be proportional to v • Since the average energy ex­

change is also proportional to v , the rate of energy loss will be given 

by 

dE a.V2 I-7dt 
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and hence the stopping power is 

a. v I-8 

Using an extension of the above argument, based on the Thomas-

Fermi model of the atom, Lindhard and Scharff (L-61) have developed the 

following expression for the electronic stopping cross-section: 

2 2/3 2/3 - 312 vJE • 8 'l1 e zlz2 (~ + z2 ) ao Vo I-9 

Z 2/3for v < v 
0 1 • 

where v =~ is the velocity in the first Bohr orbit of 
0 112 

hydrogen. 

J~~is of the order ~l/6 . 

From a consideration of S..; given in Fig. 1 and Sf: given in 

equation I-9, we see that the nuclear contribution to the stopping 

process will decrease while the electronic component will increase with 

the energy of the penetrating particle. 

We find that our experimental cross-sections can be compared 

directly with equation I-9 when the contribution of Sy is removed by a 

Monte Carlo calculation developed by Ormrod (0-63) and described in the 

following chapter. 
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3. Theory of the Electronic Straggling in Energy 

When the projectiles pass through a film, a distribution in 

energy arises amongst them for two reasons. First, the various particles 

undergo different numbers of collisions in traversing the film. Second, 

the energy transfer per collision is not the same for all collisions. 

The distribution in energy among the projectiles is commonly called the 

straggling in energy of the projectiles (L-54). 

Lindhard (L-54) has examined the straggling of a beam of atoms 

losing energy to electronic processes in a solid. By replacing the 

solid by a degenerate electron gas, Lindhard obtained the following 

estimate of the relative electronic straggling of low velocity atoms: 

I-10 

where llt is the standard deviation of the energy distribution 

of the atoms after passing through the solid. 

AE is the most probable energy loss. 

(For the symmetric distributions involved with elec­

tronic stopping processes, AE is also the average 

energy loss.) 

11 is Planck's constant divided by 211. 

m is the electron mass. 

v is the projectile velocity. 

w = 4~ e2 lie t 
is called the electron resonance o m 

frequency of the degenerate electron gas. 

nc is the electron density in the electron gas. 
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Substitution of the known values of the constants into equation 

I-10 gives the relative electronic straggling as: 

I-11 

where both .n.., and 6E are expressed in keV. 

Although nuclear straggling estimates have not been considered, 

comparisons can be made between equation I-11 and those of our experi­

mental results in which nuclear collisions do not play a large role in 

the stopping process. 
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CHAPTER II 

APPARATUS AND DATA ANALYSIS 

1. Apparatus 

The apparatus used in these experiments is shown schematically 

in Fig. 2. This apparatus has been described previously in references 

(W-62) and (0-63). The working pressure throughout the system was 

-63 x 10 torr. 

Various ion sources were available to be used with the spectre­

meter. Alkali ions were obtained from a single filament surface ioniza­

tion source. All other ions were obtained by the electron bombardment 

of a suitable vapour. Those substances that were not gaseous at room 

temperature were vapourized in an oven in the source. 

The ions were accelerated to the required energy by a Branden­

burg High Voltage Generator, Type MRlOO R/l. The high voltage was con­

tinuously variable from 10-70 kilovolts. 

The desired ions·were selected in a ten inch, 90° magnetic spectra-

meter. Situated near the focus of the spectrometer was the thin boron 

film in which the ions lost energy• In front of the film were a pair of 

•020'1 slits which served to collimate the beam. The dimensions of the 

illuminated portion of the film were 0.7 cm x 0.5 mm. The film was 

mounted on a bellows assembly that allowed the film to be moved in and 

out of the path of the beam. During the course of an experiment the film 

was bombarded with approximately 1011 ions. 

10 
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The energy of the emerging ions was determined in a seven inch, 

90° electrostatic analyzer. Two such analyzers were available. One 

was fixed in the forward direction with an acceptance angle of 1.2°, 

and this was used in. most of the experiments to be described. The other 

analyzer was mounted on a bellows arrangement so that the ions deflected 

by an angle (e) from the forward direction could be analyzed. Again the 

acceptance angle was 1.2° and the limit of e was ±13°. This analyzer 

was used to obtain experimental energy spectra in other than the forward 

direction in order to make comparisons with the spectra obtained from the 

Monte Carlo calculation. 

Both electrostatic analyzers were designed in such a manner that 

the voltage across the plates multiplied by the number of charges carried 

by the ion was equal to one-tenth of the ion energy. The voltages for 

the analyzer plates were supplied by two Model 408A, Fluke power supplies, 

each with a calibration accuracy better than 0.25%. 

The angular distribution of the ions emerging from the film was 

determined in a collimator which was mounted on a bellows. With this 

apparatus, ions of all energies were detected that had been deflected 

through the same angle, after suffering multiple collisions in passing 

through the film. At each angular setting (e), the number of ions per 

unit solid angle (N(e) d!l..) was determined. The limit of e was ±17° 

from the forward direct.~on. 

With both electrostatic analyzers and with the collimator, the 

ions were detected in a 14 stage electron multiplier operated at 340 

volts per stage. The output from the multiplier was amplified, and 

each event was recorded on a scaler. 
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2. Experimental Procedure and Data Analysis 

The magnetic spectrometer was used to select the ion incident 

upon the film. Using one of the electrostatic analyzers, the energy 

spectrum of the ions emerging from the film was found by measuring the 

ion counting-rate at each energy setting. Two such energy spectra are 

shown in Fig. 3. The incident energy (Ein) was determined with the 

electrostatic analyzer after the film had been removed from the beam. 

From each energy spectrum, the following energies were deter­

mined: 

E = the most probable energy of the ions emergingout 

from the film 

AE = E. E = the most probable energy lossin out 

E = i(E. + E )
in out 

Two different methods were used to define E t• When the energy spec-
OU 

trum was symmetric, as shovm in Fig. 3a for the case of hydrogen stop­

ping in boron E t was taken as the mid-point of the curve at half­
' OU 

height. For asymmetric spectra such as that for Ne20 stopping in boron 

shown in Fig. 3b, the points were joined to form a smooth curve. The 

peak of the asymmetric curve was taken as E t• 
OU 

The observed stopping cross-section S is defined at energy E 
0 

by the following expres~ion: 

1 AE 
~=~T 

where 	 N = 1.30 x 1023 atom/cm3 for boron 


t = film thickness 
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The work of Van Wijngaarden (W-62) showed that t.tE was independent of film 
0 

thickness for films of thickness .....,100 - 500 A. Thus S as defined,
O' 

is a property of the projectile-film material combination but is inde­

pendent of the film thickness. 

With a particular ion, was determined over as wide an energyS0 

range as was practicable. For singly charged ions this was from 

10 - 70 keV. When doubly charged ions were available, the energy range 

was extended to 140 keV. 

For the lightest projectiles, the nuclear stopping cross-section 

calculated from Fig. 1 is relatively small at the energies used. The 

symmetric energy spectra obtainea with light projectiles (for example 

hydrogen in Fig. 3a) indicate that the energy loss to nuclear collisions 

is negligible for projectiles emerging in the forward direction. As a 

result, the observed stopping cross-section (S0 ) is equivalent to the 

electronic stopping cross-section (S~) for the light projectiles. 

For the heavier projectiles, the energy spectra consist of a dis­

tinct peak and a low energy tail. Energy spectra for neon projectiles 

stopping in the same boron film are shown in Fig. 4. The tail of the 

distribution behaves in the manner expected of the nuclear energy loss; 

that is, the tail is relatively lower in magnitude at the higher energy. 

The peak of the distribution is essentially determined by the electronic 

energy loss; however, there is surely a small contribution from the nuc­

lear energy loss also. A Monte Carlo calculation, developed by Ormrod 

(0-63) was used to determine the nuclear energy loss associated with 

t.E. 
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In this calculation, an incoming particle is allowed to suffer 

collisions until it has advanced in the forward direction a distance equal 

to the film thickness. At this point, the computer types out the angle 

of emergence, final energy, and total nuclear energy loss of the projec­

tile. 

In each collision, the relative angle of deflection (e) was 

selected by the generation of a random number. Each angle did not have 

an equal opportunity of selection, but each was weighted by the differential 

cross-section of Lindhard (L-63). The nuclear energy loss in the col­

lision was given by equation I-2. 

The electronic energy loss was approximated by assuming it to be 

given by a constant multiplied by the path length. The constant was ad­

justed to its best value after the calculation was complete, by sliding 

the energy scale of the calculated distribution to match best the experi­

mental distribution. This procedure was justified because the total 

nuclear energy loss was the only important quantity determined from the 

calculation. 

Calculations were performed with 25 keV and 4o keV neon ions 
0 

passing through a 166 A boron film. 

The results of the calculation were first checked with the angu­

lar distribution measurements of all ions leaving the film. Compari­

son between calculation .and experiment for 25 keV and 4o keV neon pro­

jectiles are shown in Fig. 5 and Fig. 6. The experimental values of 

N(e) dP- are shown as the smooth curves. The calculated points were 

determined as N(e) de and the points shown in the figure have been divided 
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by sin e in order to compare with experiment. The normalization of the 

experimental curves and experimental points was done by eye to give the 

best fit. The good agreement between the calculated and experimental 

points, gives us confidence that the calculation does give a valid simu­

lation to the multiple collisions which a particle undergoes in passing 

through the film. 

The calculated energy spectra were matched with experiment at 

angles of emergence of .075 , .025 , .175 , and .225 • Matchings with 

25 keV neon projectiles are shown in Fig. 7. The calculated histograms 

and experimental curves were normalized to equal areas. At each of the 

angles of emergence, the calculation reproduced the general shape of the 

experimental curve. The decrease in energy of the peak at larger angles 

of emergence was also reproduced by the calculation. 

The matching at each angle consisted of sliding the calculated 

results along the energy scale to reproduce best the experimental peak. 

The four independent positions were averaged to obtain the final position 

of the calculation on the energy scale. Finally, the total nuclear 

energy loss at the peak of the distribution was determined for particles 

emerging in the forward direction. The error in this nuclear energy 

loss was taken as that energy corresponding to the average difference 

from the mean of the four matchings. 

When the total nuclear energy lossz~T~ was determined for pro­

jectiles emerging in the forward direction, then an effective nuclear 

stopping cross-section in the forward direction (S~*) could be calculated 

from: 
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• - .l. II-1s,, - - Nt :LATy 

The electronic stopping cross section could then be calculated 

for the heavier projectiles by 

s... = s - s • II-2 
.. 0 '/ 

Calculations were performed with neon projectiles only. The 

results of these calculations were extended to other ions by using the 

universal nuclear stopping cross-section of Lindhard et al (L-63) shown 

in Fig. l. At constant t,i, the nuclear stopping in boron for atom B 

can be related to that for atom A by the following relation: 

~ ~ (MA + 10.82) S 
= II-3

aA ZA (~ + l0.82) "A 

This result follows directly from the definition of the reduced stopping 

df. gi . t' I 6power df ven in equa ion - • 

At constant £ the differential scattering cross-section for atom A 

and atom Bare identical (L-63). Hence, the ratio of s..,• to Sv is the 

same for both atom A and atom B, and equation II-3 can be written as 

II-4 

One can use the calculated value of S/ for neon projectiles, along 

with equation II-4, to calculate S./ for all of the other projectiles. 

The electronic stopping ..cross-section for all the projectiles can then be 

determined from the observed stopping cross-section and equation II-2. 

The energy dependence of the electronic stopping cross-section 

was taken to be of the form 
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st. = kil II-5 

The justification for equation II-5 was twofold: 

1) Such a form was exhibited by ions requiring no correction, 

both in the present work and in the work of Ormrod (0-63) 

and (0-64). 

2) The theory of Lindhard ~ !:1, (L-63) predicts such a form with 

p = 0.5. 

Since the nuclear stopping diminishes at higher energies, S£ must ap­

preach S in this region. Thus, on a plot of log S versus log E, st. 
0 

was represented by the best straight line through the Monte Carlo points 

which approached S asymptotically at high energy.
0 
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CHAPTER III 

THIN FILMS 

l. 	Production of the Films 

The targets used in these experiments were boron films ranging 
0 0 

from 80 A to 1600 A in· thickness. The films were made by vacuum-deposit­

ing boron onto clean microscope slides in a specially-constructed coating 

unit. The films were stripped from a slide by allowing distilled water 

to rise slowly over the slide while it was held in a tray at an angle of 

To facilitate stripping, some of the films were deposited on a 

substrate of barium chloride on the glass slides, following the technique 

of Woytowich and described by Yaffe (Y-63). During stripping, the barium 

chloride dissolved and the films floated free. Subsequent experiments 

with these films gave results identical to those from experiments with the 

films deposited without Bac12 substrate. The films were picked up on 

a nickel mesh with 1000 lines per inch allowing 49% transmission. The 

mesh was obtained commercially from the Buckbee-Mears Co. of St. Paul, 

Minnesota. 

The boron was evaporated using a modification of an electron 

bombardment technique suggested by the work of Muggleton (M-61) and 

Adair (A-62). A photograph of the apparatus is shown in Fig. 8. A 

tungstenrl.bbon filament surrounds the boron which is in the form of a 

pellet. The pellet is 3/811 long and is supported on a horizontal copper 

plate attached to 1/411 o.d. copper tubing. The tubing passes out of the 

18 
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vacuum system through insulated sleeves and then is connected to a cold 

water system through 12" lengths of rubber hose, which provide a high 

electrical resistance from the copper tubing to ground. 

The heated filament is held at ground potential, and the water 

cooled copper tube and boron pellet are at a positive potential variable 

up to 800 volts. With an emission current of ,,..,_, 170 ma at - 500 volts, 

the tip of the boron pellet became molten and could be kept molten by 

gradually increasing the filament temperature and the anode voltage. 

The glass slides were held in a brass holder about 9 cm above the 

boron pellet. During evaporation, a magnetically controlled shield.was 

held between the boron pellet and the glass slides until the pressure in 

-6the system had fallen to 5 x 10 torr. Prior to the removal of the 

shield, the system was flushed with helium as described by Strivastava 

(s-61). The deposition time ranged from """20 seconds for the thinnest 

to several minutes for the thickest films. 

2. Thickness of the Boron Films 

The thickness of the boron films was determined by observing 

the energy loss of protons passing through the film. This method was 

calibrated by determining the stopping cross-section of 30 keV protons 

in thick weighed films. Each thick film was mounted without backing 

on a nickel holder. After the proton energy loss had been determined, 

the film was cut out of the holder and weighed on a microbalance (Mettler 

Micro Gram-atic). The thickness of the film was determined by assuming 

that the density cf the boron film was 2$34 g/cm3, the same as the bulk 

density of boron. 
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The energy loss at 30 keV was calculated by determining the 

energy loss at an incident energy above 30 keV. Then the result was 

normalized to 30 keV by approximating the proton energy loss curve of 

Fig. 13 by the following relation: 

plt.E 
aE for 20 < E {: 30 keV-- = t::i.x 

p 
ll.E = b E 2 for 30 tE<-: 4o keV III-1 
AX 

The film thickness could be expressed in terms of the parameters 

a, b, P1 and P2 by substituting equation III-1 into 

E.in 
AR·. -1 
Ll..:.:J \ 

t dE III-2= J ( --·t::i.xJ 
Eout 

The energy loss at an average energy loss could be given in terms of the 

parameters a/b, P1 , and P2 from the following relation: 

= III-3 

The parameters were determined from experiments with four thin 

films. The results were used to obtain the following empirical equation: 

7Q E. •73 _3 III-4= •JV in 

For each thick film, several values of t.E30 were calculated from experi­

mental results at different incident energies. The agreement between 

the different determinations was very good, and the probable error in 

t.E30 was found to be less than 1%. 
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0 

Table III-1 summarizes the results of the calibration experiment. 

S is the observed stopping cross-section of 30 keV protons in boron. 

A probable error of ± 2µg was estimated in the weighing of each 

film. Percentage probable errors of 2% and 1% were estimated in the 

area of the weighed film and in the determination of ~E30 respectively. 

Then the percentage probable error in each value of S was calculated 
0 

by the following method: 

·i Y:.,
c200~ 2 (1)2 ! III-5P.P.E. in S = :.i + 

0 i w") 

where Wis the weight of the film in µg. 


From the values of S0 in Table III-1, a weighted mean was calcu­


lated to be 


-14 2 6~s = 1.23 x 10 eV - cm /atom ± 3. ~. 
0 

. The quoted error is the percentage probable error in the weighted mean. 

The thickness of thin boron films was determined from the following 

relation: 

0 

t = 
~E 

A ± 3.6%.01598 


where 6E is the energy loss in keV of 30 keV protons 


stopping in boron. 
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TABLE III-1 


The Determination of the Absolute Stopping 


Cross-Section for 30 keV Protons in Boron 


s x1014Weight Surface Density Thickness P.P.E. in S ~IAE30 0,0 2
(µg) (µg/cm2) <A.) (keV) ( eV-cm /atom) . (%) 

I 

14.8921.7 I 930 
 1.23215 
 13.5 

1201
28.1 1.247 10.719 
 19.52 

20 
 1201
28.1 10.21.25619.65 

I

1410 22.68 6.11.23533.035 


<I I 
 6.o1465 
 23.08 1.21036 
 34.3 l 
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3. Quality of the Boron Films 

The 9 cm distance between the microscope slides and the molten 

boron, introduced a 10% variation in source to slide distance from the 

edge to the middle of a slide. A corresponding variation in film thick­

ness would be expected across the slide. The ion beam dimension was 

0.7 cm x 0.5 mm and the maximum variation in thickness over the illuminated 

portion of the film was ,...,....2%. However, this variation could be reduced 

further by orientating the film on the holder so that the long dimension 

of the illuminated portion of the film was approximately the same dis­

tance from the source during depositio~. 

The shape of the energy spectrum of 30 keV protons was used as 

the criterion by which to judge the acceptability of a given film. Any 

asymmetry to the spectrum shape of Fig. 3a was attributed to variations 

in thickness across the film. Such films ~ere discarded. 

Local irregularitie~ in the film surface could be caused by the 

surface of the glass substrate. Examination of films in an electron 

microscope, revealed few surface features attributable to the glass slide. 

A typical microscope photograph of a boron film with a total magnifica­

tion of 42,000 is shown in Fig. 9. The most striking feature of the 

photograph is the lack of any pronounced surface structure. 

The crystal structure of the films was studied by an examination 

of the electron diffraction patterns produced by the films. Fig. 10 

is a photograph of the electron diffraction pattern of the film shown in 

Fig. 9. The diffuse, broad concentric rings of the diffraction pattern 

indicate that the film is amorphous (B-36). The only structure in the 

film is that associated with the nearest neighbour separation of the atoms 

making up the film. 
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For comparison, Figures ll and 12 are included to show the sur­

face features and significant crystal structure in an electroplated 

nickel film. Fig. ll is a photograph with a total magnification of 

45,000, and Fig. 12 is a diffraction pattern ta.ken in the same region 

of the film. 

The lack of structure in the bo_ ,·- films made them particularly 

suitable for the experiments described in this thesis. An amorphous 

structure of the solid was assumed both in the Monte Carlo calculation, 

and in the theoretical treatment of the stopping process with which our 

experimental results were compared. 
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CHAPTER IV 

EXPERIMENTAL RESULTS 

l. Stopping Cross-Sections 

The observed stopping cross-sections for hydrogen are shown in 

Fig. 13. The results with protons are shown as the solid dots, while 

the deuteron results are shown as the open circles. 

The hydrogen curve represents an absolute determination of S 
0 

since some of the experiments were performed with weighed films, a.s 

described in section III-2. 

The nuclear stopping cross-section determined from Fig. l :is less 

than 1% of the observed stopping cross-section for hydrogen at 10 keV• 


.Since S / is only a fraction of s.,,, the nuclear stopping is a negligible 


portion of S and hence S = S,. for hydrogen. The probable error in 

0 9 0 ' 

In Figures 14 to 22 the nuclear stopping cross-section, SV'' is 


shown along vd.th the observed and electronic stopping cross-sections 


(S ) and (Sr) for each projectile stopping in boron. For each atom,
0 ~-

S vis an explicit solution of the universal nuclear stopping cross-

section shown in Fig. 1. 

The stopping cross-sections for helium and lithium in boron are 

shown in Fig. 14 and Fig. 15. As determined by the extension of 1~he 

Monte Carlo calculation, the nuclear contribution to S0 is negligible 

above 3 keV for helium and above 9 keV for lithium. As our exper:L­

25 
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mental energy range did not extend below 10 keV, the observed and electron­

ic stopping cross-sections are equivalent for helium and lithium projec­

tiles. 

Although the contribution of nuclear stopping in the forward 

direction is negligible for helium and lithium, the total nuclear stopping 

cross-section for these projectiles is not. For helium projectiles 

4incident on boron (denoted He -tr Boron), S ~ amounts to 6% of S& at 20 

keV. For Li7 -+ Boron, S\, amounts to 26% of S~ at 20 keV. 

The nuclear contribution to S was significant for all other 
0 

projectiles and the results of the Monte Carlo calculation were used to 

calculate sf. • Whenever the calculation was used, the probable error 

in S£ was greater than the 4% error associated with S0 and the film 

thickness. 

The stopping cross-sections for boron, carbon, nitrogen, oxygen, 

fluorine, neon, and sodium are shown in Figures 16 to 22. At the higher 

energies the probable errors in Sr. range from 4% where no correction was 

required, to 9% for sodium where a 12% correction was required. At the 

lower energies where the Monte Carlo corrections were larger, the prob­

able error was somewhat greater. 

The results of the Monte Carlo calculation with 25 keV and 4o 

keV neon projectiles are shown as crosses with error bars in Fig. 21. 

The electronic stopping.cross-section was approximated by a straight line 

on the plot of log S versus log E through the two calculated points and 

approaching S asymptotically at higher energies. The asymptotic ap­
0 

preach of s£ to S was dictated by the decrease in the magnitude of 
0 

nuclear stopping at higher energies. 
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This form of the electronic stopping cross-section was expressed 

in Chapter II by the following equation: 

s~. = KI! II-5 

The coefficients k and the exponents P for each projectile studied, 

along with the domain of applicability of equation II-5 for each, are 

given in Table IV-1. 

The percentage probable error in the exponent P ranges from 

somewhat less than 2% for H1 to about 6% for Na23. These probable 

errors are less than the errors in SE: because the absolute determination 

of film thickness was not required to determine the slopes (P) of the 

curves in Figures 13 to 22. 

2. Straggling 

The straggling in energy of hydrogen and helium projectiles 

passing through boron was determined from each experimental energy dis­

tribution. The half-width at half-height of the transmitted energy 

spectrum was called the observed straggling (..{)_ ). A small correc­
0 

tion to fL was made to take into account the energy spread of the inci­o 

dent beam by assuming that 

IV-1 

where.fl is the "true" straggling caused by collision processes 

in the film. 

W= 3~0 is an empirical estimate approximating the width 

of the incident beam at energy E. 

No correction was made for any component of 12 caused by slight variations 

in film thickness. 

http:where.fl
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TABLE IV-1 

Coefficients (k) and Exponants (P) for the Electronic 

Stopping Cross-Sections in Boron as 

Expressed in the Equation s{" =d... 

Atom 
k x 1015 

2(eV-cm /atom) 
p 

" 

Energy Domain 

(keV) 

ii1 3.2 o.40 12-25 

H2 2.4 o.41 13-40 

He4 3.6 o.42 15-70 

Li7 2.4 o.47 15-70 

Bll 3.2 0.51 15-140 

c12 4.9 o.47 15-140 

rr-4 4.5 o.49 !
' 

15-140 

016 4.7 o.47 15-140 

~9 I 4.1 o.46 15-140 

Ne20 ·2.9 0.51 20-140 

Na23 2.7 o.46 
...l 

25-70 



29 

Any single determination of _()_ was uncertain by ,...,., 20%. How­

ever a technique was used by which more reliable results could be ob­
,-, 

tained. Van Wijngaarden a.."ld Duckworth (W-62) found that-:: was 
u.l!i 

con­
n 

stant for the same film-projectile combination. A mean value of ~E 

was calculated from all experiments vri:i;h hydrogen stopping in a given 

film. !::.E was determined experimentally at the required energy with a 

probable error estimated at 2%, and then the corresponding value of 

fl was calculated. The percentage probable error in D. was calculated 

in the following manner: 

r. 
P.P.E. inf'!. = P.P.E. IV-2 

n 
where the percentage probable error in ~i was deter­

,,-, 

mined from the distribution of individual ~~ values. The P.P.E. in 

f2 ranged from 3% to 12%. 

The straggling of hydrogen projectiles was determined at a par­

ticle velocity v = v • This is equivalent to a proton energy of 
0 

25 keV and a deuteron energy of 50 keV. The results are presented in 

Fig. 23, in which .fl 2 is plotted as a function of !::.E. The relative 

straggling of hydrogen in boron as determined from the slope of the best 

line drawn through the experimental points was 

= 0.055 keV ± 5% (at t' = v )
0 

A plot of .fl.2 versus /::.E was not possible for results with helium 

projectiles because experiments were performed with two thin films only. 

With each film, .f'L2/~E was calculated at a particle velocity of 0.5 v0 



from the values of ~E and ~E determined in the manner discussed above. 

The result of the relative straggling of helium in boron was 

= 0 .. 054 keV ± 12% (at V = .5 V )
0 

Straggling determinations were not carried out with the heavier 

projectiles, because of the lower counting rates and asymmetric energy 

distributions encountered with these ions. 
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CHAPTER V 

DISCUSSION 

1. Comparison with Other Experiments 

The only comparison of our results using boron targets with those 

of others is for hydrogen projectiles. Overley and Whaling (0-62) have 

determined proton stopping cross-sections in boron for energies from 

100 keV to 3 MeV. Their experimental points at 100 and 150 keV are 

shown as triangles in Fig. 24. Our hydrogen results are shown as dots 

at energies up to 64 keV in the same figure. 

Because the energy separation between the two sets of results 

occurs in the region in which the energy dependence of the electronic 

stopping cross-section is in transition, no quantitative comparison of 

the results is possible. However, a qualitative comparison has been 

made, by matching the two sets of results with the dashed curve in Fig. 

24. The smooth matching curve indicates that there is good agreement 

between the results of the present experiments and those of Overley and 

Whaling. 

2. Comparison of Stopping Cross-Sections with Theory 

Although the theory of the nuclear stopping process has been well 

developed (B-48, L-61, i,-63), no comparison with it was possible because 

the results of our experiments were essentially electronic stopping cross­

sections. However, the Monte Carlo correction for the nuclear component 

of the observed stopping c~oss-section, was based on the nuclear stopping 

31 
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theory, and the good agreement between the calculations and the experi­

mental angular distributions (Figures 5 and 6) and energy spectra (Fig. 

7) provides a qualitative verification of the model used in the nuclear 

stopping theory. 

The electronic stopping theory of Lindhard et ~ (L-61, L-63) 

is applicable for particle velocities less than v0 .z12/3. Our experi­

mental results can be compared with this theory at energies up to 25 keV, 

for hydrogen and at all energies for the other projectiles. The theore­

tical expression for the electronic stopping cross-section is given in 

equation I-9. Interesting comparisons can be made between experiment and 

theory regarding the energy dependence of SE:, the values of sf. for pro­

jectiles of different isotopes of the same element, and the variation of 

S (. with the atomic number of projectiles and target atoms. 

First we shall consider the energy dependence of Sl • Equation 

I-9 predicts that the value of the energy exponent P is 0.5 in the 

empirical relation for the electronic stopping cross-section given in 

equation II-5. The experimental values of P range from 0.4o to 0.51. 

The agreement between theory and experiment is quite reasonable consider­

ing that the theory is based on a model in which the solid is represented 

by a degenerate electron gas. 

The experimentally determined S$ for protons has an energy expo­

nent P =o.40 valid at energies from 12-25 keV. Above 25 keV, S~ ap­

preaches a maximum and then above 100 keV decreases with increasing 

energy (Fig. 24). This is in qualitative agreement with theory in the 

energy region in which the Lindhard prediction (Equation I-9) gives way 

to the well known Bloch theory at high energy.· From the experimental 
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S£ results with hydrogen shown in Fig. 24, the maximum in S~occurs at 

approximately 80 keV. 

The Lindhard theory predicts that different isotopes of the same 

element having the same velocity, will have equivalent electronic stop­

ping cross-sections. The experimental values of S( for protons and 

deuterons are shown in Fig. 24. The proton results (shown as solid dots) 

are those of Fig. 13, while the deuteron results (shown as open circles) 

are plotted with the energy scale contracted by a factor of two so that 

the isotopes would be compared at the same velocity. The theoretical 

prediction is verified inasmuch as a single smooth curve can be drawn 

through the experimental points for both isotopes. 

The variation of S!; with the atomic number of the projectile , 

(Z1 ) is shown in Fig. 25, in which St has been plotted as a function 

of ~ at a particle velocity of 9 x 107 cm/sec. This velocity has no 

particular significance, but it is the velocity at which comparisons of 

Ss with ~ were made in carbon, aluminum, and nickel targets (0-63, 

0-64). All the projectiles but ffl and Na23 were studied at this velo­

city, and the values of S~ were taken from the graphs of the experimental 

results (Fig. 14-21) at the appropriate energies. For H?- and Na23, the 

S£ results at this velocity represent extrapolations beyond the experi­

mental energy domain using equation II-5 and values of k and P from 

Table IV-1. 

The lines drawn on the graph in Fig. 25 are solutions to equation 

~ 1/6
I-9. The central line corresponds to J~ =z1 while the two outside 

lines are the limits of the theoretical prediction with Jt. = 1 and 2, 

respectively. 



A periodic dependence of Sc:... on the atomic number of the projec­

tile, as was found in carbon, aluminum, and nickel (0-63, 0-64), is also 

seen in Fig. 25 for boron targets. The value of S f.. rises to a maximum 

at zl~ 8, then decreases as zl increases to 11. A slight discontinuity 

appears at ~ {!;;: 3. This shape of the periodic variation is the same as 

that found in the other target materials. The theory of Lindhard et al 

with Js = z1l/6 in equation I-9, predicts the general trend of the experi­

mental results, but does not include the periodic variation of S~ with 

~· 
A theoretical treatment of the electronic stopping process based 

on Thomas-Fermi arguments can not be expected to explain in detail the 

variations with atomic number of either target or projectile atoms. The 

statistical nature of the model neglects the periodic properties of the 

outer electrons in the atoms. It is to be expected that the periodic 

nature of S,. will be explained in detail only when the binding of the 
c. 

last few electrons is taken into account in the theoretical treatment 

of the stopping process. 

An interesting aspect of equation I-9 is the symmetry in the 

atomic number of target and projectile atoms. That is, S £ is predicted 

to be independent of an interchange of the target and projectile materials 

as long as the projectiles are kept at the same velocity. Our results 

with c12.- Boron and those of Ormrod (0-63) with B11--;. Carbon are shown 

in Fig. 26. The results with carbon projectiles have been shifted to 

higher energy from those shown in Fig. 17, in order to make a comparison 

at the saine projectile velocity. S is approximately 7% larger for car­o 

bon than for boron projectiles at the energies for which S0 = Sz . 
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F.owever, this does not represent any major disagreement with the theoreti­

cal prediction, since close agreement between the two sets of results would 

have been fortuitous in view of the periodic variation of SS with z1 • 

3. Comparison of Straggling with Theory 

The experimentally determined straggling can be compared with the 

straggling theory of Lindhard (L-54) in terms of the variation in proton 

straggling with film thickness, and the magnitudes of the relative strag­

gling of hydrogen and helium projectiles. 

First, the prediction of equation I-10 is that 1'~2 is directly 

proportional to .!lE for particles having the same velocity. In our ex­

periments, this means that .0...2 and LlE are expected to have the same 

dependence on film thickness. Experiments were performed with protons 

in films of various thickness, and a plot of ~122 versus ~E was given in 

Fig. 23. The best straight line through the origin and the experimental 

points was determined by a least squares analysis. Ten of the thirteen 

experimental points lie within one probable error of the line, and we 

conclude that the relative straggling is independent of film thickness 

in good agreement with the theoretical prediction. 

The relative straggling given in equation I-10 depends upon the 

electron density (n£ ) in the degenerate electron gas model. In making 

J2.2 
comparison with experiment, values of LlE were calculated using three 

values of n£ corresponding to: 

1) the atomic density N = 1.30 x io23 cra-3 for boron. 

2) the number of valence electrons 3N. 

3) the total electron density in the solid 5N. 
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The best value of nf is expected to be between the limits of l) and 3) 

and possibly equal to 2). The calculated and experimental values of 
_rJ_2 
LiE are given in Table V-1. 

4. 	Summary 

Stopping cross-sections have been determined in thin boron films 

for atomic projectiles (Z ~ 11) ~~th energies ranging from 10-140 keV. 

The absolute value of the stopping cross-section of protons in 

boron was found using thick weighed films. This result was used to 

determine the thickness of the films used in the experiments. 

The electronic stopping-cross sections have been obtained by 

correcting the observed stopping cross-sections for the nuclear compo­

nent. This was done using a Honte Carlo calculation developed by Ormrod 

(0-63). 

The relative straggling in energy has been determined for hydrogen 

and helium projectiles in boron films. 

Comparison has been made between the experimental results and the 

theoretical predictions of Lindhard et al (L-54, L-61, L-63). In general, 

the agreement is good. However, an observed periodic dependence of Sc 

upon ~ is not explained by the theory. 
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TABLE V-1 


Comparison Between Experimental and Theoretical Values of 


the Relative Straggling in Boron 


Experimental2Value c,~culated Value of 
_fl. I ' -l-Projectile 

~ from equation I-10of~ 
Velocity 

4~-+Boron He ~Boron 2) n,. =3N1) ~=N 3) ~=5N 
~·· I 

V=V 0.0640.055±5~6 i 0.043 0.057
0 

i 
i ii 

l 0.021o.05ti-±12% 0.028v = 0.5 v 0.032 
0 

J l 
The agreement between experimental and calculated values of the 

proton straggling is excellent. 

Although the agreement found for the helium projectiles is not 

as good as for the protons. it is quite reasonable in view of the 

approximate nature of equation I-10. 
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