




















































































































1-

1-

a: 
...... 

...JU) 
O.t-
5z 
:::;,:::;) 

:1:>-

wm 
...Ja: 
We( 

0 
u.J 
I-:· 
< a: 
(!) 
u.J 
1-

5 

4 H' E0 • 31.0 keV 

3 

2 

E0 • 10.1 keV 

0 
-10 -8 -6 -4 -2 0 2 4 a 8 10 

5 

4 H! E0 .. 31.5 keV 

3 

2 

-10 -8 -8 -4 -2 0 2 4 e 8 10 

4 E0 • 31.2 keV 

2 

••••••••••••••• • • • • • • • • E0 • 10.7 keV 

-10 -8 -6 -4 -2 0 2 4 8 8 10 

tt ( DEGREES ) 

FIGURE 13 - Angular Distribution Amongst H1 , He4 and A40 
Particles after Emerging from a VYNS Film . 



different values of incident energy. For a given pro­

.iectile, the incident current was the same for the two 

curves. Evidently the A40 particles have suffered wide­

angle deflections, whilst the deflections suffered by 

H1 and to a somewhat lesser extent, He 4 , are primarily 

small-anr-le ones, especially at the higher value of the 

energy. It is a simple problem (VI-1) in mechanics to 

show that, if H1 and He 4 were losinp an appreciable 

amount of this energy in elastic collisions (with atoms 

of the stopping medium), the average scattering angle 

would be much larger than we have observed. Thus, it 

follows rrom this experiment that, in the energy range 

investigated, H1 and He4 lose their energy mainly to 

electrons in the stopping medium. Thi~ conclusion is 

consistent with the nearly symmetric energy distribution 

curves discussed in the preceding chapter and suggests 

that our observed 80 's, which refer to particles moving 

in the forward direction, are practically identical with 

Se' the electronic component of the total stopping cross­

section per atom. 

The broad an~ular distribution curves for A40 are 

also consistent with the conclusions of the previous 

chapter. These curves are indicative of atomic colli­

sions, as were the pronounced low-energy tails that 

characterize the energy distributions for this heavy 

particle. 
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( 1) 

for 

In the following, a calculation will be made which 

will allow us to use our angular distribution data to 

make a quantitative estimate of the energy lost in atomic 

recoils. We shall find that, at energies greater than a 

few keV, only a small fraction of the total energy lost 

by H1 is lost in this way. 

The maximum energy transfer, Tmax' of a particle of 

mass M1 and a kinetic energy E in a head-on collision 

with a target particle of mass M2 at rest equals 

Tmax 4 MlM2 E (35) -------
(Ml+l\'2)2 

In a glancing collision, where the particles are 

deflected through a relative deflection angleoC, the 

energy transfer, T, equals 

T = T Sin2 d.. max (36) 
2 

The relation between the deflection angle,¢, of the 

projectile in the laboratory co-ordinates and the relative 

deflection angle is 

tan¢ - (19) 
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1 For H travelling in VYNS (C 4R
5
o2Cl) 

Ml L ~.' 2 

Renee, it may easily be shown that 

_r!:_ L ¢ L cl.. 
2 

( 3 7) 

Suppose the s quare of the resultant scattering 

angle,~, (in laboratory co-ordinates), after passing 

through a sheet of matter is small las was the case for 

our measurements of H1 above a few keV). Then essen­

tially all the individual scattering angles,~l' (and 

consequently~i) will also be small. Therefore (Bohr -

1948 - Equation 2.5.1) 

~2.= I¢/ 
l 

(38) 

where the summation extends over all scattering events 

in the process of traversal of the film. 

The energy lo ss in a single scattering event for 

a small deflection angle,~,, is given approximately by 

[see Equation (36) ] 

Ti = Truax (-~i) 2 

The total energy loss, AE , of the particles 
n \~ 

corresponding to the resultant scatterine angle V~2 

is 

~E = LTi 
- 2: Tmax (1!)2 n -

i (. 

The subscript, n, in this formula and others to 

follow, denotes that only the loss in atomic recoils has 
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been considered. 

If the film is ~QiQ (as in our angular distribution 

experiments) the energy of the particle is approximately 

constant, in which case T~ax is seen to be approximately 

constant [Equation (35l]· Then the preceding equation 

may be re-written 

~ /~_2i)2 ~En = Tmax L \ 
i 

By utilizing Equation (37) we see that 

~ r~-.,.2. ~En ( Tmax L 'f'~.-
i 

Upon substitution of Equations (35) and (38), this 

expression becomes 

~En < ~-~~~~ E P~ 
(:rv'! + M2 ) 

2 

(39) 

from which an upper limit to the energy lost in atomic 

collisions may be calculated, provided the angular dis­

tribution is known. This we shall now do. 

40 

The most probable energy loss, AE
0

, of H
1 

in 

traversing the VYNS film, which was employed in our angular 

distribution experiments, was 

and 

-LlE rv 0.6 keV at E ~ 10 keV 
0 

.6 E ~ 0 • 3 ke V at E !::!. 4 ke V 
0 

(40) 

The root mean square of a Gaussian distribution curve 

is equal to its h~1f-width. Our angular distribution 

curves are approximately Gaussian. They are sharper, 

however, than the true angular distribution curves 



because slit s
3 

(see Figure 4 and also Chapter V) had 

a finite rather than an infinite length. On the other 

hand, the half widths of the experimental curves are 

significantly broadened (by about 0.5 degrees) because 

of the finite acceptance angle of the detector. Taking 

these factors into account, it appears that no serious 

error is introduced by assuming that\Jt2 ~s equal to the 

half width of our observed angular distribution curves. 

The half width of the distribution curve for, say, 

-
E ~ E = E - l:!Eo) 

0 0 -2- = 10 keV in Figure 13 is about 2 

degrees. Thus 

Hence 

V1= 2 x 2 1"C radians. 
,60 

f = (~-:-~~) 2 
360 

(41) 

For VYNS (C 4E502Cl), M2 in Equation (39) can have 

different values. The average value is N 10 amu. Sub­

stituting this value and M1 = 1 amu for H1 , together 

with Equation (41) into Equation (39) we find for E = 
10 keV 

1\En .( 0.004 keV 

Fence, compared to the ~Q~~! Q~~~£Y~Q energy loss, 

[Equation (40)] of 0. 6 keV (at E ':::.:! 10 keV) it is indeed 

true that 

ilEn ( ( AE0 
This means that atomic collisions cannot account for the 

energy loss, .6 E
0

• Therefore, atomic hydrogen at E = 
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10 keV loses its energy mainly to the electrons of the 

stopping medium. 

Similarly, at E = 4 keV, we find, by means of our 

observed angular distribution curves for H1 at lower 

energies, which have not been shown in Figure 13, that 

!1E ( 0.064 keV 
n 

The total energy loss, AE
0

, at this energy, however, 

equals (Equation 40) 

0.3 keV 

* Hence, we conclude that H1 with a kinetic energy above 

a few keV loses its energy mainly to the electrons of 

the stopping medium. 

At this point, a remark might be made concerning 
4 the energy loss of He • Previously, we concluded that, 

for energies greater than a few keV, both He
4 

and H
1 

lose their energy mainly to electrons, although, as we 

·shall see in the next section, the theory does predict 

a small but finite loss of energy in atomic recoils for 

both of these atomic projectiles. The relative impor-

tance of this mechanism of energy loss is predicted to 

be appreciably larger (roughly five times) for He4 than 

for H1 . The observed angular distribution curves of 

the transmitted beam are in qualitative agreement with 

the prediction, inasmuch as the relative widths of the 

* At higher energies, above N 100 keV, protons lose energy 

42 

by Coulomb excitation and ionization of the electrons in the 

stopping medium. 



observed angular distribution curves of the trans­

mitted beam are larger for He 4 than for H1 • 

(2) Comparison of Observed Cros s-section, S0 ,with Theory 

On the basis of the energy distributions in the 

transmitted beams of B1 and He 4 , we concluded that these 

particles lose thei r energy primarily to the electrons 

of the stopping medium rather than in atomic collisions. 

The results of the angular di s t ribution experiments are 

in agreement with this conclusion. We should further 

note that the predictions of the theory are a l so in 

accord with this conclusion. In order to show this, 

we have plotted in Figure 14 (a) the Se- versus - E 

curve [using Equation(lD; (b) the Sn- versus - E curve 

[using Equation (10ij, and (c) the experimentally observed 

S
0

- versus - E cur ve, in each case for H1 passing through 

carbon. Figure 1 5 shows the corresponding curves for 

He4 passing through carbon. Figures 16 and 17, respec­

tively, show these corresponding curves for H1 and He 4 

passing through Al2o3 . TheSe and the Sn curves for the 

slowing down process in Al2o3 were obtained by taking 

as average values z2 = 10 and M2 = 20. 

In these figures, the calculated values of Sn are 

much less than those of Se, although the difference is 
4 1 not as marked for He as for H . Moreover, in our 
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experiments, only a small portion of Sn comes into the 

picture, inasmuch as most of the atoms that suffer appreci-



-
"'e 

0 
I 

> Q,) 
II) 

-b 
---
Cl) 

15 

14 

13 

12 

II 

10 

9 

8 

7 

6 

5 

4 

3 

2 

ENERGY (keV) 

Figure 14 - Composite Plot Showing (a) Calculated Nuclear 
Component of Total Stopping Cross Section per Atom, (b) 
Calculated Electronic Component of Total Stopping Cross 
Section per Atom, and (c) Observed Stopping Cross Section 
per Atom, All as a Function of Energy, for Hl Passing 
through Carbon. 



15 

14 

13 

12 

II 

-,o 
t\IE· 

0 
I 

> Q) 

10 

b -
en 

9 

8 

7 

6 

5 

4 

3 

2 

o+-~~~~~~~~~~-.~~~.-~~~~~~~~~ 
0 5 10 15 20 25 30 

ENERGY ( keV) 

Figure 15 - Composite Plot Showing (a) Calculated Nuclear 
Component of Total Stopping Cross Section per Atom, (b) 
Calculated Electronic Component of Total Stopping Cross 
Section per Atom, and (c) Observed Stopping Cross Section 
per Atom, All as a Function of Energy, for He4 Passing 
through Carbon . 



-C\1 
E 
u 
I 

> 
QJ 

10 

0 

-
(f) 

20 

18 

12 

10 

8 

6 

4 

2 

0 

5 10 15 20 25 30 
ENERGY (keV) 

Figure 16 - Composite Plot Showing (a) Calculated Nuclear 
Component of Total Stopping Cross Section per Atom, (b) 
Calculated Electronic Component of Total Stopping Cross 
Section per Atom, and (c) Observed Stopping Cross Section 
per Atom, All as a Function of Energy, for Hl Passing 
through Al 203 



-C\1 
e 
(,) 
I 

> 
CIJ 

!!! 
I 

0 

-
(f) 

20 

18 

16 0 

14 

12 

Se 

10 

8 

6 

4 

2 

0 ~------._------~------~------~------~------~----~ 
0 5 10 5 20 25 30 

ENERGY ( keV) 

Figure 17 - Composite Plot Showing (a) Calculated Nuclear 
Component of Total Stopping Cross Section per Atom, (b) 
Calculated Electronic Component of Total Stopping Cross 
Section per Atom, and (c) Observed Stopping Cross Section 
per Atom, All as a Function of Energy, for He4 Passing 
through Al

2
o

3 



able energy loss in atomic collisions are scattered out 

of the beam and consequently, are not observed. The 

multiple !1£~-angle scattering event, mentioned earlier 

for A40 , in which the particle regains its ori~inal 
1 4 direction, is relatively rare for H and He at the 

energies used. 

Hence, on theoretical, as well as experimental, 

grounds, we appear justified in identifying our observed 

8
0 

with Se' the electronic component of the total 

stopping cross-section per atom. With this under-

standing, let us now compare the form of the 80 -versus-E 

curve with that predicted for Se. 

We note that the empirical expressiomfor 8
0 

[Equations (31), (32), l33) and (34)] do not display the same 

energy dependence that is predicted for Se, the electronic 

component of the stopping cross-section per atom. 
1/2 Whereas S is predicted to vary as E , our observed 

e 
S

0
ts vary as E0 •45 and E0 · 44 for R1 and He 4 respectively, 

o 41 o.40 1 4 . in Al2o3 , and as E · and E for H and He 1n 

carbon, respectively. 

Three explanations for the discrepancy supgest 

themselves: 

(a) The electronic component Se does not corres­

pond closely to our observed S 's, as we have assumed. 
0 

Instead, there is a not-insignificant sn contribution 

which, since it increases with decreasing energy, causes 

the 8 0 -versus-E curve to be flatter than the Se oe \f]: 
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one, as i s experimentally observed. Thi s effect , at 

any g iven energy, should be much more pronounced for 

Fe 4 than for H1 - a prediction which appears not to 

be borne out by experiment. 

(b) We are operating in a region where electronic 

~s~sare the dominating ones all right, but the transi­

tion to the (ln EVE region has already begun. This 

effect, also, would cause the 8
0
-versus-E curve to be 

flatter than the sery:;; VE one. Moreover, the effect 

should be more noticeable, at any given energy, for H1 

4 
than for He , a prediction not borne out by experiment. 

(c) The predicted dependence of Se upon E is 

somewhat in error. We appear to be left with this 

alternative. 

Finally, let us compare the absolute magnitudes 

of the observed S 'sand the calculated S 's. For R1 , o e 

as can be seen from Figures 14 and 16, the ratio 

S
0
/Se is never far from unity over the entire energy 

range studied. Indeed, the uncertainties in the thick-

nesses of our film are such that the average value of 

the ratio may be even closer to unity than appears to 

be the case in the figures. 4 For He , however, (see 

Figures 15 and 17), the absolute values appear to be 

systematically in error. 

At this point we quote from a recent private 

communication from Professor Lindhard: "It should be 

emphas i zed that Equation (4) is approximate in more 
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l/6 
than one sense. The constant Se ~ Z 1 is based 

on Thomas-Fermi arguments and it is to be expected that 

fluctuations around this constant can occur, especially 

for Zl L 10. Moreover, a Drecise proportionality to 

v (i.e.VE') will not be correct over the whole of the 

V Z 2/3 )'.1 
velocity region v < v1 t ( v1 = 

0 1 
It would appear 

that our observations of the energy depencence of S0 , 

and of the systematic difference between 80 and Se 

values for He4, illustrate the relevance of Professor 

Lindhard's remarks. 

(3) Comparison . of W/AE0 with Theory 

The energy distribution amongst the particles 

leaving the film arises out of two processes: 

(a) Not all particles :in traversing the film 

suffer the same number of collisions; some particles 

suffer more, others undergo fewer, collisions than 

some average nwnber. 

(b) Not all particles that undergo the same 

nvmber of collisions suffer the same energy loss per 

collision. 

Bohr (1948) investigates the straggling in some 

detail. He writes the total energy loss, L\E, of a 

particle in traversing a sheet of matter of thickness, 

t, as 

L\E = L 'r.n 
• 1 i 
1 

(42) 
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Here ni is the number of collisions, for the particle 

under consideration, in vrhich it transfers the energy 

Ti per collision. ni will be distribute d around i ts 

mean value , ni, according to a Poisson distribution. 

Thus 

P( ni) = 
n

1
• n. 

- r-l. 
ni " 

n . ' l.. 
(43) 

The average value of .6. E, which we have denoted as ~E0 
is given by 

{44) 

with a mean sauare deveation. 

-----
. ( - )2 -slnce ni - ni -

Here Jl represents 

ni for a Poisson distrih.ltio:n. 

the half width of the energy dis-

tribution, amongst the particles leaving the sheet of 

matter, at half its maximum height. Thus 

VI = 2 S2 (46) 

Equation (42) is equivalent to 

A E0 = Nt s Tdcr ( 4 7 ) 

where S Tdu = S [see Equation (29}] represents the 

stopping cross-section per atom. Equation (45) is 

eauivalent to 

Q 2 = Nt s T2dcr (48) 

V!e note from Equations (47) and (48) that 



J2 
E 0 

(49) 

From the foregoing it is evident that the rela­

tionship between 5l and 6E
0 

can only be found if the 

energy transfer, T, can be expressed as a function of 

the differential cross-section, du. This, of course, 

involves a knov-rledge of the mechanism of the energy 

loss. 

In our experiments v1ith H1 and He4 as projec-

tiles, the loss in energy to electrons was studied 

and the results compared with the theory of Lindhard 

and Scharff (1961). One of these author's Lindhard, 

has also studied the straggling in the energy loss 

and finds (Lindhard, 1954, Equation 4.16) for a par-

ticle moving in a degenerate lt,ermi gas that 

fl? = 41(Z1
2 e4 f I.n, t (50) 

Here f is the electron density. Lindhard has consi­

dered the form of LJ?. and finds that over a wide re­

gion of densLties L~ is proportional to f -1/2. In 

an actual stopping medium, of course, the electron 

density v.Jill strongly vary as the particle moves a 

distance of the order of the interatomic distances in 

the absorber. However, since the form of LQ does not 

depend upon the magnitude of f it is meaningful to 

take for f the average electron density in the stopping 

medium. In the calculations to follm,r, we shall, there­

fore, take for f the average electron density of the 
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stopping material. 

For lo~ velocities Lindha r d obtains the followi ng 

e s tima te for a de generate elect r on gas 

(51) 

where 

is the so-called plasma f reaue ncy. He re m i s the 

e lectronic ma s s. 9 .... /LlE ce n now be found by substi t u­o 

tion of 

.6 E0 = NSe t 

(sec section III, 1, a) where Se is given by Eouation 

(4). On ca rry inp.: out the subs t i t ution and inserting 

the known va lues of the cons t ant s we fi nd 

JI_J 
.6E = 6.14 X 

0 

Thus, se e Eouat ion(46), 

~·J 
.t.Eo = 1.23 x [ 

{z 2/3 + z 2/3 )3/2 l/4] 1/2 5 1 2 D ..... ,. 
10 7/6 . ~ 

zl • z2 
(52) 

From .Squat i on (52) we observe that Vf/Ll 'r!~ 0 is indepen..o 

dent of ener::ry. This is in agreement with observation 

(Chapter IV). 

\'ie shall now compa re our observed values of Vl /LlE 
0 



with Equation (52). The electron density can be 

estimated as follows. For our carbon film we assumed 

that 

N = 1.13 x 1023 atoms/cm3 

Thus 

f = Z2N = 6 ( 1.13 x 1023) electrons/cm3 

For our Al2o
3 

film we assumed that 

N = 1. 03 x 1023 a to ms/cm3 

and that the average value of z2 ~ 10. Thus 

p = Z2N = 10{1.02 x 1023) electrons/cm3. 

In Table IX, we have tabulated the calculated values 

of W/6E 0 • This Table also presents t _re corresponding 

observed values of W/~E0 (see Table VIII). 

Table IX 

Hl 4 
He 

Film 
W/AE0 

(Observed) 
W/AE0 

(Theory) 
W/AE0 (Observed) 

W/AE0 
(Theory) 

205~ A120
3 

Film .36 ± 0.02 .31 .35 ± 0.02 .22 

250~ Carbon Film .26 ± 0.02 .27 .29 ± 0.01 .20 

From this Table we notice that Equation (52) predicts 

the right order of magnitude for W/6E
0

• 

(4) Conclusion 

Thus we conclude that our measurements are in 

tolerable agreement with the Lindhard and Scharff 

theory, for loss in energy to electrons of low speed 
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atomic particles, in more than one s e nse: 

(a) In the energy range studied H1 and He4 lose 

their energy mainly to electrons. 

(b) The theory correctly predicts the magnitude 

of the observed stonoing cross-section, S0 , and pre­

dicts fairly accurately its energy dependence. 

(c) The theory gives a reasonable estimate for 

the magnitude of W/AE
0 

and also correctly predicts that 

this quotient is independent of energy. 

Our results, therefore, confirm that for the 

purpose of energy loss of low speed atomic particles 

the electrons in the stopping medium may, to a first 

approximation, be considered as a degenerate Fermi gas 

(see Appendix). 
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APPENDIX 

The Energy Loss of an Atomic Particle in a Degenerate -----------------------------------------------------
~lg~~!:Q!LQ~~Li§~S~.:._!_,__g_,__Ql 

At high energies the speed of the moving particle 

is much larger than that of the orbital electrons in 

the stopping medium. These electrons may, therefore, 

to a first approximation be considered as stationary. 

Using arguments of this type Bloch (1933) showed that 

dE 1 
- dx oc E ln E 

At low energies, i.e~ for velocities below the orbi-

tal velocities of the electrons the conventional stop­

ping power formula, applicable to fast heavy particles, 

no longer represents a useful approximation. 

Fermi and Teller (1947) deduced an expression 

for the energy loss at low speeds, for particles much 

heavier than the electron, in the following manner. 

In their theoretical considerations they replaced the 

stopping medium by a degenerate electron gas, in which 

the maximum electron speed is approximately eaual to 

the velocity, v0 , of the outer electrons in the atoms 

comprising the stopping medium. In such a gas the 

moving particle cannot excite, i.e. cannot collide 

\'lith all the electrons in the Fermi gas. Owing to the 

Pauli principle only those electrons whose resulting 

speed after the collision will be outside the occu-

pied zone of the velocity space of the degenerate 
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electron gas will be scattered. 

In a collision between the projectile and an 

individual electron the change in speed of the latter 

will be of the order of v, the speed of the moving 

particle. Fermi and Teller considered the case when 

v << v
0

• Thus only the electrons near the Fermi level 

will be scattered. In particular, only the electrons 

within the range /v0 v/ to v
0 

participate in such 

collisions. From an evaluation of the density o£ the 

electrons for which collisions are not forbidden by 

the Pauli principle and from an estimate of the collisiOD 

cross-section Fermi and Teller estimated the order of 

magnitude of the energy loss per unit time to be 

d.E ,.....} m2e4E 
- dt - Mi113 

Here m is the mass of the electron, M1 is the mass of 

the projectile and~ is Planck's constant divided by 

2Jl. 

'I'he stopning power, - dE , can easily be deduced 
dx 

from the above equation. He find 

_ dE r-~ m2e4 v E ' 
- dx - 4tJ 2M1 

It 1vill be noted that - dE is proportional to the velo-
dx 

city of the moving particle. This velocity dependence 

is in agreemertt with .the velocity dependence of the 

Lindhard and Scharff formula [Equation (3) J for the 

stopping cross-section for loss in energy to electrons. 
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Their expression is a generalization of the Fermi and 

Teller result and is applicable to all systems. 
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