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CHAPTER 1 INTRODUCTION INTO EXISTING THEORIES OF ENERGY LOSS

1.0. GENERAL

When an ion beam penetrates into matter the ions will in

general lose energy to the target atoms. This energy loss will be

governed mainly by the following interaction processes:

1) Excitation and ionization of the target atoms.

2) Collisions between projectile and target nuclei.

3) Generation of photons (Bremsstrahlung and Cerenkov radiation).

4) Nuclear reactions.

The first process is often called the electronic energy loss

and is important at nearly all energies. The second process is

called the nuclear energy loss and is important at lower energies.

The third process is general to decelerated charged particles

and is only important at relativistic velocities. The electronic

and nuclear energy loss are by far the most important contributors

to the energy loss and will be described in more detail in the

next sections. Basically, they are both Coulomb interactions and

that is why this interaction will be discussed first. This discus-

sion will be followed by a treatment of the electronic and nuclear

stopping processes in some more detail and the last section of

this chapter will describe some experimental methods for energy-

loss determination.

These subjects will be discussed in a brief and not complete

way, only to give the reader a review of the field of this thesis.

For more complete reviews the reader is referred for example to

the work of Bohr (48), Sigmund (75) and Chu (80).

To study a number of useful concepts of the collision phenome-

na of ions the problem of the collision of two point charaes is of

primary importance. We will discuss this problem here from a non-

relativistic point of view. Suppose one has a point charqe with



Figure 1.1. Definition of impact parameter p and differential cross

section 2"pup.

charge ej, mass in-i and velocity v that interacts with a point

charge with charge e:- and mass m.- that is initially at rest.

The impact parameter, p, is defined as the perpendicular

distance at which the point charges would pass each other if no

f^rce= acted between them (see fig. 1.1). 'he differential cross

section can be defined as follows:

d.- = 2'ipdp. (1.1)

For two point charges the interaction is given by the Coulomp po-

tential

V(r) = ̂ J - — . (1.2)

If the target particle (m,) is free, the scattering is governed by

the Kepler equation of motion,

tan T = è (1"3)

where 0 is the centre-of-mass scattering angle and b the collision

diameter defined by:

2e,e;>
b = . (1.4)

Here
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Figure 1.2. The scattering event, lab. = laboratory system, cm. =
centre-of-mass system, v = velocity of mi in lab., v =
velocity of centre-of-mss in lab. , è = scattering angle
of mi in lab., I/J = scattering angle of m2 +in lab., vc =
velocity of mj in c m. after collision, vc., = velocity
of nip in cm. after collision, 0 = scattering angle in
cm.

is the reduced mass.

In the case of repelling charges the collision diameter just

represents the minimum distance of approach in a head-on collision

(p = 0) . For attracting as well as well as repelling forces n .- n /2

corresponds to p • b/2, and thus the cross section for backward

scattering in the relative notion is (TI /4 ) b' .

The velocity of the centre-of-mass is given by

m i

v = vc ( 1 . 6 )

The scattering angle $ in the laboratory system can be deduced

from fig. 1.2.

tan

(v - v )sin 0
c c

v + (v - v )cos O

in?sin n
(1.7)

and

since v2 = 2v sin 0 /2 the transferred energy is given by

T = Jm,v = 2
(ni] + m? ) '

(1.8)

f) 0

v?sin' -~ = T sin? ~ . (1.9)2 max 2

T is the maximum energy transfer (0 = n) and it is easily to
max ^" c J

1 1



be seen that

T = E (1.10)
m a x (ni! • m ? )

?

where E = jitiiv! is the kinetic energy of the incoming particle.

From eq. (1.10) it is clear that for mi = m?, T equals the
max

kinetic energy of the incoming particle.

When m; • • m2 or m.-> • • trii (large mass ratio) only a small

energy transfer is possible. Eliminating d from eq. (1.9), using

eq. (1.3) one gets:

T = ÜÜ5 _ • (1.11)
/2pV

1 + —^ I

Equation (1.3) can also be used to get the Rutherford differential

cross section from eq. (1.1):

,hy cos<^/2) / b y d
do = -nf̂  - dó = n(3 T ^± . (1.12)

\ 2 / . i ,-/-.» 1 2 / m a x „ix y S i n * (ti /2> x ' T'
c

This result can be used to get the mean energy loss of a particle

with initial velocity v, mass mi and charge e] after s path length

As in a medium with N' target particles per unit volume. A number

of collisions may occur, each giving rise to some energy loss Tt,

T? etc. where T. stands for an energy interval T. • T • T. + dT..

The probability P. for each of these is small and so the average

total energy loss is given by:

<AE- = :; TiPi= N'As I Tdo . (1.13)

Here the integral extends over all possible energy losses in

individual collisions. The quantity

S(E) = f Tdo = T f sin? -£ do (1.14)
J max J 2

is called the stopping cross section and N'S(E) the stopping power.

Consider a passage of an individual charge, then AE = 5:T . n.

will be the energy loss and <n.~- = P. << 1. If the subsequent col-

12



lisions jan be considered as independent events, each n. will

have a Poisson probability distribution with variance

• ( n . - • n . • ) • " • = n • . H e n c e :

( A F - • A E • ) : • = • Ü . T . ( n . - P . ) ) • • • = : . T . - ( n - P . ) " •

: T-P = N V s t' I'M • . (1.15)
l 1

The assumption that n. follows a Poisson distribution around P is

only valid if many collisions take place, that is, if the enerqy

loss per collision is relatively small. Eq. (1.15) gives the

straggling of an initially mono-energetic beam of charged part-

icles after a path length As. If the angular deviations are

negligible (mi • • m.- ) , As may be equated with the thickness of a

given layer.

One can g ^ the average energy loss of a beam of charged

particles from eq. (1.12) in combination with eq. (1.13):

ee: j
•AE- = N'As iif (1.16)

8"- V - v ' J
T

min

and the mean-square deviation of this quantity from eq. (1.12) in

combination with eq. (1.15):

: . T
c, e, |-max

. ;= • (AE - A E ) - = N'As '—: dT . (1.17)

m i r1

The minimum transferred energy is introduced here as a limit, since

the integral (1.16) diverges for T = 0, i.e. p = •-. For atoms the

Coulomb potentials of the charges are screened by other charges.

So in general large impact parameters will not be important. We

will come back to this question in section 1.2. Next we consider a

mono-atomic target (atomic number Z .< and nuclear mass M;) with N

nuclei per unit volume.

Suppose that the incoming particles have a velocity much

greater than the velocity of the target electrons. In that case we

can consider both the nuclei and their electrons as free and at

13
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V

rest. From eqs. (1.16) and (1.17) we then get for the relative

contributions of the electrons and nuclei:

e i Z ?. e ' T
• AE = N.'.s ; In ~ ^ (1.18a)

m i n

T
AE- = N.'.s — ; In ~ ^ (1.18b)

rain

r T . -,
(AE - - A E - ) : = N.'.s — 1 - = ^ (1.19a)

n n 4 •• • ( m , + M r ) ' l i m a x J

o | Z . o • m, r T . .
? = • (AE - -AE') ; = N-.s 1 - T—1] (1.19b)
° '' 4-: . r (in, +• m ) : L ina.x-1

with

m.- = Mp ; e- = Z-e; N' = N for nuclei, (1.20a)

m- = m : e. = -e,- N' - Z-N for electrons. (1.20b)

When the projectiles have a large mass compared to the target

nuclei, T will be of the same order of magnitude for both elec-
in a x

tronie and nuclear stopping. T ^ is usually different in the two

cases.

From eq. (1.18) and eq. (1.19) the following qualitative con-

clusions can be drawn.

1) Disregarding the logarithmic term one gets:

• E''- m

—r-^ Z? KT ' ' 1 (normally 1/4000) (1.21)

So, in the range of validity of eq. (1.18), the electronic

energy loss is much greater than the nuclear one.

2) The average energy loss depends primarily on the velocity of

the projectile. Two projectiles of the same velocity and differ

ent masses have roughly the same energy loss per path length.

If they have the same energy, the lighter one will suffer less

14



energy loss.

3) Corresponding to eq. (1.21) wo find for the straggling:

— Z-. (1.22)
(1 + M - /mi ) '

e

When the incident particle is an order of magnitude lighter

than the target nuclei this will be a one percent effect. Only

when ui] v M.~ the contribution of the nuclear straggling may be

sizable.

In the next sections we will study the energy transfer to the

electrons and to the atom as a whole in more detail. Also some

quantum and relativistic aspects will be considered.

1.2. 7 Hl [UCTKONl C STOPPING

1.2.1. The iUTiatH' i'iii"i_Mi/ IV M din' IV c (Vc t leu .\

In the last paragraph the target particles were considered to

be at res'_ and we presumed the existence of a well defined impact

parameter p. For an incoming ion interacting with the electrons of

the solid the first condition may be fulfilled if the velocity of

the incoming ion is much greater than the velocity of the target

electrons. pnr a first guess of the velocity of the most loosely

bound electrons, one may take the Bohr velocity v . So we get:
u

v v (1.23)
o

where
v = —^ 2.2 • 10" m/s.

The second condition is fulfilled if the collision diameter b is

much larger than the Broglie wavelength (Bohr, 48) :

4 ;:i ,.|iv' IT 4 a, Tïv
1 . (1.24)

When the incoming particle is a proton, one gets from this condi-

tion : v • 2v . This shows that a proper treatment of the high

velocity stopping theory should be based on quantum mechanics. On

1 5
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'.he other hand one can conclude from eq. (1.24) that a classical

treatment is possible for velocities lower than the electron

velocities. In this case, however, other quantum effects may become

important, for example the bound states of the electrons and the

Pauli principle.

Figure 1.2 shows the velocity dependence of the electronic

stopping power. In region I the velocity of the incoming ion is

high relative to the velocity of its orbital electrons. In this

case the incoming atom will rapidly become fully stripped of its

electrons as it enters the medium. According to Bohr an electron

will be bound to an ion if the velocity of that ion is less than

the orbital velocity of that electron in its bound state. This

critical velocity for a K-electron is Zv , which is equivalent to

a kinetic energy of the incoming particle of about 25 keV/nucleon.

For the stopping power one can write in region I:

NS(E) =
-dE
ds

4 n • ' m v'

N Z • L [1 .25)

According to eq. (1.18b) Zie is the charqe of the incoming particle

and NZ? is the density of the electrons of the medium. L is a

dimensionless number defined as the stoppinq number. The complete

formula for the stopping number has been given by Fano (60).

2m v
= In - inn -a

Z: Z.-
(1 .26)

16



The first term is a result given by Bethe (30). He considered the

incoming particles as a plane wave (Born approximation) and used

the impulse approximation. Bloch (33) reproduced the essential

parts of Bethe's treatments, and also showed that 1 = 1 • Z,,

where I is an experimental result (I •» 10-15 eV) . The second

logarithmic term is the relativistic correction to the Bethe-Bloch

result. C/Zp is the so-called shell correction (Walske, 52, 57;

Bichsel, 64) and '/Z.- a high-energy correction. Both C and • are

functions of 1? and M-, of the target atoms as well as the project-

ile velocity.

Equation (1.25) suggests that the stopping pov;er will be pro-

portional to Z\ in the hiqh energy region for ions with the same

velocity. Small deviations (to 3D have been seen from this

behaviour (reviewed by Jackson, 72) and correction terms propor-

tional to Z j and Z,' have been suggested (Ashley, 72; Lindhard, 76) .

In region II of fig. 1.3 the condition given by eq. (1.23) is

not fulfilled and so the incoming ion will not be completely ion-

iz:-;. On the basis of a large amount of experimental data, Betz

(72) obtained a semi-empirical relation for the averaqe charge

Z* of a heavy ion:

Z* = Z,fi - C expf — V) (1.27)
with C ̂  1 and " > 2/3. .. '

From this equation it follows that a heavy ion will be strip-

ped completely for v • v Z, . To obtain an estimate of the ener-

gy dependence of the stopping power we insert eq. (1.27) in the

Betne-Bloch formula,

" ( ü ) " (z*( i ln E " zi A ~ ln E' n-28)

valid for v • • v Z, 1 v .

From eq. (1.28) it is clear that the enerqy dependence of the

stopping power changes from a (ln F,)/E (high enerqies) to a (ln E)

dependence (low energies), so the stopping power will show a broad

maximum around v v.Z,' and then will decrease slowly with de-

creasing velocity.

In region III (v • v ) the stopping power is proportional

to the velocity of the ion. Fermi and Teller (47) derived this

17
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Figure I.4- Definition of the Firsov plane S.

this result in calculating the stopping power of u mesons in a

free electron gas for velocities lower than the Fermi velocity v .

Their arguments hold also for protons.

Firsov (59) calculated the energy loss of one atom (nr. 1)

passing another atom (nr. 2) at an impact parameter p with a velo-

city v •-• v . He considered a plane of a minimum equipotential S

between the two collision partners perpendicular to the line join-

ing the two colliding nuclei (fig. 1.4).

Firsov presumes that in the region of overlap, the motion of

the electrons is governed by a screened atomic potential of the

Thomas-Fermi type. Classically one can say that an electron belonqs

to atom 1 or 2. There will be, however, a flux of electrons from

atom 1 to 2 and vice versa. When an electron goes from atom 2 to 1

it has to be accelerated by atom 1 to velocity v to belong to atom

1. So this process will contribute to the stopping. When an elec-

tron goes from 1 to 2 it has to be decelerated by atom 2. This

process will not contribute to the stopping. The total energy loss

in one collision is given by Firsov:

0.35Z
T = V

1 + 0. 16Z 'p/a ) '4'M a v

[1.29)

with Z = Z) + Z? and a | the Bohr radius.

Firsov places his equipotential surface halfway between the

two nuclei,so the collision partners have similar Z-values. Further,

Firsov assumed a straight line trajectory of atom 1 (soft

18



collisions). Integrating eq. (1.29) over all possible values of the

impact parameter will result in the stopping power of a medium

(Teplova, 62) .

- |f = N J 2,pTdP = ̂ 2 1 a;Z. f • (1.30)

Considering the straight line assumption of Firsov, eq. (1 .30) will

overestimate the stopping power, since eq. (1.29) overestimates the

energy transfer for small impact parameters (Sigmund, 75). Overall

agreement between eq. (1.30) and experiments are found for example

by Hvelplund (68) and Bottinger (70). Both their measurements show,

however, an oscillation of the stopping power around the result of

eq. (1.30) depending on the atom number of the projectile (/., os-

cillations) . Several attempts have been made to explain these

oscillations by the fact that the electronic charge distributions

of the atom expands and contracts periodically as a function of

the atomic number. For more details see for example Komarov (73).

Lindhard, Scharff and SchisStt (63) consider an atom moving

through a Fermi gas of electrons with a constant density. For low

velocities they find for the stopping power a proportional depend-

ence on the velocity. They use a Thomas-Fermi treatment to find

the dependence on Z-i and Z-. Their result is;

dF V Z'Z'
- ^= = f Z "' rn v—y— 4a hNv. (1.31)

The constant f is about unity and for that value eq. (1.31) agrees

rather well with the result of Firsov (eq. (1.30)).

1.2.2. iwviaii rf( i 11< 6ii t (oiii <ff! c fee tit'iiic t'eii

So far, only the average energy loss of ions penetrating

matter has been discussed. In this section we will study the energy

loss distributions.

Bohr (48) stated that under certain conditions the cnerqy loss

of these ions will be distributed according to a Gaussian distribu-

tion

w(AE) = —'— e . (1.32)

19



w(AE)dE is the probability that an ion that traverses a layer of

given thickness x, will lose an energy between AE and AE + dE.

Equation (1.32) will hold only if the next three conditions are

fulfilled:

2m v '
.! • T = — (1.33a)

raax (1 + m o/MJ •

NS'.: • • 1 (1 .33b)
tot

IE •-•• E. (1 .33c)

Conditions a and b follow from the condition that AE must be the

result of a very large number of individual contributions. If con-

dition a is not fulfilled a single encounter may have an appreci-

able influence. In that case the result will deviate from the

Gaussian law. That will also happen if the stopping power may not

be regarded as constant along the path through the layer. Then one

may also expect a skew distribution.

If conditions (1.33) are fulfilled we may apply eq. (1.19b)

which reduces for T = 0 to:
rain

--— Zi Z:.NAs (1.34)
4 ir , ;

For very thin layers Landau (44) introduced the stragqling function

f(x,A). Here f(x,A)dA gives the probability that an ion will lose

an amount of energy between A and A + dA after passing through a

layer of thickness x. If condition (1.33c) is fulfilled the

straggling function is the solution of the transport equation:

Iffy »F| f

' ' ' - ' w(.)[f(x,AE - .) - f(x,AE)]d- (1.35a)

Here wO)d. dx is the probability of losing an energy between >

and i + di over a path length dx, normalized such that

w(s )d> = Nn . (1.35b)

tot-

Since AE • • E, w(' ) may be considered constant over the path of



the ion and that is why we do not write w(E,< ).

There are two methods commonly used to solve eq. (1.35). The

first, used by Landau (44), is based on the Laplace transform. His

solution of the transport equation is given by:

where

f(x,AE) =27=" eI'dp (1.36a)

I' = pAE - x I w(E)(i - e pE)dE. (1.36b)

Landau used for w(E) the Coulomb differential scattering cross

section (eq. (1.12)) and defined a reduced parameter:

\ = (AE - AE)/f - -T (1.37)

where

Zie"
f = Z,Nx

8u i •"mv'

-T = -(1 - , ) - !•• - In •

r = f,/T y = 0.577215 (Euler's constant),max

The straggling function can be written as

fL(x,AE) = j 4 (
x), (1 .38)

where <(i(A) is a universal function tabulated for example by

Seltzer (64). The region of applicability of this result is limited

to

f ••• I a n d (1 . 3 9 a )

f, •••• T . ( 1 . 3 9 b )

max

These conditions are fulfilled when the average total energy loss

is much more than the binding energies (I) of the electrons (the

21



electrons are considered to be free) and much less than the maximum

energy transferable in one collision.

Vavilov (57) used a differential cross section which takes

account for the fact that the transferable energy in a single col-

lision ha= a maximum T :
max

w <- ) = (i - .-:••' — — ) w ( > ) , for . T
v V T / max

m a x (1.40)

w (i ) = 0 for i •• T

v max

The factor between brackets is a relativistic correction. For <_q.

(1.36b) Vavilov suostituted

T

1^ = p(AE - 7Ü3) - x W (E) (1 - e~p - pE)dE. (1.41)

o

With eq. (1.40) Vavilov found an analytical solution foreq. (1.41).

Using this result he gave an expression for the straggling function

f (x,AE) that is not universal but depends on > . Vivilov showed

that for small (>. \ 0.01) his result is practically the same as

the result of Landau (eq. (1.38)).

Shulek (66) modified the treatment of Vavilov by introducing

a second order term in eq. (1.41). This term corrected w (,) for

the fact that the electrons are not free.

Clarkson (71) wrote a computer program that calculates the

function f(x,AE) for particles heavier than electrons, using the

models of Vavilov and Shulek (see also Jarmie, 77). The second

method to solve eq. (1.35) is cften called the convolution method,

first described by Williams (29), later by Herring (57) and im-

plemented by Kellerer (68). In this method the fact is used that

the solution of eq. (1.35) should have the following property:

A

f<Xi + x,,A) = j f(x,, A - E)f(x,,E)dE, (1.42)

ü

or, the distribution of particles that lose an energy A in absorber

thickness xi + x?, is the same as the distribution of particles

that lose an energy A - E in absorber thickness x, , convoluted with

a distribution of particles that lose an energy E in absorber
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Figure 1.5. Straggling functions for 20 MeV protons in aluminium
according to Bichsel (75) -B-, Landau (44) -L- and
Shulek (66) -S-. For mc = 2, 4, and 8 the probabilities
for zero energy loss are 0.1352, 0.0183, u.iJ '1.0003
respectively (from Bichsel, 75).
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thickness x?. For a differential distance dx one may write

f(x + dx,A) = fix,A) + df(x,A). (1.43)

For the initial condition at x = 0,

f(0,A) = '(A), (1.44)

one gets for eq. (1.43), using eq. (1.35)

f(dx,A) = .'(A)(1 - i Ndx) + dxw(A). (1.45)
toe

Using eq. (1.45) and eq. (1.42) one can get f(x,A) for any desired

x if one knows the cross section w(> ) for a single collision. Using

a modified version of the program of Kellerer (68) and the experi-

mental cross section for 20 MeV protons on solid aluminium, Bichsel

(75) has calculated f(x,A) for several absorber thicknesses x. For

the cross section w(t) he used the sum of the contributions of

K-shell and L-shell ionizations and M-shell plasmon excitations.

For six thicknesses he compared his results with the results of

Landau and of Vavilov corrected according to Shulek (see fig. 1.5).

In this figure m is the mean number of collisions (No x) ex-
c tot

perienced by the incident particles. The figure shows clearly that

for small values of m the results of both Shulek and Landau,

deviate considerably from the results of Bichsel. For large values

of m or K the results of Bichsel and Shulek agree very well. In

this region the effect of the correction of Shulek to the distri-

bution of Vavilov (not shown) is only a few percent. So the results

of Vavilov and Bichsel agree rather well too for larger values of • .

Perhaps it is ample to state that the different distributions

given by Bichsel are all solutions of the transport equation of

Landau (eq. (1.35)) and only differ in the cross section used for

energy transfer to the electrons.
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1.3. THE NUCLEAR EMERGE LOSS

1.3.1. Geneial

In eq. (1.3) the scattering law was given for the Coulomb

interaction. From the law of conservation of angular momentum one

may derive a more general result (see for example Goldstein, 53)

valid for any central potential:

8 = IT - 2p =iX± (1.47)
c l V1 - V(r)/E - p'/r''

min

with

ïïii m p
E = E - E = E.
r mi + m2 mi + m?

E is the primary energy measured with respect to the centre of

mass. The transferred energy is given by eq. (1.9) . The minimum

distance of approach, R . , is determined by the zero of the

square root in eq. (1.47). The potentials depend on the charge

numbers Zi, Z2 and the internuclear distance r. The deflection will

thus be a function of four variables:

6 = 6 (Zj,Z2,E ,p). (1 .48)

In order to simplify this relation one -ay regard a simplified

interaction potential of the type

Z,Z?e
?

V(r> =

Here u must tend to unity for r •+ 0 and vanish for r •+ °° because

the Coulomb potential is screened for large distances.

The screening function u may be the result of a Hartree cal-

culation of the ground-state energy of two atoms as a function of

distance of separation r. It is easier but less realistic to con-

sider a simplified Thomas-Fermi potential of the form:

u = u(r/a) (1.50)

with
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•7 -7 - V
a = 0.8853a. (Z/3 + Z/1) . (1.51)

This Thomas-Fermi potential is simplified because the dependence

of u on the ratio Zi/Z? is disregarded. In eq. (1.51) the depend-

ence of the characteristic screening length on charge numbers Z\

and Z 2 is presented as given by Lindhard, Scharff and SchisStt (63),

further to be called LSS(63).

When eqs. (1.49) and (1.50) are introduced in eq. (1.47) the

angle of deflection becomes a function of two variables only:

e = „ - 2 E I d(B/u)/(R/a>' = f. (,rP/a)
c a J ZZe'-ufr/a) ]' c

r n i n / a 4ain E r/a
o r

(1.52)

where

L = 4aiTt Z /ZiZ re
7 . (1.53)

So E is the quotient of the screening length and the collision

diameter and is the dimensionless parameter for energy.

The differential cross section do equals d(np?) (eq. (1.1))

and so if one expresses p as a function of t. and R with the help

of eq. (1.52), one obtains:

do = - Tta2F(r, sin -#)di! (1.54)

where

d£! = 2TT sin 0 de (1 .55)

is the solid angle element.

According to eq. (1.54), numerical calculations of cross

sections have been made by several authors (Everhart, 55; Robinson,

70). Lindhard (68) succeeded in simplifying eq. (1.54) so that

the differential cross section could be written as a function of

one reduced parameter only.
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1.3.2. The Lindhaïd icattniing

For large impact parameters we have V(r)/E <•'' 1 in eq.

(1.47) and so it is possible to write (see Lehmann, 63)

CO

o p f dr(dV/dr)
H = — -± . . ,

' ) V 'z ' ) V ' ) d z (1 .56)

where r2 = p2 + z2.

Equation (1.56) is called the impulse approximation, which

may be written

where

B
9 = S g (E) of 2c sin -r̂-
c p ^ a 2

77/2

cos ^_ uf—S
cos i)) \ c o s

[ 1 . 5 7 )

. ( 1 . 5 8 )

Figure 1.6. Thomas-Fermi screening function u(r/a) of a neutral
atom and power approximation - from Gombas (56).
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For eq. (1.57) it is important to realize that for large impact

parameters the scattering angle is small. In fig. 1.6 the Thomas-

Fermi function is given, together with the power approximations

given by Gombas (56). From this figure one may conclude that the

Thomas-Fermi function can be approximated by power forms like

k , ,s-l
u(r/a) = -^ f|j (1.59)

with different values of s and k in different regions of r/a. For

s = 1 there is no screening and there will be pure Coulomb inter-

action. Lindhard used this result to calculate the exact solution

of g(p/a) from eq. (1.58). Next he showed that small angle approx-

imations may be extrapolated to large angles (and thus large

energy transfers). The largest errors occur for backward scatter-

ing. Lindhard shows that in the case of s = 1 (Rutherford scatter-

ing) this extrapolation is exact while i.l'.e error increases from

0% to T- 15% when s rises to 3/2, whereupon it decreases to 0% at

s "•> 2, and becomes -20% at s • 5/2. For increasing s values the

error becomes increasingly negative. But as may be seen from fig.

1.6 this is not the most important part of the screening function

u(r/a). Lindhard expresses the hope that for actual potentials

deviations will be less than 10%. Lindhard assumes that eq. (1.57)

is also valid for large angles and so the function F-~? (eq.(1.54)j

only depends on

t = .• rsin:' ('Jc/2) . (1.60)

The differential cross section (eq. 1.54) may now be rewritten as:

do = -na;' — S i — f{t'-'), (1.61)

2t /;'

which defines a scattering function f(t ' ) . Remembering that eq.

(1.57) is the result of one integration and one differentiation

one can rewrite this formula using eq. (1.60).
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t1/' =, sin (() 12) -
,7lV7

' ) . (1.62)

Here p = po(i. fa) is an integration constant which may be fixed

by the condition f) = it for p = o.

If u is known, one can compute g from eq. (1 .58) . Next, one

has to solve the equation

p' + p
0 = G'tV?] (1.63)

by inversion of eq. (1.62), so that by one differentiation one gets

f(tV?)

f (t '•) = -tG' (t /?) (1-64)

where G'(x) = dG/dx.

So from, a known screening function u(r/a), it is possible to

calculate the differential cross section by means of the universal

scattering function f(t ). The calculation is normally done

numerically.

The next step is to calculate Lhe stopping cross section (eq.

(1.14)). Lindhard defines a reduced nuclear stopping cross section

by

\v

L-- •

Figure 1.7. Reduced differential cross section calculated from
Thomas-Fermi potential and eqs. (1.62) and (1.64).
Ordinate is f (t^') = 2t ̂  (da/dt) (7ia:>) ~' ; abscissa
is t.*7 - i. sin 0 /2. For large values of t^2; curve
approaches Rutherford scattering indicated by
dashed curve. Horizontal line represents f for r~'
potential (from Lindhard, 68).
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'k-.O2

-O:

Figure 1.8. Nuclear stopping (solid curve) and electronic stopping
(dashed curves) calculated by the LSS theory for
various values of k. Light ions in a solid have a large
k; heavy ions in a solid have k around 0.1.

where

S (>
n

ÊL
dp ds E(>'

(1 .65)

(mi j) '

(1.66)

is defined as the reduced range and s is the range measured along

the actual parth of the particle. From eqs. (1.65), (1.61) and

(1.14) one finds, (neglecting the elecronic energy loss)

c

f(x)dx. (1.67)= 1 \

In fig. 1.7 the universal scattering function is given for an un-

screened Coulomb interaction (Rutherford scattering), Thomas-Fermi

screening and 1/r screening. From this figure one sees that for

large values of t ; (deep penetration) there is effectively no

screening.
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In fig. 1.8 the resulting reduced nuclear stopping power is

given together with the reduced electronic stopping power as

given by Lindhard (61), which depends on the value of k. In order

to estimate k, we use eq. (1.31) with f = 1 :
e

S (i) = f | M = - k r ^ (1 . 6 8 )

w h e r e

0 . 0 7 9 3 z / 3 z / ? ( A i + A , ) h

k =
2/ ?l -\l 3/ 1/

(z/3 + z/1) ' - A / 7 A / 7

AI and A? are the mass numbers of the projectile and target atom,

respectively. Normally k is of the order 0.1 to 0.2. Only in the

case Zi << Z, can k become larger than unity. Figure 1.8 shows

that the nuclear stopping is only important for small values of t ,

1.3.3. Entxqit and anguCai di&ttibutions at (ow cuciqici

So far we studied in this section only the average energy

loss due to nuclear stopping. Now we will discuss the dependence

of the angular and energy distributions on absorber thickness at

low energies.

First we define a distribution function f(r,v,t) where

fd'vd3r is the probability for an ion being in the volume (r,d3r)

moving with velocity (v,d'v) at time t. Then the transport equa-

tion for a random medium with stationary scattering centres is

given by the Boltzmann equation:

= N [ d!v'
J

vfK(v,v') - K(v',v)v'f'}, (1.70)
J

with

K(v,v')d3v' = da(v,v') . (1.71)

•+ -*

Here do(v,v') is the differential cross section for scattering

trom v d ^ to v'd'v' and the abbreviation f' is used for f(r,v',t).

If an ion starts with a velocity v at position r one has the

initial condition
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f(r,v,O) = ' (r - rn)'.(v - V(>. (1.72)

One may introduce a coordinate system with x-axis along the ori-

ginal beam direction. If one is not interested in the lateral

spread one may integrate eq. (1.70) over the y- and z-coordinates.

If, in addition the angular spread and energy straggling are

negligible then th° time scale t is equivalent to the depth scale

vt and only one of them is needed.

Using these simplifications and disregarding all directional

dependences, the transport equation (eq. (1.35)) that determines

the energy straggling function in the Bethe region results.

For scattering at low energies it is, however, in general not

permissible to neglect the change in direction by scattering.

When an ion hits a foil of thickness ,",x, the collision proba-

bility over an angle greater than '!'* will be:

P(**) = N'Ax dr . (1.73)

In the case of Rutherford scattering (eq. (1.12)) P(**) will

behave like tp*~2 at small $* and so P(**) will become large even

if Ax and N' are very small. In general the limit P(t*) = 1 is

chosen as the boundary between single and multiple scattering. In

this domain one often deals with smalj, angles and in that region

eq. (1.7) for the relation of the scattering angle in the labora-

tory and centre-of-mass system becomes

• — 0 . (1.74)
mi

Disregarding the lateral and energy spread, Bethe (53) derived the

following angular distribution function of Bothe (21) from the

transport equation:

F(Ax,*) = 27 } kdk Jo<M.)e-
N'Ax<1(k\ (1.75)

o

with

32



.' (k) = I do U') (1 - J(k-f) ) , (1 .76)

o

where J is a Bessel function

2'i

Jo(z) = 57 [ d\ e
1 cos "-. (1.77)

o

Equations (1.75) to (1.77) have been used by Molière (48) to cal-

culate the contribution of multiple scattering to the angular

distribution in the case of a screened Coulomb potential. In a

similar way Meyer (71,77) succeeded in calculatinq a universal

energy-angle distribution in reduced units. For the differentia-1

scattering cross section he used eq. (1.61) of Lindhard and he

considered half the interatomic distance in the solid as the maxi-

mum impact parameter. As a result he found that the shape of the

distributions as well as the most probable reduced energy loss and

the half width of the distribution are only determined by the

reduced scattering angle and the reduced target thickness. For the

angular distribution at fixed energy loss Meyer (77) found a be-

haviour that is close to Gaussian and he gives the dependence of

the half width of the distribution on Ax.

Another distribution that often gets attention in the lite-

rature is the range distribution of particles that enter a solid

with an energy E. P(E,R)dR is then the probability for an ion with

initial energy E to come at rest after travelling a path length

between R and R + dR. If R is not measured along the path of the

ion but along its projection on the original direction of the ion,

one speaks of the projected range R (see also fig. 1.9).

Lindhard (63), Schifitt (66) and Winterbon(78) have given ana-

lytical solutions to the transport equation, with and without the

electronic scattering.

Instead of looking for the solution of some transport equa-

tion, often another method is used by simulating the scattering

processes in a Monte Carlo program. A rather universal program,

called TRIM (Transport of Ions in Matter) was written by Biersack

(80) .

The urogram was developed for determining ion ranges and
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Figure 1.9. Sketch illustrating definition of range concepts R, R ,
R and R, {from Lindhard, 63).
c 1

damage distributions and can be used as well for calculating angu-

lar and energy distributions of backscattered and transmitted ions.

Instead of the approximations of Lindhard, Biersack uses an anal-

ytic formula for evaluating the scattering angle *, based on

Molière 's approximation of the Thomas-Fermi potential (Molière,

47). For electronic stopping at low energies Biersack uses mainly

the model of Lindhard (eq. (1.31)) and at high energies the Bethe-

Bloch formula without relativistic and other corrections. To

bridge the gap between the two energy regions he applies an

interpolation scheme. Other Monte Carlo programs are mentioned in

Biersack's paper (80).

The disadvantage of simulation programs is that they are very

time-consuming. The big advantage of these programs is their great

flexibility. Programs like that of Biersack may be used to calcu-

late range, angle, transmission as well as reflection distribu-

tions .

1.4. EXPERIMENTAL METHODS FOR MEASURING ENERGV LOSS PISTRIBUTIMS

1.4.1. Gun e tat

Much experimental work has been done to determine accurately

energy loss distributions of ions that have penetrated through

matter. An extensive survey of the results on stopping power and
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range measurements is qiven by Andersen (77). He summarizes the

literature on this subject from 1907 to 1976. Several different

methods ecu be used; the most important of these will be discussed

in the next section.

1.4.2. Tiansmi 5 i i uti measuiementi

In this kind of experiment a beam of particles is transmitted

through a target material. One has to determine the energy loss

(distribution) of the particles and the thickness of the (self-

supporting) target.

The measurement of the energy loss (distribution) may be done

by various instruments, for example solid-state detectors, electro-

tatic and magnetic analysers. Andersen (66) used a calorim'ïtric

method and in special cases the Resonance Shift method can be

used. This last method will be discussed extensively in chapter 2.

The other quantity to be determined is the target thickness.

Often this is a self-supporting foil that can be weighed after it

is prepared. The preparation of thin self-supporting foils is dis-

cussed in chapter 3. If one is interested in stopping parameters

of light particles (H, He) in the Bethe region the thickness may

be of the order of 1-10 mg/cm7 and the thickness may be determined

with an accuracy of 0.1%.

Thin foils of 5-500 ijg/cm?,are needed for transmission meas-

urements on heavy particles. Their thickness may be determined

with accuracies of about 2%. Normally the resulting stopping

power measurements have an accuracy of 2-5%.

An example of a transmission experiment in a gas is the ex-

periment of Hvelplund (71). Ions of the heavy ion accelerator of

Aarhus are resolved in energy by a 75° double focussing sector

magnet. The beam enters the differentially pumped target region

through small apertures. After passing the target area the beam is

energy analysed by means of an analysing magnet and detected by an

open electron multiplier.

From these measurements tho enerqy loss and straggling is

determined within a few percent. Hvelplund did his experiment for

a great variety of target/beam combinations.
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1 . 4 . 3 . R u the i v ' irf bac k icatte i < iiq iHvasuli'mc » f i

When a layer of a heavy element is deposited on a realtively

light foil, one can measure the energy spectrum of the backscatter-

ed ions. If the backing is heavier than the layer, it is possible

to measure the energy difference of the backscattered ions with

and without the layer. An example of an energy spectrum of He-ions

backscattered from a Ta target is shown in fig. 1.10.

The energies of ions backscattered from the clean target and

the target material with Se deposited on it are indicated by C

and C , respectively. Lin (73) has weighed his targets to get the

thickness of the layers. He succeeded in determining stopping

cross sections with errors of 2%.

It is also possible to calculate the stopping cross section

from a measurement of the yield of ions backscattered from

thick layers. One then has to know the energy of the beam, the

scattering angle, the solid angle of the detector, the dose of

the scattering ions and the scattering cross sections. The Ruther-

ford cross section is mostly assumed to be valid when this method

is applied. The yield of the ions backscattered from the surface

layers gives information about the stopping cross sections before

and after the scattering event. By applying the method to the

whole scattering yield spectrum, it should be possible to deter-

mine the stopping cross section as a function of energy.

Both methods, on thick and thin targets, are studied by

Scherzer (76) and in general these methods will result in errors

of about 3%.

800
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on Ta

t'-x

boe
Se '

K i r g

*.:V.-V*-A--v.V,

• • - . ' „ ^ ,

Figure 1.10. Energy spectrum of elastically backseattored He-ions
from a Ta target without (a) and with (b) a Se layer
(from Lin, 73).
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1 .-I .-I. Rang i' distribution nivaiWienwuti

Besides the stopping power, the range distribution of im-

planted energetic ions in solids is another quantity that is the

object of many investigations. A method often used is the

Rutherford backscattering technique. In general this method is

useful if heavy particles are implanted in light substrates. An

example of this kind of measurement is the work of Combasson (78).

He investigated the distribution of heavy (A = 133-209) ions in

the energy range of 80-200 keV, implanted in polycrystalline alu-

minium plates (0.5 mm thick) and in silicon targets. Rutherford

backscattering analysis was carried out using 2 MeV He ions inci-

dent normally to the sample surface. Backscattered particles were

detected with a solid state detector with an energy resolution of

13 keV at an angle of 135°. The conversion from energy to depth

scale for the backscattered ion was made using standard methods

(B(igh, 69) with tabulated stopping po ;er data. As in other measure-

ments, the depth resolution of the average range (400-800 A) is of
O

the order of 40 A. The width of the distributions is of the order
o

of 200 (± 50) A. A complementary method, that may be used to meas-

ure the ranges of light elements in all kind of target materials,

is the resonance method described by Keinonen (78). He uses the

broadening of the E = 633 or 992 keV ? 7A1 (p, , ) '" sSi resonance

yield curve to determine the range profiles of 20-200 keV ' 'Al

ions in several substrates. The idea is that if a proton has a

higher energy than the resonance energy, it has to be decelerated

before becoming resonant. If one knows the stopping power for the

protons in the substrate one may convert the energy-yield function

to a depth concentration curve. As a typical value for the resolu-

tion for these measurements Keinonen gives 50 A. In accurate range

determinations, the energy distribution of the protons in the sub-

strate and the natural width of the resonance should be taken into

account.

Another widely used method was developed by Davies (61).

Bombardment of a thick target with a beam of long-lived radio-

active tracer ions is followed by electrochemical stripping of thin
o

layers (sometimes less than 10 A at a time). The residual radio-

activity of the target as a function of the stripped layer thick-
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ness gives the "integral depth distribution".
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CHA°TER 2 EXPERIMENTAL METHODS AND EQUIPMENT

Since 1967 the Groningen 6 MV Van de Graaff accelerator has

been used for nuclear research. The physicist has at his disposal

analysed beams of protons, deuterons and 'He and ''He particles

with beam currents up to 40 nA and energies up to 6 MeV.

Since 1977 the accelerator group gradually shifted its atten-

tion from nuclear to atomic and solid state physics. A first step

in this direction is the work described in the following chapters.

A new method is tested to measure the interaction between heavy

ions at low energies. Also the energy distributions of protons

in the Bethe region are measured after they have passed throuqh

very thin layers of aluminium.

These methods need the technological improvements developed

during the existence of the accelerator group, such as the small

energy spread of the accelerator beam and the high degree of

automatisation of the experimental set-up, which makes it possible

to carry out experiments running continuously for severol days.

2.1. THE VCP_PUR_ SHIFT_ ATT t MJIATI 0M MlJIjCV

2.1.1. GViii'iaC

The Dopp'or Shift Atteruation (DSA) method is widely used to

determine lifetimes of nuclear lev Is of the order of 10"1'' -

10"11 s. The method is based on the energy shift of the gamma lays

emitted from excited nuclei in motion with respect to the observer.

The energy shift (AE ) of a gamma ~jy emitted in direction k by

a nucleus with velocity v after th^ gamma-ray emission is given

by:

E c '--1'
i

where E is the energy of the gamma ray observed for v.k = 0.
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In DSA measurements the nuclei, originating from a nuclear

reaction at r = r , recoil in general in some stopping material.

The nuclear reaction populates a gamma-emitting nuclear level.

The recoils will be slowed down by the stopping material and their

direction of motion will change. So the recoils may be described

by some distribution function f(r,v,t) as given in section 1.3.3.

If we choose t = 0 for the time at which the gamma-emitting

nuclear level is created, the probability of the emission of the

gamma ray between time t and t + dt is in general given by:

P(t) = exp(-t/i)dt/i (2.2)

where i is the mean life of the nuclear level.

From eq. (2.2) and the distribution function f(r,v,t) one may

deduce the distribution function of the energies of the rays emit-

ted by the recoiling nuclei, observed in direction k:

j e"t/[f (r,v,t) jdvk (2.3)

where v, = v.k with AE /E% and v, related by eq. (2.1). ƒ d?v is

the integration over all velocity components perpendicular to k.

The moments of this distribution are given by:

Usually the beam axis is an axis of symmetry and then it is useful

to transform the formulas to spherical coordinates as defined in

fig. 2.1.

In this figure we choose the beam direction as z-axis so that

the distribution function f will be independent of 0. From the

same figure one may see

v. = v.k = vlcos <(> cos i('; + sin ^ sin I|J COS 0) . (2.5)

So from eqs. (2.4) and (2.5) one may deduce for the average energy

shift (n = 1)

42



V„ - V sin ip cose

Vy = V sin <

Vz - V cos

Figure 2.1. Definition of spherical coordinates.

''AE
Y c o s

1C J
v c o s <J) -e dt. ( 2 . 6 )

Here < • in the integrand means an average over all variables ex-

cept time. If, for example all recoils have an initial velocity

v. parallel to the beam axis, then eq. (2.6) becomes

y

where

) =

= F(r ) — cos il/
c

- 1 / i ,.-'v cos if> *e dt.

If there is no slowing down then eq. (2.1) reduces to:

A E \ v.

(2.7)

(2.8)

(2.9)

Comparing eq. (2.9) to eq. (2.7) one sees that they have a cos \j)

dependence in common. The attenuation factor F(T) defined by

eq. (2.8) gives the ratio between the actual average energy shift

and the shift that would be observed if slowing down did not take

place.

From eq. (2.3) it will be clear that, if one knows the
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distribution function f(r,v,t) for some combination of recoils and

target material and if one measures the ,-ray energy distribution

function, it will be possible to determine the lifetime t of the

studied gamma-ray emitting level. In practice one may calculate

the attenuation factor as a function of lifetime (F(i)) and deter-

mine AE^ and E by measuring the DSA-spectrum at two angles e.g.

Ï = 0° and 90°.

In general it proves to be difficult to calculate f(r,v,t)

for the case that nuclear collisions between recoils and target

material give a significant contribution to the stopping process.

A useful expression for eq. (2.8) was derived by Blaugrund (66).

First he calculated the average energy E of the recoils as a

function of time by integration of

E .r
E

For the stopping cross section Blaugrund used the sum of the

nuclear and electronic cross sections of LSS(63) (see also eqs.

(1.65) and (1.68)) and E. is the energy of the recoils at t = 0.

Next Blaugrund assumed the velocity spread of the recoils to be

small and so calculates the average velocity as a function of time

from the equation

•-E' = im?'"v7- ^ imyv'. (2.11)

By an extension of the theory of Lewis (50), Blaugrund then calcu-

lates <cos $ ••, again using the stopping theory of LSS (63). To

evaluate the integral of eq. (2.8) Blaugrund subsequently equated

<v.cos <)>:• to <v><cos <(i . So Blaugrund neglects the spreads of

the velocity and angular distributions around their means. A

shortcoming of his theory is that it only calculates the average

energy shift.

Winterbon (75) developed a method to calculate F(i) and

higher moments of the DSA spectrum for infinite homogeneous

targets that is exact within the theory of LSS (63). His method

is based on the transport equation. In this context it is worth

noting that for such targets it is sufficient to know the velocity
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distribution of the recoils as a function of time (f' (v,t)) . The

solution of the problem by Winterbon has the disadvantage, in

common with the solution of Blaugrund, that it only describes

recoiling nuclei in homogeneous infinite targets.

In other words, these theories may not be used if the stop-

ping medium consists of several layers of different materials,

the layer is very thin, or if a considerable fraction of the re-

coils is scattered out of the front of the target. For such cases

no analytical solutions are known and one has to use a Monte

Carlo program which simulates the scattering and decay processes

of the recoils.

In chapter 4 such a program will be described that was writ-

ten by Smulders (77). Among other things Smulders used his program

to test the theory of Blaugrund. For this reason he calculated -'v •

and v cos f for recoiling ?0P nuclei in Si and Au at initial

velocities v. /c = 0.01 and 0.002. As Blaugrund, Smulders used the

1.0

.> 0.6

>

" " 0.4

0.2
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•
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i .
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„.,..-. ....
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t,me in ICf 'S

Figure 2.2. a. Average velocity as a function of time of p ions
Si and Au (from Smulders, 77)

400
time in I0""1 S

800

Figure 2.2. b. Average projected velocity as a function of time

of 1 0P ions in 20Si and I 9 7Au (from Smulders, 77).
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stopping theory of LSS (63). From fig. 2.2 it is clear that

Blaugrund's assumption that one can use one single velocity,

agrees rather well with Smulders' calculations. Small deviations

are seen in the case of a large nuclear contribution to the stop-

ping (see also fig. 1.8) combined with comparable masses of re-

coils and target nuclei. From fig. 2.2 one sees that except for

pure electronic stopping the Blaugrund method systematically

underestimates the average projected velocities. As a consequence

the lifetimes of nuclear levels determined by the method of

Blaugrund will also be underestimated.

From eq. (2.3) it follows that the lifetime i is just one of

the variables which determine the energy distribution of the ob-

served Y rays. As will be shown in the next paragraph the method

can also be used to determine properties of the distribution

function f(r,v,t), if, among other things, the lifetime • is

known.

2.1.2. The t lanimiii ion Vcppd'-i Slii^t A t t e u n a f t e n mctlifd

2.1.2.1. The principle

As was shown in the last paragraph, one has to know the slow-

ing down characteristics of the recoil-target combination for

lifetime measurements by the DSA method. Inversely, it will be

possible to deduce from a DSA spectrum information on the slowing

down characteristics, if one knows the lifetime of the emitting

nuclear level of the recoil.

Such ( xperiments are especially interesting in the velocity

region where nuclear scattering is important (see fig. I.8) since,

contrary to the methods discussed in the first chapter, from the

DSA spectrum one gets information on the angular velocity distri-

butions of the recoils as a function of time. We will distinguish

two types of experiment.

In the first, the stopping layer is supposed to be infinite,

in other words, the stopping layer is much thicker than the pro-

jected range of the recoils and in addition no recoils should

leave the target from the front side. Such experiments will result

in information on the angular velocity time distribution (f(v,t)).

In the second type of experiments the stopping layers are
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thinner than the projected range of the recoils and the lifetime

i of the nuclear level is much longer than the time that the

recoils need to leave the target. This kind of experiment we will

call Transmission Doppler Shift Attentuation (TDSA) measurements.

From this kind of experiment one gets information on the distribu-

tion function f(z,v,t), where z is parallel to the beam axis (see

fig. 2.1) and z = 0 corresponds to the place of the capture reac-

tion. The dependence on x and y is lost since the target will in

general be considered infinite in these directions. So from eq.

(2.3) one sees that the measured TDSA spectrum obeys the following

equation:

AE
= G ( z , < V Z o > > d v

k

for t(z ) • :, where t(z ) is the most probable time that recoils

need to reach the backside of the stopping layer with thickness

z . Eq. (2.12) is a simplification since it does not take into

account those recoils which never reach z , or decay before reach-
es

ing z . It is only given here to illustrate the principle of the

method and will not be used in the analysis. So the TDSA spectrum

represents the distribution of the velocity components v of the
K

recoils at the moment that they leave the target at z = z . The

advantage of this method above the method with infinite layers is

that one has the possibility of sampling the distribution function

G for different values of z . This is possible by changinq the

thickness of the target layer. An alternative is to do the ex-

periments for one target thickness and to vary the place at which

the capture reaction takes place and thus change the stopping

layer thickness z . This is possible, for a resonance reaction, by

changing the energy of the beam particles. A higher beam energy

will result in a longer slowing-down path to reach the resonance

energy and so the recoils will encounter a thinner stopping layer

z . The disadvantages of this alternative will be discussed in the

next section.

DSA experiments on slowing-down characteristics for infinite

layers have been carried out by several experimentalists (see for

example Cara?a, 78). The TDSA method has, to our knowledge, never
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been described. In the next section an example of an experiment

will be shown and the results of the measurements will be discus-

sed in chapter VI.

At this point, it may be useful to remark that the methods

described place high requirements upon the energy resolution of

the gamma-ray detector, which must be good enough to observe de-

tails of the TDSA spectrum. From fig. 1.8 it follows that for

experiments on nuclear scattering the dimensionless energy

parameter t (eq. (1.53)) should be of the order of one or smaller.

From eq. (2.1) it follows that the maximum energy shift is pro-

portional to the energy E of the gamma ray. For both scintilla-

tion as well as solid-state detectors the relative energy resolu-

tion (FWHM/E ) is proportional to the square root of the energy

of the gamma ray. The combination of both effects (Doppler shift

and detector resolution) favour the use of capture reactions that

result in nuclear levels that emit gamma rays with high energies.

In the next section an example of a recoil nucleus with initial

energy r. = 1.5 and initial velocity v./c = 0.002 will be given.

This nucleus emits a gamma ray of about 7 MeV. So the energy re-

solution of the detector for these gamma rays should be 0.2% or

better. Such a detector, with an acceptable efficiency, is a

Ge(Li) detector with a volume of about 100 cm'. However, such a

detector may not be regarded as a point detector, so the measured

DSA spectrum will be the result of the convolution of eq. (2.3)

with the detector line form and an integration over the aperture

of the detector.

2.1.2.2. The application of the TDSA method

The TDSA method was applied to the resonance of the
77A1(p,ï)?8Si reaction at a proton beam energy of 1262 keV. As

shown in fig. 2.3 the resonance level ? °Si decays for 32% to the

6878 keV nuclear level which has a lifetime of 2.5 ps and decays

for 69% to the ground state of the nucleus (Endt, 78).

The initial velocity of the PBSi nuclei as calculated from

the momentum of the proton is v./c. = 0.00186. The resonance level

has a very short lifetime and before decaying most of the • "Si

nuclei will only move over a fraction (2%) of the internuclear
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Figure 2.3. Simplified decay scheme of the 1262 keV resonance of
the ? 'Al(p,y)"8Si reaction.

Figure 2.4. The average energy shift of the 6878 keV gamma rays as
a function of the stopping layer thickness of ~'A1.

distance of the ? 7Al atoms of the target (•>• 0.25 nm) . The emission

of the intermediate gamma ray of 5925 keV will add a momentum to

the ?8Si nuclei which corresponds to 12% of the original velocity.

So the nuclei will have a velocity distribution at the moment of

the creation of the observed nuclear level (t = 0), which depends

on the angular distribution of these primary gamma rays. The

nuclear and electronic stopping power as given by LSS (68) may be

estimated from fig. 1.8 for the dimensionless energy parameter

f. = 1.48 (• ' = 1.2) and k = 0.14. The Doppler shift for a gamma

ray of 6878 keV emitted from a nucleus with a velocity v./c =

0.00186 in the direction of the detector may be calculated from

eq. (2.1) as 12.8 keV.

The avarage energy shift may be calculated as a function of
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stopping layer thickness (z ) by the Monte-Carlo program of

Smulders (77) that uses the theory of LSS (63). The results are

shown by fig. 2.4.

From this figure it follows that most recoils have a project-

ed range of less than 20 ng/cm1' Al and so TDSA experiments should

be done in the range of 0-20 iig/cm' ?'Al (0-74 nm) .

As stated before, it is possible to change the position where

the resonance occurs by varying the energy of the incoming proton

beam. In that way only one target should be needed to investigate

several thicknesses of the stopping layer. However, this advantage

of the method is spoiled by the straggling of the proton energy,

causing a spread in the position of the resonance.

In our example one may estimate these effects as follows. The

energy loss of 1262 keV protons in 1 iig/cm' • 'Al is about 151 eV

(Andersen, 77). Hence, if one raises the beam energy to 1.5 keV

above the resonance energy, the resonance will occur at an average

depth of 10 iig/cnv in the foil. According to Bohr's estimate

(eq. (1.34)) the energy-straggling of the protons will be about

900 eV. This energy spread corresponds to a depth spread of about

6 ug/crrr . This is unacceptably large compared to the projected

range of the recoils, 20 ug/cm?. So if one wishes to measure the

distribution function given by eq. (2.12) for several values of

z , one has to do experiments on several foil thicknesses.

Summarizing, the following conclusions may be drawn concern-

ing the TDSA method :

1. The most important advantage of TDSA methods above methods

described in chapter 1 is that the measurements give informa-

tion on the vectorial velocity distributions instead of the

energy distributions of the recoils. So it becomes possible to

distinguish the contributions of the nuclear and electronic

scattering in the slowing down process by doing measurements at

several angles (e.g. 0° and 90°).

2. An advantage of the TDSA method over the method of infinite

layers is that one can scan the distribution in velocity and

distance by doing experiments on layers with different thick-

nesses .

50



3. The most important limitation of the method is the energy re-

solution of the gamma-ray detector. With the current detectors

this resolution is of the same order of magnitude as the effect

to be measured, while one is interested in the details of this

spectrum.

2.2. THE RESONANCE SHIFT METHOD

As may be clear from the last paragraph, it is necessary to

know the energy distribution of an originally mono-energetic beam

of,for example, protons as a function of traversed layer thickness

when one does experiments on thin layers. A first estimate (eq.

(1.34)) of the width of that distribution for 1262 keV protons

after passing through 10 ug/cm;' of Al is about 900 eV. The

average energy loss of these protons is about 1.5 keV. The maximum

transferable energy in one collision between a 1262 keV proton and

an electron is given by eq. (1.33a), in this case it is about

2.7 keV. Hence the condition of eq. (1.33a) is not fulfilled, or,

one frontal collision may have an appreciable influence. So the

Bohr estimate of the distribution function is not valid and it will

in general be better to use a Landau or Vavilov distribution (see

section 1.2.2) .

Accurate measurement of energy-loss distributions is not

possible with the often used methods of solid-state detectors or

electrostatic energy analysers. These devices have in general a

resolution (FWHM) of 10-14 keV and 5 keV respectively in this

energy region (see, for example, Friedland, 79 and Kreysch, 77).

A good alternative was found in the Resonance Shift method that

has been used only a few times in the past (Leminen, 71 and

Muller, 78).

The principle of the method is straightforward. First one

measures the resonance yield curve of a narrow resonance using a

very thin target. The width of this yield curve has to be small

compared to the width of the energy-loss function to be measured.

Thereafter one measures the same yield curve but now the proton

beam first passes through the layer of which one wants to know the

energy-loss function before reaching the "detector" target in

which the resonance occurs. Deconvolution of the last yield curve
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(2.13)

by the first one will result in the wanted energy-loss curve. The

yield curve of a (p,r) resonance is given by:

t • E

r f r l
Y(E b,t) " j J J g( E b , E i ) W T ( E i , E , x ) n r e s ( E ) n ( x ) d E i d x

X=0 E.=0 E=0

where Y(E ,t) is the yield of gamma rays as a function of:

E average energy of proton beam,

t thickness of target layer,

and g(E ,E.) the energy distribution of the proton beam,

W (E.,E,x) the energy distribution of proton beam with

incoming energy E. after passing target layer

thickness x.

o (E) the cross section of the reaction as function of
res

proton energy

n(x) the density of target atoms at position x.

If the target is thin (energy loss • -: E ) , W will only be a func-

tion of thickness (x) and energy loss. So one may replace

W T(E i,E,x) by W T ( E i - E , x ) .

The cross section for a resonance at energy E is given by

the Breit-Wigner formula

n « (2J + 1) 2—'• (2.14)
(E - E r e s ) - ~ + (V/2)'

where >', I , I' are the total, proton and ^-width of the reson-

ance level, respectively.

E energy of the reacting proton

J total angular momentum of the resonance level.

The beam energy distribution function is supposed to be normally

distributed around the average value E with a width n .
b b

If the proton beam traverses a foil of thickness f before it

hits the target layer, we have to replace W (E.,E,x) = W (E. -E,x)

in eq. (2.13) by a convolution

E .

W'(Ei - E,x) = [ Wf(E - E',f)W (E' - E,x)dE' (2.15a)
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Since the beam energy distribution function is symmetric around

E , ob •;•• E and W is only a function of foil

energy loss, the yield curve will be given by

E , o •;•' E and W is only a function of foil thickness f and the

Y'(Eb,t,f) =* I Wf(Eb - E,f)Y(E,t)dE. (2.15b)

So, in principle it is possible to determine W by measuring Y and

Y', and deconvoluting the results.

Now we want to apply this method to find the energy distribu-

tion of 1.26 MeV protons after passing layers of 0-20 ,ig/cm: r"Al

as needed for the interpretation of the TDSA measurements described

in the preceding section. Notice that now the aluminium should

behave as an intert material where no resonance reactions take

place. Hence we are looking for a resonance with a different target

nucleus and roughly the same energy, having the following proper-

ties;

(i) The total width of the resonance should be small compared to

the energy distribution function of the proton beam (: • •• ),

yet the resonance should be fairly strong,

(ii) There may be no neighbouring resonances that interfere with

the chosen one, either in the target or in the aluminium,

(iii) A target material suitable for production of very thin

targets, that can withstand prolonged proton bombardment,

should be available.

A reasonable compromise for the given conditions proved to be the
1'' S (p, v ) 3 'JC1 reaction at a resonance energy of 1375.1 keV. Endt

(78) gives a value of 2.1 eV for the strength of the resonance

defined by ( (2 J + 1)! I' /I') and from the 1lfS(p,p) and resonant
P ï

absorption experiments of Biesiot (80) one may deduce for the

total width a value of the order of 4 eV. Sb..Si evaporated on thin

layers of carbon proved to result in targets that showed little

deterioration after prolonged bombardment.

Several islands of •' 7A1 were evaporated onto one SbrS, target.

These islands had different thicknesses and larger lateral dimen-

sions than the diameter of the proton beam. In that way it became

possible by moving the target in lateral directions to do experi-

ments for several ?7Al-layer thicknesses without breaking the
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Figure 2.5. Result of resonance-shift measurement.

vacuum.
The results for a 10 ug/cmr ? 7A1 layer evaporated onto an

11 ug/crrr Sb ?S 3 target are given in fig. 2.5. In this figure the

energy of 1375.1 keV corresponds to an average beam energy equal

to the resonant energy.

As a conclusion to this section some characteristics of the

resonance-shift method are summarized:

1) The energy resolution of the method is extremely high. Typical-

ly 100-200 eV may be reached for proton beams of 1 MeV. The

limiting factor is the beam energy spread.

2) Transmission measurements may be done on very thin layers which

are evaporated on the "detector" target.

3) The method is not applicable to a wide range of energy and

target materials because of the restrictive conditions stated

above.

2.3. THE EXPERIMENTAL EQUIPMENT

2.3.1. Tke. acceüeiatoi

All of the experiments described in chapters 5 and 6 were done

with the 6 MV Van de Graaff accelerator of the university of

Groningen.

The facility has been described by Boerma (70) and Du Marchie

van Voorthuysen (75). Since then the power supply of the energy-

analysing magnet was replaced by a new one of improved stability

designed and built in this laboratory. The long-term stability of

a proton beam now proves to be about 25 eV over a period of
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12 hours for a beam of 1375 keV. This corresponds with a long-term

current stability of about 0.04°/oo. In practice this stability is

not always achievable. One reason proved to be temperature varia-

tions in the environment of the current supply resulting in varia-

tions of the internal reference resistance of the supply. Another

important reason proved to be small variations in the path of the

proton beam in the accelerator, resulting in path variations in

the analysing magnet. Sometimes such path variations will result

in energy variations of up to 100 or 200 eV. As was mentioned in

section 2.1, a variation of 150 eV of a proton beam of about

1300 keV, corresponds with a change of starting point of the re-

coils of 1 iig/cnr J7A1. In chapter 5 and 6 it will be shown how

the energy of the beam is periodically checked. Another important

property of the accelerator is the energy spread of the delivered

beam. One determining factor for this spread is the analysing

magnet which bends the beam with a radius R = 0.80 m over an angle

of 90° into the horizontal plane. Using the equations given by

Braams (60) one can calculate for the energy resoüution of the

magnet:

AEb _ 2(s' + s") _ s' + s"
T~ = DR T76~ U.lb)
b

where &E energy spread of the beam (FWHM),

E energy of the beam,

s',s" width of respectively entrance and exit slit in meters,

D dispersion of the focussing system (D = 4 in our

system) ,

R radius of the magnet (R = 0.8 m in our system).

Generally s' and s" are of the order of 0.001 m. For a 1300 keV

proton beam this will result in an energy spread of 1.6 keV. From

the last two sections it will be clear that with such an energy

spread it would be impossible to carry out the discussed methods.

However, the diameter of the most intense part of the beam is much

less than the slit width and since the beam energy is stabilized,

the actual spread becomes much smaller than the value obtained

above, which only occurs if the beam fills the slits homogeneously.

The energy spread of the beam can be determined by measuring
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the yield curve of a resonance of a thick target. The total width

of the resonance should be small compared to the energy spread of

the beam. From the Monte-Carlo calculations of Cunha (75) it fol-

lows that in the case of a thick target and an order of magnitude

difference between the resonance width and the energy spread of

the beam, the difference in average beam energy for 1/4 and 3/4

yield from the bulk-yield equals the energy spread of the beam,

or:

o. ~ E v - Ei. for •• • • a . (2.17)
b /i, A r e a b

Measurements on a thick Zn^'S target were done for the 1211 keV

resonance (I' -• 10.5 ± 1.5 eV) of the "" S (p, ,) 3 ''Cl reaction. As a

result it was found that for s, = s:, = 0.75 mm the energy spread

of the proton beam was about 160 eV. This corresponds with a FWHM

of about 380 eV or about a factor three less than expected from

eq. (2.16).

This indicates that the effective slit width is much smaller

than the physical one because of the stabilization. An improvement

of a factor 2.3 in energy spread was realized by the installation

of an extra, fast energy stabilization system which capacitively

feeds the amplified high frequency components of the difference

signal of the exit slits to the high-voltage electrode of the ac-

celerator .

When the Van de Graaff accelerator was designed this possib-

ility was left open by mounting an insulated cap under the top lid

of the tank. The new stabilizing system, combining the use of the

corona discharge and capacitive feedback via the cap was developed

by Dr. H. Hasper and Prof. Ph.B. Smith of this laboratory.

The resulting improvement is shown in fig. 2.6. The energy

spread of 70 eV (FWHM is 160 eV) is exceptionally good if it is

compared for example with the Helsinki beam facility (FWHM is

300-700 eV; Antilla, 77) and the Sacaven facility (FWHM =* 1200 eV;

Caraca, 78). However, this spread still proves to be a limiting

factor for the TDSA method, as described in section 2.1.

For such a narrow energy spread the thermal velocities of

the target atoms become an important factor. When the target atoms
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Figure 2.6. Yield curves of 31|S(p, y) 3bCl reaction for E 1211 keV.

(e.g. 31|S) are considered to be classical harmonic oscillators,

the root mean square velocity component in the beam direction
— V(v|) follows from the kinetic energy:

(2.18)

The velocity of the protons of a mono-energetic beam is given by:

(2.19)v =
P

The variance of the velocity relative to the target atoms is given

by (v - v ? )
? - v 2 = v

P P
I. The resulting relative energy spread is

7?
E v \m? 2E J

(2.20)

For the measurements of fig. 2.2, taking T = 300 K, o becomes

40 eV.

This shows that the actual energy spread of the proton beam

itself is less than the 70 eV given above. One may conclude that

if one wants to do experiments with smaller energy and thus stop-

ping layer spread, one should cool the target.
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2.3.2. The ica tf ("itiicj c/iainbt't

The energy stabilized beam from the analysing magnet can be

directed to five different target systems by using a switching

magnet. In fig. 2.7 the situation is represented for beam line

number 3 where the experiments on stopping phenomena are done.

Usually this beam line with the goniometer is used for angle-

dependent measurements since it has the possibility to move a

gamma detector controlled by the computer. However, for the stop-

ping experiments the measurements were done at fixed angles i> = 0"

and 90°. The scattering chamber is connected to a turbomolecular

pump (250 %/s) and a titanium-getter pump. In combination with the

cold-shield inside the scattering chamber pressures of IO~7 to

10~9 torr were achieved under experimental conditions.

The nec?ssary equipment for the experiment is mounted on the

bottom flange of the scattering chamber. The properties of the

flange that was designed for the stopping experiments are shown in

fig. 2.8.

Referring to this figure some special features of the flange

will be discussed. The central part is the target, positioned in

a frame (1). This frame consists of a sheet of aluminium with a

hole with a diameter of about 5 mm. In this hole the (self-support-

ing) target is situated. The frame can be inserted in the target

NEEDLE VALVE DRY
NITROGEN

TURBO - MOLECULAR
PUMP

I = ELECTRIC INSULATION

Figure 2.7. Beam-line number 3 for stopping me inurements.
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Figure 2.

Bi AM A XT:

Scattering chamber flange, top view. See text for
explanation of numbers.

holder. The target holder is mounted on a rod which can be moved

in the vertical direction over a distance of 9 mm, by turning a

nut with distance indication. In this way it is possible to centre

the target, or to do experiments on several spots, without breaking

the vacuum. Around the target holder one finds a cold shield (2)

with an entrance diaphragm (é 5 mm). The cold shield is connected

to a cold finger (3) which ends in a Dewar filled with liquid

nitrogen (LN2). During the experiments this Dewar can be filled by

computer control or at a signal from a level detector. In this way

the cold shield is cooled to a temperature of about 130 K, so the

scattering chamber is kept dry and hydro-carbons will be trapped.

In chapter 3 some attention will be paid to the contamina-

tions of the target surface and their effect on the measurements.

In front of the target a frame (5) is mounted for a solid-

state detector and a diaphragm (4). This diaphragm (# 1.8-3 mm) is

used to align the proton beam by minimizing the current on the

diaphragm. In that way one prevents the beam from hitting the

diaphragm of the cold shield.

Thus, no secondary electrons are created that may bombard the

target, which is kept at a positive potential. In the frame (5)
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one can mount an annular solid-state detector. This detector can

be cooled by a thermal connection to the cold shield. In this way

it is possible to do particle backscattering experiments. This

possibility, for example, was used to determine oxygen and carbon

contaminations of the target by Rutherford backscattering experi-

ments (see chapter 3).

The target holder is electrically insulated from the rest of

the chamber and connected via a high tension feed-through (8) to a

computer-controlled high-voltage supply with a range of 0 to 5 keV.

Bringing the target to a positive potential results effectively in

reducing the energy of a proton beam by the same amount. It is

clear that this way of changing the beam-energy is easier and

much more accurate than varying the current of the analysing

magnet, which would require changing the accelerator voltage and

re-aligning the beam, with the attendant danger of introducing

errors through changes in the beam path.

The beam stop (6) is situated behind the target. It proved

necessary to keep this stop at a positive potential of about 300 v

to prevent the escape of secondary electrons. This emission of

electrons showed itself as an apparent increase of the beam cur-

rent as a function of target potential. For the TDSA experiments

Ge(Li) detectors (Harshaw) were used because of their high energy

resolution. The signals of these detectors were analysed in 4k and

8k-channel ADC's. The gain of the system was checked by observing

the position of the centroid in the spectrum of a pulser line.

The temperature stability of this pulser (BNC-PB4, 5 ppin/°C) is an

order of magnitude better than the ADC systems. Possible deviations

in the gain of the system are corrected by the computer. For the

4k ADC (Northern Scientific 625) this is done by changing an

external reference voltage. For the 8k ADC (Laben, 8215) there was

no such possibility. Here we had to adapt the main amplifier

(Ortec, Research amplifier 450). In the output stage of the ampli-

fier a ten-turn 10 Ohm helipot controlled by a stepping motor was

introduced. The total range of the helipot was covered in thousand

steps and so one step corresponded with a gain change of 2.5 ppm

or 0.02 channel. By checking the centroids and adapting the gain,

it proved to be possible to limit the FWHM of the pulser lines to
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values equivalent to 2 and 3 keV for the 8k and 4k ADC's respect-

ively, over a period of several hours. A^art from this electronic

instability, the Ge(Li) detectors themselves introduce an uncer-

tainly in the energy determinatinn. An overall energy resolution

(FWHM) of 0.8 and 1.3°/oo for respectively the 8k and 4k system

was achieved for an experiment of several days. This means for the

observed 6878 keV gamma ray a FWHM of 5.5 and 8.9 keV, respective-

ly, for the two detector systems.

Nal detectors have . poor energy resolution but their effi-

ciency is two orders of magnitude higher than that of Ge(Li)

detectors. That is why they are used in the TDSA experiments to

measure periodically resonant-yield curves. For the same reason,

both Ge(Li) detectors are replaced by Nal detectors in the energy-

distribution measurements. Both types of experiments discussed

need a great deal of measuring time. The resonance-shift measure-

ments last about 24 hours and the TDSA measurements last up to

three days for one target thickness. So experiments were only

possible because of the high degree of automatization of the ex-

perimental set-up. The computer control of the gain stabilization

of the ADC systems, the variation of the target potential and the

cooling of the cold shield have been discussed above. In addition

there is a telephone alarm system which calls automatically if,

for example, the vacuum of the accelerator is not good or if the

beam current is too high or too low.

Summarizing it may be stated that the following properties

make the beam facility appropriate for the described stopping power

experiments,

(i) High long-term energy stability and low energy spread of the

proton beam.

(ii) Clean vacuum of the scattering chamber.

(iii) High long-term gain stability and high energy resolution of

the gamma-detector-ADC system.
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CHAPTER 3 PREPARATION AND CHARACTERISATION OF THE TARGETS

3.0. INTRODUCTION

Both methods discussed in chapter 2 place severe requirements

on the target foils. The Transmission Doppler Shift Attenuation

method needs self-supporting foils thinner than the projected

ranne of the recoil nuclei. For ?sSi nuclei with an initial veloc-

ity of v./c = 0.186.10~? passing through ?7A1, this means that

the foils should be thinner than 20 ug/cm' or 74 nm, or 300 atomic

layers.

In the following paragraphs the method of preparation of

these foils will be described and some of their properties, such

as crystal structure, thickness homogeneity and the presence of

contaminations will be discussed. A discussion is also given of

the changes observed in the contaminants during long-term bombard-

ment by a 1 uA proton beam.

In the last part of this chapter a description will be given

of the preparation of the targets for the Resonance Shift method,

and some remarks will be made on their physical properties.

3. / . PREPARATION OF VERY THIN SELF-SUPPORT! HO P 7A(' LAYERS

All targets discussed in this chapter were prepared by the

method of vacuum evaporation. Some important properties of the

materials used are given in table 3.1. The target frames consist

of a sheet of aluminium of 0.3 mm thickness, with a hole, 5 to

6 mm in diameter with well-polished edges. Over this hole a flat

layer of formvar with a thickness of about 10 iig/cmp is stretched.

The target frame is placed in a glass vacuum chamber which is

pumped down to a pressure of 10~(' Torr.

The 99.999% pure ?7Al is first melted in the vacuum chamber

on a coiled multi-strand filament of tungsten. The diameter of the

coil is about 12 mm and the distance from the coil to the target

frame is about 12 cm. Close to the target frame a quartz crystal
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Table 3.1. Some useful properties of often used materials (Eckertova, 77; Holland, 63;

Norlin, 78*).

Material

Density (gr/cm3) at 20°C

Molar weight (gr)

Melting point at 1 atm (°C)

Evoporation temperature at

p = K T 5 Torr (°C)

Thickness of 10 .jg/cm2 (nin)

Number of atom layers equal

to 10 ug/cin2

2 7A1

2.7

26.98

660

1000-1500

37

145

Al?03

(anodized)

2.1*

101.94

2050

1780

48*

-

1 2 C

1.8-2.1

1 2.01

•O700

2681

83

236

W

19.4

183.8

3382

3309

5

21

Formvar

(CSH7CU)
X

1 10

-



is placed which is the detecting element of an evaporation thick-

ness monitor. Between the coil and the target frame a shield is

placed which may, under remote control, screen off the target from

the evaporation coil, while leaving the quartz crystal visible in

both positions.

After melting the :7A1, the tungsten coil and the ?7A1 are

outgassed by raising the temperature of the coil to a value where

the pressure in the vacuum system increases, but the ?7A1 does not

yet evaporate. Next the temperature is raised to a value where the

aluminium evaporates rapidly. After deposition of a few ug/cnr on

the quartz crystal, the monitor gives a signal which actuates a

device to remove the shield between the coil and the target frame.

After deposition of the desired amount of aluminium on the target

frame, the monitor gives a signal causing the shield to be put

back in front of the target frame and the temperature of the coil

is lowered again.

Subsequently the central part of the target is covered by a

round shield which is slightly smaller in diameter than the target

foil. With this second shield in place, a layer of about

20-30 ug/cm"" r Al is evaporated on the edge of the target foil and

on the target frame. Thereupon the vacuum system is filled with

Ar gas and the target is placed in an aluminium container. This

container is placed in a glovebox filled with dry nitrogen gas

(less than 2 ppm water). Subsequently the target frame is slowly

immersed in chloroform (CHC1O by a motorised hoist where it is

left for about 20 minutes, to dissolve the formvar. As a result

a self-supporting :'vAl-target foil is obtained which is placed in

a container and is then ready to be placed in the holder of the

scattering-chamber flange shown in fig. 2.7 (number 1). This is

done by means of another glovebox in a nitrogen atmosphere to

avoid among other things oxidation of the aluminium targets.

After this survey of the target-preparation process, some

details should be considered.

1) Thick edge of the target

The first targets that were prepared, proved to be too fragile

to endure a proton beam of 1 to 2 uA for more than a couple of
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hours. Also the targets often turned out to be too fragile to

endure the immersion in chloroform. By adding a thick edge of

20-30 ug/cmp : ' A I to the targets their mechanical strength was

increased in such a way that long-term experiments for more than

than three days became possible with self-supporting targets of

less than 9 ug/cm'' .

2) Deposition rate

It is common knowledge that the deposition rate is an import-

ant factor for the preparation of thin layers. A slow deposi-

tion rate causes relatively many impurities to be enclosed and

promotes the process of r.ucleation and crystallization. These

effects have not been systematically studied. However, in the

next section some results of the measurements on crystal struc-

ture, homogeneity and impurities of the targets will be report-

ed.

Many measurements on reflecting coatings for the extreme

ultraviolet were done by Hass (58). This author investigated

several factors which influence the reflectance of aluminium

films, such as pressure, aluminium purity and substrate temper-

ature. The deposition rate was found to be the most determining

factor, and he suggests rates op up to 20 iig/cm^s. However,

rates of 2.5 jjg/cirrs were, in our case, the maximum the formvar

could withstand. Microscopically good results were reached with

average rates of 1.5-2.0 ug/cnTs. These rates became possible

by the installation of the remotely controlled shield. Another

advantage of the shield is the possibility of outgassing the

tungsten coil and of melting the aluminium without heating and

bombarding formvar.

3) Hoist velocity

The immersion of the target in chloroform should be done

slowly and in absence of mechanical vibrations. Manual hoisting

proved to cause the loss of many targets. The velocity of

hoisting of the target out of the chloroform is extremely im-

portant. It has to be done at such a speed that no droplets of

chloroform remain on the target, since upon the evaporation of
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the liquid, the target often breaks.

4) Age of the formvar

Formvar foils older than two days turned out to bo less

strong than fresh ones. The formvar foils were kept at room

conditions.

S.2. SIRLICT_UK[,_UNIFOR\\1TV AMP CONTAMINATIONS 01 THl Si Lf - SUPPORJ -

LH'L LlALJ-AV.LR!!

In the previous section the method of preparation of the

aluminium foils was discussed. Next, the results of some investi-

gations of some important properties of the tarqets will be pre-

sented. These investigations arc done on foils which were prepared

under the same conditi.ons as the final tarqets. From the phase

contrast microscope pictures shown in fiq. j.1 it follows that

these conditions determine to a larqe extent the characteristics

of the layers. Fig. 3.1a represents a target which was prepared

without the remotely-controlled screen at a slow evaporation rate.

Fig. 3.1b represents a target which was prepared in the way

described in the previous section. The irregularities of fig. 3.1a

are probably caused by the heating of the formvar layer.

'5.2.1. Stiuctuie L< \ tin: tai^ct ïam'ii

Among others Holland (63) and Eckertova (77) give the resi-

dual gas pressure and the evaporation rato ab the most important

factors which determine the structure of evaporated layers. Other

SSi
;'0() .mi

Figure 3.1. Influence of preparation method on the microscopic
structure of the foils (phaso-contrast microiscope,
magnification i rjv! .
a) Preparation without shield.

b) Preparation as di scussi-il in section f.1.1.
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F i g u r t 3 3 . 2 . D a r k - f i e l d TEM e x p o s u r e ( 1 0 0 k o V ) o f K e i f - K u p p o r t i>d

' ' A l l a y o r o f 1 0 i i g / c i n ' .

important factors arc the cleanness, structure and temperature of

the substrate. Unfortunately most authors who present results on

the structure of thin layers of •' 'Al do not give all of these

factors or do not prepare their layers under circumstances compar-

able to those presented in the previous paragraph.

We do not know either the structure or temperature of the

formvar substrate. From fig. 3.1 one may conclude that the sub-

strate temperature was well below the melting temperature of the

formvar, let us say 20-50°C'.

Braski (72) systematically studied the surface structure of

several substrates by the technique of the carbon replica method

and an electron microscope. However, he did not succeed in deter-

mining the surface properties of fonivar. A plastic film of parlo-

dion is described by him as "quite smooth".

Reimer (56) presents results on aluminium layers which are

evaporated on formvar of 20°C at a pressure of 2.10"'1 Torr. He

does not mention the evaporation rate. From electron beam (80 keV)

absorption measurements he concludes that layers of 2-20 ;ig/cirr

have a fine polycrystalline structure of grains smaller than 7 nm

with unrelated orientations. Mazzoldi (80) presents results on

layers of about 40 |/g/cm:' aluminium. He states that the grain

sizes of the polycrystalline layers arc about ?000 nm. However,

Mazzoldi does not mention the preparation conditions. By heating
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the layers with a pulsed ruby laser ( \ = 694 nm, pulse length =

15 ns) he decreased the dimensions of the grains to less than

10 nm. This only proved to be possible if the energy density of

the laser beam was more than 3 J/cm1.

Fig. 3.2 represents a dark field TEM exposure (100 keV) of

one of our self-supporting 10 ng/cm' ' 7Al foils. The layer was

prepared as discussed in the previous section. From the exposure

one may conclude that the layer consists of single crystals with

dimensions of up to 400 nm. So their lateral dimension may be one

order of magnitude larger than the thickness of the layer. Besides

one may conclude that many crystal orientations are present.

3.2.2. TlUcluieii uni ̂ L'lmitu (••; tin- ta'njct (atn'ii

As discussed in section 3.1 the deposited amount of aluminium

is measured during the evaporation by monitoring the resonance

frequency shift of a quartz crystal of known area. From this and

the distances of both the target frame and the quartz-crystal

surface to the evaporation source one may calculate the amount of

aluminium deposited on the target holder if one assumes that the

sticking probability of the aluminium is the same on the quartz

crystal and on the formvar. Checking this measurement by placing a

second quartz crystal at the position of the target holder proved

that this calculation was correct within 1 ?,. Another way which was

used to determine the thickness of the layers, was to measure the

?o

1 9

16

d

[| ig/cr

U -

l-'iyure '..3. Average energy
loss of protons of l_17ri keV
for several thicknesses of

I keV]
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Figure 3.4. Micro-densito measurement for a 8 \iq/cm? self-supporting
layer of 7 7A1.

energy loss of 1375 keV protons during their passage of the layers.

We used the Resonance Shift method as discussed in section 2.2 for

this kind of measurementand we will discuss the results extensive-

ly in chapter 5. The results for the average energy losses are

presented in fig. 3.3.

From a least squares fit to the measurements (solid line) one

finds the stopping power dE/dx of the protons in aluminium. The

result (147(8) eVcm2/ug) agrees with the compilation of Andersen

(77). From the fit it also follows that the standard deviation of

the thickness d of the foils from the values obtained by the

quartz-crystal method is about 0.7 iig/cnr . The reason for such

individual differences may be local thickness variations of the

foils, since with the quartz-crystal method one measures only the

total weight of deposited aluminium on the crystal.

For this reason some optical transmission measurements were

done by means of a micro-densitometer. A representative result of

such a measurement is given in fig. 3.4 for a layer of 8 ug/cm?

27Al and light of wavelength 546 nm. The light-beam dimensions

were 0.1-0.2 mm which also determine the lateral resolution of the

system. From fig. 3.4. it seeviis that the layer is about 0.2 ug/cmr

thicker at the edges than in the centre which appears to be a

general feature of the self-supporting targets. A possible expla-

nation may be the bending of the horizontally positioned target.

For r. parabolic cross section this thickness difference would

correspond with an angle of about 10° at the edge.

The proton beam has a diameter of about 1 mm and is positioned
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in the centre of the target. From fig. 3.4 it follows that the

thickness variation at a lateral scale of 0.1-0.2 mm over this

distance is less than 0.1 ng/cm' or M of the target thickness.

Such thickness variations will not be observable by the methods

discussed in chapter 2.

Thickness-uniformity measurements on a smaller scale (0.02 •

0.02 mm) were done by Sofjeld (76). By RBb measurements on layers

of 200-400 ug/cmr he found uniformities of better than 1X of the

foil thickness of evaporated layers. For rolled foils of the same

thickness he measured non-uniformities of 5-10% of their mean

thickness. However, it is difficult to draw conclusions from

Sofield's measurements for our foils, since he decs not n.ention the

preparation circumstances of his (commercially obtained) foils and

in addition one expects relatively larger non-uniiormities for

thinner foils.

Swaine (62) systematically investigated the influence of the

surface roughness of aluminium foils evaporated on glass microscope

slides as a function of substrate temperature and angle of inci-

dence. Except for the substrate, he used about the same evaporation

conditions as we did. Swaine used the radioactive phosphate tech-

nique (Lewis, 56). This method employs the fact that a mixture of

chromic acid and radioactive phosphoric acid dissolves the oxide

on aluminium and replaces it with a thin uniform barrier layer con-

taining radioactive phosphorous. So the amount of radioactivity

provides a measure of the surface area. Swaine claims a resolution

of the method (i.e. the smallest irregularity of the surface which
o

the film can replicate) of the order of 10 A. From his measure-

ments Swaine concludes that the films of aluminium formed at normal

incidence and substrate temperatures above 0°C are flat. More

recently, the results of Swaine were confirmed by Krueger (72) who

also states that the roughness of the aluminium films is mainly due

to the roughness of the original substrate (see also section

3.2.1).

Summarizing we conclude that the targets prepared as discussed

in section 3.1 probably may be regarded as flat within the diameter

of the beam diameter at a lateral scale of 0.1-0.2 trim. However, the

thickness of the foils may differ from the thickness determined by
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the quartz-crystal method with a standard deviations of 0.7 ug/crn7.

The last uncertainty makes a separate thickness measurement

for each target necessary. This is done by measuring the resonance

curve (eq. 2.10) for each target for each TDSA measurement. We

will come back to this subject in chapters 5 and 6.

3.2.3. Contamination o{ the taiqet (ayem

In chapter 2 the special precautions were discussed that were

taken to obtain a clean, dry vacuum, such as a cold shield and a

Ti-getter pump. Since the energy-loss curve of fig. 3.3 does not

go through the origin it is clear that despite the precautions,

target contamination was not completely avoided.

Since such contamination may have a considerable influence on

the stopping characteristics, we studied the contaminants and their

development during a long-term experiment. For this purpose a

solid-state detector was installed in front of the target (nr. 5

of fig. 2.8) during a TDSA measurement to enable a simultaneous

Rutherford backscattering experiment. The TDSA measurement was

preceded and followed by a RBS experiment with 0.1 uA He beam of

1.26 MeV to get a calibration of the backscattered proton-beam

spectrum. The result of a measurement of 7 hours duration is given

in fig. 3.5.

1.0
THICKNESS

(iig/cm2)

0.5 -

1 |1A PROIONi 1.26 MeV

C CARBON

0 OXYGEN

O 0

CALIBRATION

J . , I . /
3 6 10

TIME OF DAY

Figure 3.5. Contaminants on 20 Mg/cm? ''"'h\ (vacuum during the
measurements is I0~7 Torr).
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From this figure it follows that the amount of oxygen on the

foil remains almost constant during the 7 hours of bombardment by

1 iiA protons of 1.262 MeV. From the He-RBS spectrum oxygen proved

to be present on both sides of the self-supporting layer (0.55 and

0.35 ug/cm? on the front and back respectively). The most probable

sources of the oxygen are the "incorporation and chemisorption" of

oxygen and the "adsorption" of water at the oxide surface. Krueo-jr

(72a,b) gives a description of these processes. He did measurements

on aluminium films of about 25 iig/cm7 which are evaporated on

quartz substrates at high vacuum (10"° - 10~lf1 Torr) .

Introducing dry oxygen or water vapour in the vacuum chamber

resulted in final mass increases of 0.1 to 0.2 ug/cm? for the oxy-

gen, and the combined oxygen and water uptake, respectively. These

final increases prove to be independent of the pressure but depend

probably on the roughness of the surfaces. As discussed in the

previous section Krueger assumes his surfaces to be flat on a

lateral scale of 40-50 A. It will be difficult, however, to draw

further quantitative conclusions on our foils from the measurements

of Krueger, because of the completely different treatment of our

foils from the ones of Krueger after the evaporation.

From fig. 3.5 it also follows that at the beginning of the

proton bombardment there is about 1 |ig/cm*' carbon present on the

target. During the experiment the araoi .it of carbon decreases with

a rate of 0.04 yg/cm'h. Sugai (79) measured for small proton beams

(< 1000 nA) of 4 MeV an increase and for large proton beams a de-

crease of the carbon layers on several foils. In general, the

carbon is considered to be caused by the dissociation of residual

hydrocarbon molecules in the vacuum system and Sugai assumes the

deposition rate to be dependent on the beam-spot temperature. He

does not give any information about these temperatures but if heat

loss by radiation is unimportant the temperature will be independ-

ent of the foil thickness and proportional to the beam intensity

and the temperature of the target frame. For beam currents between

100 and 600 nA Sugai presents nearly constant deposition rates

which seems to be in contradiction with the temperature dependence.

The backscattered He+ spectrum of our measurements proved that

carbon was only present on the side of the foil where the beam
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entered. This was also the side on which the formvar was present

during the evaporation. For this reason and because of the de-

crease of the carbon during the proton bombardment we believe that

the carbon is a residu of the original formvar layer on which the

aluminium was deposited. This may also explain that at this side

of the target more oxygen was present since one may expect that

small irregularities of the forravar may fade out during evapora-

tion.

For the production of the targets used for the Resonance Shift

measurements (see next section) formvar is not used as substrate

for the evaporation. So one does not expect any effect of carbon

on the energy-loss measurements as presented in fig. 3.3. The un-

certainty in the energy loss for zero aluminium thickness is so

large, however,(AE for d = 0 yg/cm2 is 0.18(10) keV) that,assum-

ing an energy loss of 0.05-0.10 keV because of the presence of

0.3-0.6 yg/cm*" oxygen, no decision can be made for the possible

presence of carbon contamination.

5.3. PREPARATION OF RESONANCE-SHIFT TARGETS

In section 2.2 we discussed the requirements on the targets

for the Resonance-Shift method. Layers that result in very narrow

resonance curves have to be covered with several layers of alumi-

nium. The backing of the targets is formed by a layer of about

10 vig/cm2 carbon. This carbon layer is evaporated onto glass,

stripped from the glass and then stretched on a target frame. A

layer of about 10 vig/cnr Sb?S3 is then evaporated onto the carbon

layer. The sulphur was enriched to 90% '''S, the remaining 10%
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cross-section

Figure 3.6. The Resonance-Shift target.
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being 3 2S. Earlier attempts to make thin uniform layers of ZnS

were unsuccessful. Finally islands of aluminium were evaporated

onto the Sb?S3 side of the foil. The islands were evaporated one

by one by putting a screen with a hole in front of the layer. This

screen could be moved with respect to the foil without breaking

the vacuum. Except for the substrate, the evaporation conditions

for these aluminium layers were the same as for the self-support-

ing foils. So, one may expect that both have the same properties.

A schematic survey of the resulting target foil is given in fig.

3.6.
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CHAPTER U THE COMPUTER PROGRAMS FOR THE ANALYSIS OF THE
MEASUREMENTS

4.0. INTROVUCTJON

In this chapter we briefly discuss the computer programs used

for the analysis of the measurements. First we will discuss the

programs to derive the energy-loss patterns from the Resonance

Shift method measurements, next a description is given of the pro-

grams used to calculate the Doppler Shift Attenuation gamma-ray

spectra.

J.I. RESONANCE VIELV- C.IRI/E PROGRAMS

4.1.1. RESCLIR

The formula describing the resonance curve was already discus-

sed in section 2.2.

t °̂  E E '
Y(E ,t,f) = ƒ ƒ fL f g(E - E.).W (E. - E \ f > .

fi x=0 E =0 E'=0 E = 0 ° i r i

l

W (E1 - E,x)c (E)n(x)dE dE'dE^x. (4.1)

For the energy distribution function of the proton beam (g(E -E ))
b l

the program uses a normal distribution around the nominal beam
energy E^ with a standard deviation o •• E,_. Since the density

b b b
n(x) of the target is supposed to be constant, the integration over

x may be executed first. To speed up the calculation these integ-

rated energy-loss functions
t
ƒ WT(AE,x)dx
o

are calculated beforehand, and supplied as an input file to RESCUR,

with AE in steps of 10 eV and the upper limit tof the integral in

steps of 1 ug/cm2. Between these AE and t values linear interpola-

tion is used.
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Figure 4.1. Resonance yield curves as calculated by RESCUR

The beam energy distribution function g(E - E) and the Breit-

Wigner cross section (o ) are calculated once at the start of= res
the program and also stored in arrays, for energy values spaced

by 10 eV.

The integrals of eq. (4.1) are then readily performed by use

of the trapezoid rule over intervals of 10 eV. This implies that

integration limits have to be restricted to smaller intervals than

appearing in eq. (4.1). The losses due to the limited boundaries

may be checked by determining the total area of the resulting

yield curve and were found to be about 2% in the worst case. This

is mainly caused by the limited range o_" the spectrum for '•1res

(5 KeV). The numerical integration procedures of RESCUR were test-

ed by calculating the convolution of two exponentials and the

convolution of a normal distribution with an exponential function.

In both cases correct results were obtained. In fig. 4.1 four

yield curves as calculated by RESCUR are shown. These curves are

calculated within four seconds by a Cyber 170/760 computer.

When eq. (4.1) is not integrated over the thickness t one

gets the yield of the reaction at some place x. In fact, RESCUR

calculates W(AE,x) by differentiating the integrated input file.

Tn fig. 4.2 the resulting differential yield curves are given cor-

responding to the yield curves of fig. 4.1.
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Figure 4.2. Differential yield curves as calculated by RESCUR.

4.1.2. R E S F I T - f i t t i n g R E S C U R tc the m e a n t t e m e n t

The program RESCUR was incorporated as a subroutine in a pro-

gram called RESFIT. This program also makes use of the IMSL

library subroutine ZXSSQ which calculates a minimum of the sum of

squares of M functions in N variables using a finite Levenberg-

Marquardt algorithm. In RESFIT the M functions are the differences

of the measured yield curve spectrum and the calculated values of

RESCUR. The N variables are the free parameters which may be: the

thickness of the target layer, the thicknesses of two front layers

such as carbon and oxygen, the width of the proton beam, the total

width of the resonance level, a correction term for the beam

energy, a constant background level and a scaling factor for the

normalized spectra of RESCUR. Except from these parameters (of

which several may be kept fixed) RESFIT also calculates the curva-

ture matrix from which the errors in the parameters are calculated.

The experimental resonance curve genera]ly exists of 36 meas-

urements divided over an energy range of about 5 keV. Dependent on

the initial values of the parameters, RESFIT needs about 30-60

evaluations of the subroutine RESCUR to find a minimum of the sum

of the squares. The corresponding execution time on a CYBER

170/760 is about 40-70 seconds. At the starting point of the

measurements no knowledge was available about the energy loss
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patterns of aluminium for protons of 1.3 MeV. In fig. 2.5 the

result is shown of the deconvolution of a resonance-shift meas-

urement resulting in the energy-loss pattern of the protons in

10 ug/cm? 27A1. This result is calculated by a deconvolution pro-

gram called DECON, written by P.J.M. Smulders according to the

algorithm of Taylor (79).

For the analysis of the measurement it proved to be more

practical to represent the energy-loss pattern by an analytical

function and to fit the free parameters of this function. For this

reason a special version of RESFIT was written called RESFRO, which

may simultaneously fit up to eight resonance-shift measurements.

4.2. VOPSni-COMPUTER SIMULATION! OF PAMMA-KAV Li WE SHAPES OF DSA-

MEASUREMEWTS

This Monte-Carlo program, called DOPSIM, is written by P.J.M.

Smulders and is described extensively by the author (Smulders,77).

For the sake of completeness we will give a short resumption

of DOPSIM and we will describe the extensions which are written to

calculate the influence of the interatomic potential on the DSA

gamma-ray line shapes.

4.2.1. Vmoiiption o { PP PS I,M

The program is written for coincident experiments of the type

A(a,b>)B. The particles b also may be gamma rays. To determine the

initial velocities of the ions B, a kinematics subroutine is in-

cluded in the program. This subroutine assumes an isotropic angu-

lar distribution of particles b over the solid angle of the detec-

tor. Among others the program needs information which describes

the nuclear reaction and the yield of the reaction as a function

of penetration depth of the beam particles "a" in the target. These

yield functions are in fact given for the case of protons in

aluminium by the differential yield curves of fig. 4.2.

After choosing the starting point and the initial velocity of

a particle B, the program simulates the scattering process of B

through the target and the emission of the gamma ray. The path

length to be covered is, like the choice of the initial velocity

direction and starting point, determined by sampling the probabil-
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ity distribution for the process by a random number generator.

Such a sampling process may be generalized as follows. A

random number generator produces numbers ',, uniformly distributed

in the interval [0,1]. One wants t sample some quantity x in the

interval [xi,x7] from a distribution with a frequency function

p(x) and cumulative distribution function P(x), so p(x)dx = dP(x).

Then x and f, are related as follows:

P(x) = rp(X;) + (1-f)P(xi) . (4.2)

Since the distributions of r and 1-r are identical, they also may

be interchanged in eq. (4.2).

The cumulative distribution for ion B to collide with a target

nucleus before traversing a path length s, is given by:

s
P(s) = 1 - exp(- ƒ N- ds) (4.3)

o

where s is measured along the actual path of B, N is the density

of the target material and -1 is the total (nuclear) scattering

cross section. Inserting eq. (4.3) in (4.2) gives

s

ƒ No ds' = - In " . (4.4)
n

So in the simulation process, first a random number ", is generated

and when the integral of eq. (4.4) reaches the value of -In •', a

scattering event is supposed to happen.

In DOPSIM the scattering theory of Lindhard (63) is used.

Since the total cross section for nuclear scattering as given by

eq. (1.61) diverges for small angles, it is divided in a small

angle part (n ) and a large angle part (<i ) . So oner n,small n,large
may write



sin(6 /2)
C m l n0 = 0 „ + a = -na 2 ü i i d x -

n n , s m a l l n , l a r g e J ?

o

c

na? [ ^i^- dx. ( 4 . 5 )
F, s in (6 ,/2-,

c , min

In DOPSIM the small angle nuclear scattering is treated separately

and in eq. (4.4) for a the equation for o laï.rio is inserted. The
cross section is then sampled to determine a scattering angle

e > e
c c,min

t: s i n ( 0 / 2 )

r c

f(x)/xdx
. sin(0 . /2)

£-<^i2 . (4.6)

f(x)/x2dx

sin(6 , 12)
c , rain

Together with a randomly chosen azimuthal angle, eq. (4.6) deter-

mines the scattering angle which is converted by the program to

the new angle between the velocity of B and the beam axis of the

particles a. The program assumes axial symmetry of the process so

there is no need to keep track of the azimuthal angle of the

velocity with respect to the beam.

From the scattering angle one may calculate the transferred

energy (eq. (1.9))and so the magnitude of the velocity of the ion

after the scattering event. Between two scattering events the

velocity of the ion is changed by the electronic stopping and the

small angle scattering. According to Lindhard v 6 3) the electronic

scattering is determined by eq. (1.68).

As discussed in chapter 1.3.3 the small angle scattering ma;,

be described by a normal distribution.

W(4>) 2n<i>diJ> = — e x p ( : : ^ - ) t d ( } i ( 4 . 7 )
a' V2o ? /

m m

where $ is the angle between the velocity at energy ri, and the

velocity after slowing down to energy i ?.
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In t h e s m a l l a n g l e a p p r o x i m a t i o n , cos <J> " 1 ~ i<t>? , and u s i n g

o2 << 1 one g e t s

<CO3 $-• ~ 1 - ir' ~ e x p ( - o ' ) . (4.8)
ui m

Combining eq. (4,8) with an expression for 'cos <)'• given by

Blaugrund (66) we find

'-1

, 2 - 2iï± \ (*L\
~~ — x i ( iin0^ = ̂ _ L ^- pf- .it- (4.9)2r J \6sJ 7 Ads/

' x 'n,smalL v 'tot

where r = nu/m? and G(r) is a function defined by Blaugrund. The

reduced stopping powers are defined by

\ds/ \ds/ Vds/tot n,small e

(see eq. (1.67) and eq. (1.68))

f s i n (0 . / 2 )
r min

= - f(x)dx + k• * . (4.IP)

0

Between two collisions the velocity of the ion is reduced by steps

of 0.01 of its current value. After such an energy step the time,

the projected path length in the direction of the beam axis and

the integrals (4.4) and (4.9) are updated. A small angle scatter-

ing is supposed to happen whenever f' becomes larger than 0.01
m

and also just before the occurrence of events such as large ancjle

deflection, crossing of a layer boundary or a gamma-ray emission.

The selection of some small angle $ occurs according to eqs.

(4.7) and (4.2) resulting in:

" X = < ln f ( 4' 1 1 a>

or in a small, angle approximation

cos * = 2f, m - 1 . (4. 1 1bl



This small angle correction, together with a randomly chosen azi-

muthal direction change is converted to a njw value of the angle

between the beam axis and the ion velocity.

The time At at which a gamma ray is emitted is given by the

cumulative distribution function 1 - exp(-At/r), where r is the

lifetime of the gamma-emitting level of the ion. Applying eq. (4.2)

to this distribution results in

At = -i In f (4.12)

for the lifetime of the level. To gain computer time DOPSIM also

has the possibility to let one ion emit several gamma rays. Effect-

ively this means that there are for instance 10 ions which follow

the same track but emit at 10 (different) times a gamma ray. If n

ions are left, then Lhe time at which the next gamma ray may be

expected to occur is given by:

At = In i . (4.13)
n

After an emission n is decreased by 1 and a new time is selected

by choosing a new value of ' .

For the emitted gamma ray three angles are chosen at random

for every detector angle, i.e. the azimuthal angle of the ion

velocity around the beam axis, and the polar and azimuthal anqle

of the gamma ray with respect to the detector a':is. Eventually the

angular distribution of the gamma ray is taken into account by a

weight factor which depends on the azimuthal angle of the gamma

ray with respect to the beam axis.

An ion path is simulated until the last gamma ray is emitted,

the ion is stopped (v • ° • 01vtnitia ] '
 o r u n t i l t b c i o n escapes in

vacuum. In the last two cases the remaining gamma rays are sup-

posed to be emitted at the final velocities.

To fit the experimental data, a separate program called

DOPFIT was developed. DOPFIT uses the output spectra of DOPSIM as

input files. These spectra are folded with the gamma-ray detector

response curves and then a non-linear least-squares fit is per-

formed. The free parameters are the peak position of the unshifted
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gamma ray, the height of the background and the height of the

spectrum. In fig. 4.3 an example is given of the output of DOPFIT.

4 . 2 . 2 . S C R E E N - C a l c u l a t i n g the i c a t t e i i n a f u n c t i o n c*, L i n d h a x d

The scattering function (fig. 1.7) used in DOPSIM is the poly-

nomal approximation of Currie (69) to the tabulated values of

Lin'lhard (69). This table was calculated by Lindhard according to

the method described in chapter 1.3.2. The only possibility of

DOPSIM to calculate the influence of the interatomic potential on

the DSA-spectruir. was to multiply eq. (1.64) and 1.68) by two

constants (called f and f ) thus varying the amplitudes of
N E

respectively the nuclear and electronic stopping.

We are, however, interested in the influence of the amplitude

and form of the interatomic screened Coulomb potentials such as

the models given by Thomas-Fermi, Lenz-Jensen and Molière.

For this reason a program called SCREEN was written. SCREEN

calculates the scattering function f(x) (eq. (1.64)) for any

screened Coulomb potential of the form of eq. (1.49). The screen-

ing function u(r/a) rray be given in a tabulated form or analytic-

ally. In the former case first an approximation by cubic splines
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to the given set of points is calculated. For this purpose the

subroutine ICSICU of the IMSL library is used. This subroutine is

used several times in the program and results in an approximation

for which the first and second derivatives may be calculated and

which may be integrated.

When the u(r/a) and u'(r/a) are known, SCREEN evaluates the

integrand of eq. (1.58) for several values of C between 0 and 40

and for 50 values of <f> with 0 £ $> < ir/2. For every value of d> the

integrand is approximated by a set of cubic splines and the inte-

gration between 0 and IT/2 is evaluated. Analogously the equations

(1.62), (1.63) and (1.64) are evaluated by generating tables and

approximating them by a set of cubic splines. The resulting scat-

tering function for the Thomas-Fermi screening function, as given

in tabulated form by Rijnierse (73) is given in fig. 4.4.

As may be seen from this figure the overall agreement is ex-

cellent. Comparing the tabulated values of Lindhard with the

results of our calculations shows, however, that SCREEN under-

estimates the scattering function by about one percent and a small

discontinuity in the first derivative is present for e sin (9 /2)

values around 3. As discussed in chapter 1 Lindhard's wide angle

approximation is expected to be accurate within 10%, so the

result of SCREEN may be regarded as sufficiently accurate.

Integration of the scattering function and dividing the

result by the reduced energy (e), results in the stopping power

(eq. (1.67)). The result is shown in fig. 4.5.
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In addition to the plots as given by figs. 4.4 and 4.5 the

program SCREEN also generates an output file with the scattering

function in tabulated form. This file may be read by a special

version of DOPSIM which is called DOPIMSL.

In DOPIMSL the polynomal approximation of Currie for the

scattering function is replaced by a subroutine which generates a

cubic spline approximation through the given set of points. Also

the other subroutines involving the scattering function, such as

the ones for calculation of eq. (4.7) and (the inverse of) eq.

(4.9) are replaced by routines that use cubic spline approxima-

tions .

DOPIMSL was tested for the Thomas-Fermi screeninq function

for two layers of 25 ug/cm* and 11 )jg/cm? ?7A1, respectively and

a beam energy of 1262 keV. The output proved to be the same (with-

in the statistical variations) for both versions of the program.

The computing time, for the IMSL version, for 2000 tracks and

10 if rays for each track, was 20 and 56 seconds, for the 11 and

25 pg/cm2 cases, respectively.

This means a doubling of computer time which is needed by

DOPSIM.
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CHAPTER 5 RESONANCE SHIFT MEASUREMENTS ON ENERGETIC PROTONS

PENETRATING THIN FOILS OF ALUMINIUM

5.0. INTRODUCTION
In the last decade several reviews of stopping powers and

ranges of energetic ionr penetrating through matter have been

published (see for example Northcliffe (70), Andersen (77), Janni

(82) and chapter 1). More recently, interest has grown in the

energy distributions of energetic ion beams penetrating thin foils

of matter. One of the reasons for this interest is the increase in

the use and application of the Rutherford back-scattering technique

for analysis of the composition of thin foils. For this technique

it is important to have accurate knowledge of these distributions

since the energy straggling is one of the factors which limit the

depth resolution (Langley, 78; Friedland, 79). A review of the

straggling in energy loss of protons and helium ions in the region

where the energy-loss distributions are Gaussian, has been publish-

ed by Besenbacher (89) . For the Transmission Doppler Shift Attenu-

ation experiments as described in chapter 2 we are interested in

the energy-loss patterns of 1.3 MeV protons penetrating through

foils of aluminium of up to 25 pg/cm'. In this region the energy-

loss distribution does not yet have a Gaussian form and generally

it is more appropriate to use a Landau (44), Vavilov (57) or

Shulek (67) distribution.

Experimental results are not known in this energy-loss region.

This is probably because of the severe demands that such measure-

ments make upon the energy resolution of the detector system and

the energy straggling of the ion beam used. In chapter 2 we de-

scribed the Resonance Shift method and the experimental set-up

which are used to determine these energy-loss patterns. In the

next sections we will first describe the nuclear reactions used

and next we will discuss the measurements and results.
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5.7. SOME (p,ï) RESONANCES IN 3"S AMP 'A*
As discussed in chapter 2 we need for the Resonance Shift

method a target material with the following properties:

(i) The total width of the resonance excited in the target should

be small compared to the average energy loss in the aluminium

layer covering the target, yet the resonance should be fairly

strong;

(ii) There may be no neighbou*.ag resonance that interferes with

the chosen one, either in the target or in the aluminium;

(iii) A material suitable for the production of targets that with-

stands prolonged proton bombardment should be available.

A reasonable compromise for these conditions proved to be the
3 ''S (p, y) 3 5C1 reaction at a reasonance energy of 1375.1 keV. Endt

and Van der Leun (78) give a value of 2.1eV for the strength of

this resonance. The results of the resonance absorption measure-

ments of Biesiot (81) indicate a total width for the resonance of

about 4 ev. In contrast with ZnS targets, target of Sb?S3 evapor-

ated onto a thin layer of carbon (10 yg/cm2) showed little deteri-

oration after prolonged proton-beam bombardment. The resonances

in the neighbourhood of a proton energy of 1375 keV for (p,>)

resonances in 3hS eind 27Al targets are given in table 5.1. In fig.

5.1 we show the most important features of the decay schemes of

Table 5.1. Resonances in ?7A1(p,T)"8Si (Endt, 78) and 3"S(p,y)3'cl

(Biesiot, 80), in the neighbourhood of 1375 keV proton

energy

E
P

(keV)

1364.1

1365.8

1375.1

1381 .6

1388.4

(2J + 1)1'

3"S

2.4

> Y t
2 7

5

0

29

23

ot ( S V )

Al

.9

.2

''tot
3"S

~ 4

(eV)

2'Al

250(30)

< 200

730(50)

860(50)
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7.709 MeV 12.9)8 MeV

x28 MeV

6.62 MeV

Figure 5.1. Simplified decay schemes of a) the
at E p = 1.375 MeV (Meyer, 76) and b) the
reaction at E = 1.3816 MeV (Meyer, 70).

P

Al(p,Y)

the 3I|S(p,Y) resonance and the nearest •>7Al(p,Y) resonance. From

fig. 5.1 it follows that the most energetic gamma rays of the
31*S(p,Y) and 27Al(p,y) reactions have energies of 7.7 and 11.1 MeV

respectively.

5.2. THE EXPERIMENTAL PROCEVURE
5.2.1. Tfie tqaipmunt

The experimental equipment was discussed in section 2.3. For

the Resonance Shift measurements two 102 mm thick by 102 mm dia-

meter Nal crystals are used for the detection of the gamma rays. A

Ge(Li) crystal was used for checking the composition of the targets

by observing the details of the gamma-ray spectra.

5.2.2. The dttnomination o< the po&itionb o{ the aluminium

As shown in fig. 3.6 the targets for the Resonance Shift

measurements consist of a supporting layer of 10 ug/cm? carbon on

4 S 6
POSITION Imm)

8 10

Figure 5.2. Position-dependent yield curve. Proton-beam energy
1.3816 MeV; 4, 10 and 15 Ug/cm2 aluminium evaporated
onto 11 Ug/cm2 Sb?S3.
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which a layer of 10 yg/cm"1 Sb2S3 is evaporated. Three islands of

aluminium are evaporated onto the Sb7S3 layer.

As discussed earlier it is possible to move the target in the

vertical direction over a distance of about 9 mm. At the beginning

of each experiment, the positions of the aluminium islands are

determined first by bombarding the target with a proton beam of

1.381 MeV and measuring the yield, as a function of the target

position of 11 MeV gamma rays from the ?7Al(p,Y) reaction (see

fig. 5.2).

5.2.3. Vzictiption o{ the measuie.me.nt ctjcte.

After the measuring positions have been determined the proton

beam energy is lowered to the resonance energy (1.375 MeV) of the
31"S(p,7) reaction. A measuring cycle starts by determining the

resonance yield curve of the uncovered Sb?S3 layer (position I in

fig. 5.2) . Such a yield curve consists of 90 measured points over

a proton energy range of 5 keV. As discussed before the beam

energy is changed by varying the potential of the target. The beam

current during the experiments was about 0.7 pA. Subsequently

yield curves were measured at each of the islands. Generally four

cycles of four yield curves each were executed for one target

during a total time of about 20 hours.

The Nal spectrum of each detector was stored on magnetic tape

after each point of the resonance yield curve. This enabled replay-

ing the experiment afterwards to check, for example, the detector

calibration and stability. The resonance yield curves for each

position were stored separately and also added to the result of

the preceding cycles. This made it possible to check the energy of

the proton beam afterwards.

During the measurements the beam energy was rhecked by quickly

measuring a resonance curve before the start of the long measure-

ment and by comparing the position of this yield curve to the

position of the summed yield curves of the preceding cycle. The

beam energy varied more than 50 eV only a few times during the

total measuring time of 20 hours. In these cases the beam energy

was corrected.

Finally, for each position a r7Al(p,>) resonance yield curve

92



for a beam energy of 1.26 2 MeV was measured. As will be shown in

section 5.5 the results of these measurements are used to check

the consistency of the computer programs employed in the analysis.

S.2.4. Collection o <J the te ionance. cu tve.J

For the determination of the 1'*S(p,y) resonance yield curve

I IT m

500

500

500

27AI

500

500-

500-

f-*WJVSPA"-VVUI<M

250

fk/r

_L

Figure 5.3.

0 50 0 50 0 50
Eb_E,e5 (Channels=50eV/CH)

Yield curve fo r the : ! ' 's(p,Y) resonance a t 1.375 MeV
proton energy . I . 5.3 Mg/cm? ZnS, uncovered. I I . idem
covered wi th 2 |Jg/craz •>7A1. I I I . idem covered with
8 ug/cm? ? 7 A 1 .
A. Yield for 8-12 MeV gamma r a y s .
B. Idem for 6-8 KeV gamma r a y s .
C. Correct-ed y i e l d c u r v e s .
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the gamma rays of the Nal detector in the energy range between

6-8 MeV are summed. Simultaneously the yield in the energy ranqj

from 8.5 to 12 MeV is recorded. The resulting yield curves for

one cycle are shown in fig. 5.3 for a 5.3 ug/cm7 ZnS target with

islands of 2 and 8 ug/cm2 '7A1.

From this figure it is clear that the ?7A1 layer may not be

considered free of resonances and that the yield in the low energy

window must be corrected for the yield of the 27Al(p,y) reaction.

This is done by measuring the ratio between the contents of the

low and high energy windows at a proton energy of 1.3816 MeV. In

this case this factor proved to be about 0.35. The corrected yield

curve (C) is obtained by multiplying the yield in the high energy

window (A) by this factor and subtracting the result from the

yield in the low energy window (B). This correction should be done

separately for each Nal detector and each measuring cycle.

5.3. EXPERIMENTAL RESULTS

Measurements were performed on three different targets which

are described in table 5.2.

Table 5.2. Properties of the Resonance Shift

targets (errors in all thicknesses

are about 0.7 ug/cm?).

Nr.

I

2

3

Carbon

(pg/cm?)

10

10

10

Sbp^S,

fug/cm'")

8

11

1 1

2

4

6

?7A1

(ug/cm?

8

10

1 2

)

18

15

14

The procedure of the target preparation is described in

chapter 3. In fig. 5.4 the experimental results are given for the

three different targets (from left to right, nr. 1, 2 and 3). Ine

abscissae represent the energy of the proton beam relative to the

resonance energy of the 31|S(p,Y) reaction (1.375 MeV). The ordi-

nates represent the total yield, corrected as described in the

previous section. The three uppermost pictures show the resonance
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Eg-E,,.., (keV)

Figure 5.4. Resonance Shift measurements for three targets of Sb?S3

(horizontal) and three layers of r7Al for each target.
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measurements of the Sb?S? target spots, which are not covered by

aluminium. The solid lines represent the results of the fits to

the experimental results by the program RESFIT, as will be de-

scribed further on in this section. The curves show that the reso-

lution (FWHM) of the method is about 250-300 eV. This is extremely

good compared to solid-state detectors which have an energy reso-

lution of the order of 10 keV.

To get an idea of the form of the energy-loss distri-butions

4500

3000 -

1500 -

4500

3000

1500

oj
4000

3000

2 000

1000 -

1

- 7 \
r \

- j* % \

+

X

-

'S

8 | i g / cm ?

YIELD of Sb, S, 2 M-g/cm'

SAME AFTER TRAVERSING ' A l

DECONVOLUTION

Sb,
• ' "A

s,

•

ug 'I

8 U g /C r

SD S

"b S

Al

--0.B 0.0 0.8 1.6 2.4 3.2

. E . I keV)

4.0

Figure ri.r->. R e s u l t s of deconvolut ion of the Resonance Sh i f t
measurements ( s o l u ' l i n e s ) .
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the measurements on the covered r.pots were analysed by means of

the deconvolution program DECON (see chapter 4). The results of

these deconvolutions are shown in fig. 5.5 by the solid lines.

From these deconvolution results it was found that the shapes of

the energy-loss functions may be approximated by the convolution

of a Gauss function with an exponential function as given by:

W(x) = A I f(x - x')g<x')dx' E > 0 (5.1a)

W(x) = 0 E < 0 (5.1b)

where

x = <EM - E)/'

f(x) = (v exp(-Vx)V •

f(x) = 0 x > 0
g(x) = fexp{-xr /2))/.-:\/2¥ x < 0 .

\ J

This functional form for the energy-loss distribution has no func-

tion in the theory but is merely used to simplify the analysis.

The function W(x) is determined by the four parameters E , ;-,

V and the normalisation constant A. The relations of the first

three of these with the average energy loss AE , the standard

deviation of the distribution and the skewness I' may be cal-
P P

culated analytically if eq. (5.1a) is also valid for negative

values of E. This may be used as an approximation if the value of

the function W(x) is negligibly small at x = 0. The analytical

results are:

AE = E + 77 (5.2a)
p ( . V

•:? = op + (±\ (5.2b)
P \V/

and v
:• i I?

(5.2c)

Therefore equation (5.1) is determined by only three parameters,

AE , '.v and ;' , in case of a negligible probability of zero
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energy loss.

In the rest of the analysis we did not use the results of

DECON. Instead, we used the program RESFIT to fit the measurements

on the covered target spots, using the curves of the uncovered

spots as input and W(x) as the energy-loss distribution of the

aluminium (W of eq. (4.1)) . At first the fits were done with AE ,

Q2 and I' as free parameters for each layer. The results are in-

distinguishable from the solid lines of fig. 5.4. They show that

the results for target number 3 are significantly worse relative

to the other targets in the energy loss region of more than 3 keV.

These deviations are probably caused by an error in the correct-

tions for the contributions from the 27Al(p,y) reaction. Because

of an error during the experiments these corrections could only

be made for the total sum spectra of the Nal detector. Also the

15 pg/cm' layer of target number 2 results in a relatively bad

fit. This is probably caused by the melting of the tungsten wire

during the evaporation which apparently resulted in a different

structure of the layer.

That is why this layer and those of target number 3 were not

used for the simultaneous fit by the program RESFRO to determine

the relation between the average energy lo••••, parameter AE and

the variance Q7 and skewness F .
P P

However, the results would not have changed significantly if

the layers of target number 3 had been taken into account. Tor

this simultaneous fit by the program RESFRO we assumed the follow-

ing relations between the free parameters:

<5.3a)

I' = b + cAE . (5.3b)
P P

Equation (5.3a) is similar to the Bohr equation (eq. (1.34)) and

for a negative value of c eq. (5.1) will become a normal distribu-

tion for some values of AE . The simultaneous fit resulted in the
P

following values for a, b and c:

',l' = 0.55(11)31 (5.4a)
P P
I' = 1.72(17) - 0.22(93)AE . (5.4b)
P P
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Table 5.3. The fitting results of the Resonance Shift measurements. (The subscript p in-

dicates the value of the parameter according to eq. (5.2).)

Target

nr.

1

2

3

1

2

3

3

2

1

"Al thickness

(pg/cm'

Preparation

2

4

6

8

10

1 2

14

15

18

.0(7)

.0(7)

.0(7)

.0(7)

.0(7)

.0(7)

.0(7)

.0(7)

.0(7)

)

Measurements

2.

4.

6.

8.

10.

12.

14 .

15.

18.

1

1

2

3

4

4

5

5

6

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(?)

(7)

Average E

0

0

1

1

1

1

2

1

2

(keV)

AË~
p

.279(6)

.889(8)

.082 (10)

.409 (10)

.849 (10)

.843(14)

.294(17)

.927 (19)

.914(20)

loss

AË

0.

0.

1 .

1 .

1 .

1 .

2.

1 .

2.

396

914

095

413

850

844

294

927

91 2

0

0

0

0

1

1

1

1

1

Variance

(keV)

P

. 154

.489

.595

.775

.017

.014

.262

.060

.603

0

0

0

0

1

1

1

1

1

2

--> 2

.140

.476

.586

.771

.015

.01 1

.257

.058

.583

Skewness

r
p

1 .71

1 .70

1 .70

1 .69

1 .68

1 .68

1 .67

1 .68

1 .66

r

1 .96

1 .78

1 .74

1.70

1 .67

1 .67

1 .64

1 .67

1 .59

3.6

3.5

9 .2

3.0

2.7

13.4

14 .9

8.2

3.6



The normalised \? with 410 degrees of freedom was 3.3. The numbers

between brackets in eq. (5.4) indicate the estimated errors in the

last two digits of the fitted parameters. In fig. 5.4 the solid

lines represent the results of the simultaneous fit and the re-

sults of RESFIT using eq. (5.1) and eq. (5.4). As stated before,

these results are very similar to the results for eq. (5.1) with

II2 and !' as free parameters (see als figs. 5.8 and 5.9).
P P

So far we have not discussed the parameter A of eq. (5.1) .

For values of AEp larger than 1.0 keV this parameter approaches

unity since for larger energy losses the influence of the cut-off

in eq. (5.1) vanishes. For smaller values of the average energy

loss two alternatives were investigated to normalize the energy-

loss function. Firstly we considered the negative part of the

energy-loss function as that fraction of the beam which passes

trough the layer without energy loss. This amounts to adding a

delta function at E = 0 to eq. (5.1). The second alternative was

to adjust the factor A to normalize the energy-loss function. This

second alternative proved to result in significantly better fit-

ting results. Probably this is caused by the smoother transition

of the distribution function for thick to thin layers resulting

from this method of renormalization.
In table 5.3 the resulting values of AE , .!' , and I' of all

P P P
measurements are given. These are the values obtained using the

approximation of eq. (5.2). The corresponding true values of the

average energy loss (AE), variance ('") and skewness (!) are also

given. These are calculated numerically from the corresponding

distributions according to eqs. (5.1) and (5.4). The difference

between the "preparation thicknesses" and "measurement thicknes-

ses" are caused by the angle of 15° between the proton beam and

the foil surface (fig. 2.8).

b.4. V1SCUSS1QN Of THL RESULTS OF TH{ R(_S0NANn SHUJ_ M [ ASURf M! NfTS

5.4.1. Tlw itopputu, pea'("I

In fig. 5.6 the crosses indicate the numerically calculated

energy-loss values (AE) of table 5.2. The error bars give the pre-

sumed uncertainties in the thicknesses of the aluminium layers

(0.7 |ig/cmr). The solid line represents a straight line through
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( l o)

ƒ

Figure 5.6. Average energy losses for several layer thicknesses.
X: average energy loss resulting from Resonance Shift
measurements (see table 5.3), o: thickness from f i t of
Resonance yield measurements at 1262 keV proton energy
(see table 5.4), solid l ine: f i t to x. The numbers re-
fer to the preparation thickness of the aluminium.

a l l points except the point for the 15 ug/cm*1 layer (indicated

between brackets). The result of this f i t i s :

d = 6.79(38)AE - 1.24(68) ( 5 . 5 a )

= 0 .147 ( 9 ) d + 0 . 18 (11) keV ( 5 . 5 b )

The stopping power according to eq. (5.5b) (147(9) eV/Mgcm ')

agrees rather well with the value of Anderson (77) and Janni (82)

who give a value of 141 (2) eV/(jgcin~r for 1375 keV protons in alu-

minium.

The additional energy loss of 0.18 keV corresponds to 1 iig/cnr

oxygen or carbon. In chapter 3 we presumed the carbon to originate

from the formvar deposition layer. Since no formwar was used

during the preparation of the Resonance Shift targets the additio-

nal energy loss can only be caused by oxygen on the aluminium

layers. We will come back on this subject in section 5.5.
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5.J.2. Vaiiance and I I J M M M J U { the d< ifiibut <on&

As discussed in chapter 1, generally the theories of Landau

(44), Vavilov (57) or Shulek (67) are used to describe the energy-

loss patterns for thin layers. A computer program called STRAGLE,

which calculates these distributions, has been written by Clarkson

(71). In fig. 5.7 the results of RESFIT in combination with the

results of STRAGLE are shown. The left-hand side of the figure

shows the results for the theory of Vavilov. For our proton

energy (1375 keV) and thicknesses of the aluminium layers (2-

18 ug/cm2) the value K (eq.(1.37)) varies from 0.02 to 0.15. This

is just the region where the Vavilov distribution begins to devi-

ate from the Landau distribution (K - 0.01) . Jarmie (78)

compared the results of the convolution method of Bichsel (75)

with the results of Vavilov and concluded that the Vavilov method

should only be used for

f- i h (5-6>
where i, (eq. (1.37)) is a measure of the mean energy loss and I

is the K-shell ionisation potential (~ 1.56 keV for aluminium).

The resulting minimum aluminium thickness for 1375 keV protons is

about 10 ug/cm'. The left-hand side of fig. 5.7 shows, however,

that also for smaller thicknesses the theory of Vavilov results

in reasonable fits. The resulting normalized x' is 6.4 which is

only a factor 2 more than the fits with the function W(x) of eq.

(5.1).

The right-hand side of figure 5.7 shows that the theory of

Shulek results in considerable worse fits. Apparently the distant

collision correction is overestimated by the theory of Shulek. The

bumps at the low energy side of the fits are caused by the protons

that pass -̂he layer without any collision (e.g. 10% for a 5 ug/cm?

layer). STRAGLE calculates this fraction by integrating the

energy-loss fraction over the negative energy-loss part. Obviously

this fraction is overestimated by the theory of Shulek.

Concluding, one may state that these measurements confirm the

recommendation of Jarmie (78) that, if the program STRAGLE is to

be used, the correction of Shulek should be removed. Comparison of
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Figure 5.7 Resonance Shift measureraents fitted with energy loss
patterns of Shulek (right side) and Vavilov (left side).
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the measurements with the convolution results of Bichsel (75) is

not relevant since he calculated the energy-loss distribution of

20 MeV protons. Figure 1.5c and 1.5d show, however, that for >

values from 0.02 to 0.18, his results are very similar to the

results of Vavilov.

Finally the variance and skewness of the different theories

are compared with the results of the measurements in fig. 5.8 and

5.9. In these figures ths numerically calculated values of the

normalized variance and skewness are given as functions of average

energy loss. Figure 5.8 shows that the (normalized) values of the

variance calculated by the theories of Bohr and Vavilov agree

within the error bars with the measured value. The sharp increase

at low AE values of the variance of the Vavilov distribution is

probably caused by inadequacy of the program STRAGLE, since for
0.701 1 1 1 1 1

0 1 2 3

AÊ [keVl
Figure 5.8. Normalised variance as function of average energy loss

of 1375 keV protons in ' Al according to theories of
Vavilov (57), Bohr (15), Shulek (67) and experimental
values. The solid line represents the result of the
simultaneous fit according to eq. (r).<l). The points
with error bars indicate the results of the individual
fits with AEp, 'i'p and !'p as free parameters. The
numbers refer to the preparation thicknesses of the
aluminium.
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Figure 5.9. Skevmess as function of average energy loss of 1375 keV
protons in ?7A1 according to the theories of Bohr (15),
Vavilov (57), Shulek (67) and experimental values. The
solid line represents the resul t of the simultaneous
f i t according to eq. (5.4). The points with error bars
indicate the resul ts of the individual f i t s vith AE ,
>i' and r as free parameters. The numbers refer to the
preparation thicknesses of the aluminium.

small values of K the Vavilov distribution should pass gradually

into the Landau distribution.

With r: =;pect to the value of the variance for the theory of

Bohr, i t should be remarked that we used the literature value for

the stopping power (141 eVcm?/|jg). If the measured value was taken

(147 eVcm?/ug), the difference between the variances of Vavilov

and Bohr would almost vanish. Figure 5.8 shows also that the

theory of Shulek strongly overestimates the variance of the

energy distribution.

In fig. 5.9 the skewnesses of the three theories are shown.

Bohr only considers symmetric Gaussian distributions which are

clearly a bad description of the energy-loss distributions under

consideration. Just as in the case of the variance, the theory

of Vavilov results in a better estimate of the skewness than

Shulek's theory.

In conclusion one may state that the simple Bohr formula
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(eq. (1.34)) yields in the given region of K in rather accurate

results for the variance of the energy-distribution function. If

the actual distribution function is needed one may use the program

STRAGLE with the correction of Shulek set to zero. The best ap-

proximation of the energy-loss distribution will result from Reso-

nance Shift measurements. These results also account for the

structure and contamination of the samples studied. Our results

also indicate that the Vavilov energy-loss distribution may be

approximated by an analytical function of the form of equation

(5.1).

5.5. CONSTRUCTION AMP FITTING OF RESONANCE CURVES

In chapter 4 the programs RESCUR and RESFIT have been de-

scribed. These program calculate and fit resonance curves from

known energy-loss distributions. The energy-loss distributions as

described by eqs. (5.1) and (5.4), are shown in fig. 5.10 for some

values of the average energy loss AÏÏ.

As discussed in section 5.2.3 a resonance yield curve for the

1262 keV resonance of the 27Al(p,y) reaction was measured for

each aluminium layer. In fig. 5.11 the results of these measure-

ments are represented by the crosses with error bars. First we

fitted these experimental results with the program RESFIT and the

energy-loss distributions described above, integrated over the

aluminium layer. These fits resulted in a relatively low yield of
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Figure 5.10. Energy-loss functions for 1375 keV protons in 2 7Al.
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Figure 5.11. Resonance yield curves for targets of table 5.2. Solid
line is result of RESFIT for 50% yield for the first
300 eV energy loss (see table 5.4).

the 4 and 6 yg/cm2 layers if compared to the two other layers of

target numbers 2 and 3 (see table 5.4). In addition the 18 ug/cm2

layer fit showed a Lewis peak (Lewis, 62) which was not confirmed

by the measurements. These effects were interpreted as results of

the contamination of the front layer. So we repeated the fit as-

suming a 50% yield for the first 200, 300 and 400 eV. The results

for the first two cases proved to be more consistent with the

relative yields.

We also compared the resulting layer thicknesses (E , expres-

sed in keV and corrected for the stopping power difference E' =
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Table 5.4. The fitting results of the Resonance measurements (E , E' and AE

see text, ab = width of proton beam, r = total width of

resonance level, x2 = normalized chi-squared).

Target

nr.

1

2

3

1

2

3

3

2

1

Preparation

thickness

(ug/cnr)

2.0(7)

4.0(7)

6.0(7)

8.0(7)

10.0(7)

12.0(7)

14.0(7)

15.0(7)

18.0(7)

E r

(keV)

0.39(7)

0.84(3)

1 .02(3)

1 .46(5)

1.84(3)

1.85(3)

2.36(3)

2.19(4)

3.17(5)

RESFIT

(keV)

0.115(17)

0.101(11)

0.104(10)

0.074(18)

0.093(9)

0.117(10)

0.112(11)

0.087 (14)

0.086(18)

RESULTS

rtot
(keV)

0

0

0

0

0

0

0

0

0

100

100

100

100

100

.100

. 1 00

. 100

.1 00

Relative

yield

0

0

0

0

0

0

0

0

0

.093(20)

.067(3)

.136 (6)

.035(1)

.064(1)

.188(3)

.189(3)

.059(1)
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1 .

1 .

1 .

1 .

0.

1 .

2.

1

0.

5

2

6

0

8

4

0

0

Q

E' -
r

IE
(%)

-1 .

-8.

-6.

-2.

-0.

0.

2.

13.

8.

AE

5

1

8

ü

5

3

9

6

8



6000 -
Q

LU

4000 -

2000 -

RESONANCE CURVE Al

Gb =0.100 keV r= 0.100 keV

— E, =2.0 keV 100°/. YIELO
- - E , =2.0 keV lust Q.300 keV-50°/. YIELD

Figure 5.12. Resonance yield curve for a clean (-
ted ( ) aluminium target.

-) and contamina-

te. 95 E ) with the results of the Resonance Shift measurements (see
r

table 5.4). The assumption of the 50% yield for the first 300 eV

proved to be the most consistent and the resulting fits are shown

in fig. 5.11 as solid lines. The corresponding parameters are

given in table 5.4. From this table it also follows that the rela-

tive yields are constant for all layers of one target, except for

the 2 Mg/cm2 layer of target 1. If one assumes the same proton-

beam width (o ) of 80 eV for the 2, 8 and 18 ug/cm2 layers, the

discrepancy for target 1 decreases from a factor 2.7 to a factor

2.2. This is still considerable. We do not know the reason for

this discrepancy which can only be explained if the 2 ug/crrr alu-

minium layer was not oxidized at all. However, that is not very

likely.

The corrected thicknesses (E') are indicated by open circles

in fig. 5.6. From table 5.4 it follows that the average thickness

difference is -1% (15 ug/cnr not included) with a standard devia-

tion of 5%, which proves the consistency of the calculations.

To illustrate the sensitivity of the Lewis peak (Lewis, 62)

to contaminations, fig. 5.12 shows the difference for a clean

target and a target with a contamination equivalent to 150 eV

(or 0.8 Mg/cm?) oxygen on the front side.
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5.6. CONCLUSIONS

From the discussion of section 5.3 it follows that the Reso-

nance Shift method proves to be a valuable tool, with a resolution

of 300 eV or better, for measuring the energy-loss patterns of

very thin layers. The resulting energy-loss distributions are

rather well described by the theory of Vavilov (57). The theory

of Shulek (67) overestimates the fraction of the proton beam wj th

no energy loss. This results in an overestimation of the variance

of the energy-loss distribution. The measured energy-loss distri-

bution is rather well described by a Gaussian distribution con-

voluted with an exponential function at the high energy-loss side.

The variance of this distribution proved to be proportional to

the average energy loss and the skewness slightly decreases with

increasing average energy loss. The function W(x) (eqs. (5.1) and

(5.4)) is a simple analytical representation of the energy-loss

distribution with only the average energy loss as a free parameter.

From section 5.5 it follows that the contamination of the

layers hampers the interpretation of the results of the Resonance

Shift measurements. Nevertheless the energy-loss distributions

W(x) of equations (5.1) and (5.4) prove to be a good basis to cal-

culate the resonance curves of fig. 5.11. The results of the fit-

ting procedure of the resonance curves are consistent with the

results of the Resonance Shift measurements. As will be shown in

the next chapter this creates the possibility to calculate the

resonance yield as a function of depth in the layer and energy of

the proton beam. This information is needed for the interpretation

of the TDSA measurement decribed in chapter 2.
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CHAPTER 6 TRANSMISSION DOPPLER SHIFT ATTENUATION IEASUREMENTS

ON 27AL FOILS

6.0. 1NTR0VUCT10N

The Transmission Doppler Shift Attenuation (TDSA) method and

the application of this method to the 1262 keV resonance of the
27Al(p,y) reaction have been described in chapter 2. In this

section we discuss first angular distribution measurements of the

gamma rays emitted by the 1262 keV resonance of the 27Al(p,y)

reaction. Next, details of the TDSA measurements on four different

targets are given. These experimental results are compared to the

results of the Monte Carlo calculations of the program DOPSIM, and

finally we discuss the suitability of the method for the purpose

of determining the properties of interatomic potentials.

6.1. ANGULAR VISTRIBUT10N MEASUREMENTS AT THE 1262 feel/ RESONANCE

IN THE 27Al{p,y)2eS-L REACTION

In chapter 4 we discussed the influence on the Doppler pat-

terns of the angular distributions of the 59 25 keV primary gamma

ray and of the 6878 keV gamma ray of the level studied. In order

to be able to calculate this influence we made angular distribu-

tion measurements.

The experimental set-up was as shown in fig. 2.7. Gamma-ray

spectra were measured with a Ge(Li) detector at angles of 0°, 30°,

60° and 90° with respect to the proton beam. Apart from the two

gamma rays of the 12803-6878-0 cascade, we also determined the

angular distributions of the 11024 and the 8186 keV gamma rays

from the resonance level. A simplified decay scheme is given in

fig. 6.1.

The angular distributions were corrected for eccentricity of

the target spot by means of the isotropic gamma rays from the E =

620 keV resonance in the 30Si(p,Y)31P reaction. The resulting

angular distributions are given in table 6.1 in the form of a fit

to even Legendre polynominals. From these coefficients it follows
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keV

6878 keV
4617 keV
1779 keV

O keV

11024 8186 5925 keV
<3,4+

±3 keV

Figure 6.1. Simplified decay scheme of 1262 keV resonance of
Al(p,y)' Si reaction (spin assignments - J11 -

according to Endt, 78).

Table 6.1. Experimental angular distribution

(the uncertainty in the last two

digits is indicated between brackets)

(keV)

1 1024

8186

5925

6878

0.

0.

-0.

-0.

Legendre

2

523(21)

031 (38)

455(16)

549(22)

polynominal

-0

-0

0

0

4

031(20)

004(46)

060(18)

057(29)

coefficients

6

0.011(38)

-

-

-0.005(40)

that the intensity at 90° is 2.0 and 2.6 times as high as in the

forward direction for the 5925 and 6878 keV gamma rays respective-

ly-

The angular distributions follow from the spins of the levels,

multipolarity of the gamma-ray transitions, and population

parameters of the sublevels of the resonant state. In the litera-

ture some doubt exists as to the spin of the resonance level.

Nordhagen (63) investigated the 1262 keV resonance by means of

angular correlations and angular distributions and claimed a

unique J = 3 assignment to the resonant state. However, in the

survey by Endt and Van der Leun (78) this spin is indicated as
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Table 6.2. Results of our analysis of the angular distributions as compared to the results

of Nordhagen (63) - see last row.

J

4

3

3

3

3

2

3

X
2

150

2

1

2

1

1

0

1 3

91

14

91

88

. 1

0

2

0

2

1

0

Mixing ratios for E

11024

J ->

- 156

.33

.161

.33

.50

.16

2 +

(29)

(16)

(27)

(16)

(46)

( 3)

8186

J^4 +

0.076(38)

0.077 (39)

5.2 (1.3)

5.3 (1.1)

-0.19( 4)

-Nordhagen

592

J •+

-0.

-0.

-0.

-0.

0.

in keV

5

3~

088(46)

097 (42)

096 (46)

10 ( 4)

71 ( 7)

(63)-

6878

3~ -* 0

0.

0.

0.

0.

0.

0

0.06

0.008

0.017

0.008

0.02

-0.02

Population numbers

(17)

(11)

(68)

(11)

( 4)

( 4)

0

0

0

0

0

0

1

082

06 2

066

062

083

19

(74)

(17)

(34)

(17)

(55)

(11)

0

0

0

0

0

0

2

.18

.31

.29

.31

.896

.17

(m )

(42)

( 2)

(17)

( 2)

(19)

(14)

0

0

0

0

0

0

3

.68

.62

.63

.62

•

.66

18)

1)

7)

1)

8)



We analysed our measurements using the analysis program VDG1B

by P.J.M. Smulders, for assumed spins of 2, 3 and 4, and vnixing

ratios from -°° to +3.75, except in the case of the 4 ->• 2 transi-

tion where we limited ourselves to the range -0.36 to +0.36. For

spin J = 4 no solution is possible. For spin J = 3 the possible

solutions corresponding to minima ir. x? a r e given in table 6.2,

together with a possible solution for the J = 2 assumption. The

most probable of all these possibilities is J = 3 with negligible

mixing ratios for the 3 •+ 4+ (8186 keV) and 3 -+ 3~ (5925 keV)

transitions. This solution is also the one found by Nordhagen who

was able to exclude the other possibilities on the basis of coin-

cident angular correlations. The face that Nordhagen used an in-

correct J = 2 assumption for the 6878 keV level has no influence

on these results.

The mixing ratio of the 11024 keV transition and the popula-

tion numbers as given by Nordhagen are in good agreement with our

first solution for x? = 2.3. The possibility of J = 4 for the

resonance was not considered by Nordhagen but is excluded rigorous-

ly by our results. Hence we conclude that the J = 3 assignment by

Nordhagen was indeed correct. Evidence for a negative parity

assignment is the fact that the population parameters agree with

pure p-wave formation from a 3 channel spin, and from the fact

that the level decays by a particles to the 0 ground state of
2<1Mg (see Nordhagen (63) and Endt (78)).

6.2. THE EXPERIMENTAL PKOCEVURE

6.2.1. The equipment

The experimental equipment has been discussed extensively in

section 2.3. For the TDSA measurements we used two Ge(Li) detec-

tors of 95 cm3 and 115 cm3 at 0° and 90° relative to the beam axis

respectively. A Nal detector was placed opposite the latter to

measure resonance yield curves.

6.Z.I. Vi'.iCiiption ofi the me.aiuie.mQnt cycie

Each TDSA measurement was preceded and followed by a calibra-

tion of the energy resolution of the Ge(Li) detectors as a function

of gamma-ray energy. This calibration was done with the gamma rays
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of the capture reaction Ti(n,y) for thermal neutrons. The neutron

source was a 500 mCi ?1(1 Am/Be source which emits neutrons with

energies up to 10 MeV. This neutron source was placed in a cube

with an edge of 0.24 m filled with water, which should be suf-

ficient to thermalise the neutrons (Holland, /8). During the cali-

bration measurements the water cube was positioned between the two

Ge(Li) detectors beneath the scattering chamber. A Ti plate of

10 mm thickness was placed in the water near the detectors. The

detectors were screened from the primary gamma-ray emission of the

neutron source by a brick of lead of 50 mm thickness in front of

the source.

The count rate during this calibration was close to the count

rate during the TDSA measurements. A calibration run lasted in

general two to three hours resulting in 1 500-2000 pulses in the

peaks of interest.

During the TDSA measurements the proton-beam energy was kept

at a constant value, about 4 k&V above the resonance energy of

1262 keV. The actual bombarding energy was adjusted by a variable

retarding potential on the target (see chapter 2). Thus adjust-

ments of beam optics and beam steering were avoided. The beam cur-

rent used was about 1 pA and varied during the measurements

between 0.7 and 1.5 yA. Each TDSA measurement lasted for about one

hour and was preceded by a quick resonance yield curve measurement

with the Nal detector to check the energy of the proton beam. The

gamma-ray spectra of the Ge(Li) detectors resulting from each TDSA

measurement and the resonance curve were stored on magnetic tape.

After a measuring cycle of 5 points, the total cycle was repeated.

Afterwards we reviewed the experiment on the computer. The

resonance curves were added and the position of the sum curve was

determined for each cycle of 5 measured points. If this position

had not shifted by more than 50 eV with respect to the position of

the sum of all yield curves, then the 10 Ge(Li) gamma-ray spectra

were accepted and added for each bombarding energy and angle sepa-

rately. Normally 75% of the about 80 cycles which were measured in

about 3.5 days proved to be within this region of 100 eV. This

implies a long-term stability of better than 1:(2* 1011) of the

current supply of the deflection magnet. It also proves that no
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significant build-up of contaminants took place during the experi-

ments .

6•3• tXPERlMENTAL RESULTS

6.3.1. The calibration mcatuxvmenti

For the analysis of the TDSA measurements th? line shape of

the gamma-ray detector is extremely important. That is why each

measurement was preceded and followed by a calibration measurement.

For this calibration we used the 6413 and 6753 keV gamma rays

of the ''̂ Ti (n,ï ) reaction (Bartholomew, 67). A pulse generator

with a specified drift of 5 ppm/°C was used to stabilise the

energy calibration (see also chapter 2) and to determine the

electronic noise contribution to the detector-line width.

In all cases the line shapes of the detector proved to be

described well by a normal distribution. For each calibration

spectrum we determined the widths (FWHM) of the pulser line and

of the 6413 keV and 6753 keV gamma lines. Next these widths were

fitted to the relation:

(FWHM) :' = A + A] . E (6.1)
o y

For the pulser line we assumed E = 0 keV. A similar assumption

was made by Bilger (67) in his study for the Fano factor in germa-

nium. In this procedure the results for the calibration spectra

taken before and after the TDSA measurements were fitted simulta-

neously. The resulting FWHM for 0° and 90° detector systems were

typically respectively 8.9 and 5.5 keV at E = 6878 keV. The dif-

ference proved to be caused mainly by the main amplifier which was

replaced in the last measurement, reducing the FWHM from 8.9 to

5.5 keV. The energy calibration of each system was deduced from the

full energy, single escape and double escape peaks of the gamma-

ray transitions. Values used for the 0° and 90° detector systems

were 2 and 1 keV/channel respectively.

6.3.2. Tin' teioHcuici.' ijii'Cd cuU'i' me a ia 1 urnen t S

The resonance curves measured between the TDSA measurements

not only served as a criterion for acceptance of each measurement
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but also to determine the difference between the proton energy and

the resonance energy, and to determine the target thickness, need-

ed for the calculation of the differential yield as a function of

depth within the target for each of the bombarding energies used

in the TDSA measurements. For this purpose the summed yield curves

were fitted with the program RESFIT (see chapter 4) in order to

determine the yield of the reaction as a function of bombarding

energy and position in the target.

Starting point for the RESFIT analysis were the energy-loss

functions determined by the Resonance Shift measurements (see

chapter 5) and the target characteristics determined by the

Rutherford backscattering measurements discussed in chapter 3.

From these last measurements we concluded in section 3.2.3 that

both surfaces of the self-supporting '7A1 foils were contaminated

by 0.4-0.6 |jg/cnr oxygen. The most probable sources of this oxygen

are incorporation and chemisorption of oxygen, and chemisorption

and adsorption of water. This means that near the front and back

surfaces of the foils the yield of the reaction will be relatively

low. In the analysis this appeared from an improvement of the fits

when the yield was reduced to 50% for the first and last 200 eV of

energy loss of the protons. Since the stopping power of the oxygen

in this energy region is about 181 eV cnr/ug (Andersen, 77) this

corresponds to 0.55 ug/cm2 oxygen. Apart from oxygen also carbon

proved to be present at the front side of the targets. This con-

tamination only contributes to the energy straggling of the proton

beam that enters the foil. In the fitting procedure the energy

loss due to the contamination was a free parameter. The results

of the fits are shown in fig. 6.2a and table 6.3. In the table is

also given the result for the standard deviation a of the proton

beam energy distribution (including the effect of thermal motion

of the target nuclei). The values, of about 100 eV, do not deviate

significantly from the results of the Resonance Shift measurements

(see table 5.4). For the total width of the resonance we assumed

a fixed value of I' =100 eV.tot

The figure as well as the values for the normalized chi-

squared (,<? ) show that the fits are not ideal. Especially for

the two thickest targets the caluclated yields clearly do not fit
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Table 6.3. Results of RESFIT for TDSA-target foils

Thickness

preparation

(ug/cm2)

8.3

10.4

15.5

20.7

fit

(keV)

1.77(4)

2.05(3)

3.03(3)

4.00(4)

(pg/cm2)

10.1 (2)

11.9(2)

18.2(2)

24 .4(2)

difference

(%)

22

14

19

18

Carbon

(keV)

0.072(26)

0.096(18)

0.107(26)

0.143 (25)

(keV)

0.125

0.092

0.117

0. 104

x7

14.2

6.9

34.7

39.3

well in the top of the curve. This trend was also seen in the fits

of fig. 5.11. A possible explanation may be an underestimation of

the straggling of the protons for "thick" layers.

To convert the target thickness from energy units to mass per

area units, the energy loss caused by the oxygen was subtracted

(2 x 0.1 = 0.2 keV) and the result divided by the stopping power.

According to the results of chapter 5 the stopping power for

1375 keV protons in aluminium is 147 eV cm2/tig. Por protons of

1262 keV the stopping power is 5.7% higher (see Anderson, 77) or

155 eV cm2/)jg. The resulting thicknesses are systematically higher

than the results of the measurements during the preparation of the

targets. The discrepancy is much larger than one would expect from

the Resonance Shift measurements (see table 5.4) where we found a

maximum deviation of about 9%. A possible explanation could be a

systematic error of the measurements during the preparation of

the targets, for example because of a difference in the sticking

power for the evaporated aluminium on the formvar and the Sb?S3

used for the Resonance Shift measurements. Another possibility

could be an error in the measurement of the high voltage on the

target. However, this is not very likely because this measurement

was often checked by a digital voltmeter. We chose to trust the

results of RESFIT because they were the most direct measurements

of the final thickness of the targets.
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The values resulting for the energy loss by the carbon cor-

respond with thicknesses of 0.4 to 0.7 vig/cm? carbon. This agrees

rather well with the Rutherford backscattering results of chapter

3.

Once having determined the resonance yield curves, one can

calculate for each proton-beam energy, the yield of the reaction

as a function of penetration depth of the protons in the targets.

The results are shown in fig. 6.2b. These yield curves differ from

fig. 4.2 because of the contamination. Fig. 6.2b shows clearly the

reduced yields in the first and last 200 eV energy loss of the

protons because of the presence of oxygen.

Although the fits for the resonance yield curves are i.ot com-

pletely satisfactory, the calculated yield curves may be consider-

ed a good approximation of the starting point distributions for

the Si ions. In the region of interest the difference between the

measured and fitted yield curves is at most 3%.

6.3.3. T/ie Tianimiiiion Vopplet Slii^t Attenuation me.a&u'izmznts

With the yield curves of fig. 6.2b and the angular distribu-

tions discussed in section 6.1, Doppler Shift patterns were calcu-

lated by the program DOPSIM (see chapter 4 for the gamma rays

emitted by the excited 28Si nuclei. The results of this calcula-

tion are shown in fig. 6.3 and 6.4 together with the experimental

results. For each measurement the calculated value for the standard

deviation of the Doppler pattern (a ) at 90° and the mean value

of the Doppler Shift (AS) at 0° are given in the figures. The

difference between the proton-beam energy (E ) and the resonance

energy (E ) is also given. Figure 6.3 shows a decreasing Doppler

broadening for increasing stopping layer thicknesses. This effect

is shown by the differences in line width for thin and thick tar-

gets, as well as by the increase of the line width for one tarqet

at the increase of beam energy. The last effect is not clear for

the 10.1 and 11.9 yg/cm' targets which may be explained as follows.

Theoretically one expects a very small broadening for very

thin and very thick stopping layers, with a maximal broadening in

between. Calculations by DOPSIM for the case of a target layer of

1 yg/cm? ?7A1 and stopping layer of varying thicknesses showed a
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broad maximum for stopping layers of 5.0-7.5 yg/cm2 2 7A1. Accord-

ing to fig. 6.2b most recoils in the 10.1 and 11.9 yg/cm2 targets

have stopping layers in this region. So no big changes in the

Doppler broadening are to be expected for the several proton-beam

energies.

As may be expected the 0° patterns of fig. 6.4 show much more

details than the 90° patterns because of the energy shifts of the

gamma rays. Especially the spectra of the 10.1 yg/cm2 foil are

interesting because of the relatively high energy resolution of

the detector system. One can clearly distinguish two peaks in the

distribution, a peak due to unshifted gamma rays (emitted by fully

stopped nuclei) and a peak due to gamma rays emitted in flight.

For increasing beam energy, and thus for decreasing path length of

the 28Si ions in the stopping medium, the unshifted peak gradually

disappears almost completely. The same trend is seen for other

targets, although the relative heights of the two peaks vary.

To calculate the Doppler patterns by the program DOPSIM we

had to make one approximation which was not discussed in chapter 4.

It concerns the oxygen contamination of the surface of the foils.

In section 6.3.2 we noted that at the surface there is a mixture

of aluminium and oxygen. However, the program DOPSIM is only

suitable for target layers, each consisting of one element only.

Hence the oxygen was treated as "inert" aluminium (not contribu-

ting to the reaction), taking the difference in stopping power

into account. Effectively this means the replacement of 0.55yg/cm2

of oxygen by 0.65 yg/cm2 of "inert" aluminium. To test the valid-

ity of this approximation calculations were made for recoils

originating in a 1 yg/cm2 27A1 layer and slowed down in either a

10 pg/cm2 Al layer, or two sequential layers of 0.55 yg/cm2 16O

and 9.35 yg/cm2 2 7A1. The difference between the Doppler Shift

patterns for these two cases proved to be negligible. The Doppler

patterns were fitted to the measurement by the program DOPFIT (see

chapter 4). The five measurements for one target foil were fitted

simultaneously with the position of the unshifted gamma ray as a

free parameter while the height of the patterns and the back-

grounds were fitted individually. The results of this procedure

are shown in figs. 6.3 and 6.4 by the solid lines. They describe
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Table 6.4. Survey of some initial (A) and final (B) values for the 28Si recoils according

to the program DOPSIM for the 1262 keV resonance of the 27A1(p,y) 28Si reaction

and the 6878 •* 0 keV transition (T = 2.5 x 1O~12 s) .

A. Initial values for the Si recoil

Maximum velocity v /c = 0.2094%, E =57.2 keV, average projected velocity v /c =

0.1870%, average full shift = 12.86 keV.

Element

Carbon

Aluminium

E

max

2 .201

1 .490

< a e / d p ) n u c

2.481

2.471

(de/dp) e l

1.401

1 .346

(dE/ds)
nuc

(keVcm2/yg)

1 .68

1.67

(dE/ds) e l

(keVcmVug)

0.95

0.91

B. Average values for the 28Si recoils at the moment of decay or when leaving the foil

(4000 tracks).

Thickness 27A1

(ug/cm2)

10.1

11.9

18.2

24.4

E^ - Eb res

(keV)

0.51

0.33

0.13

0.42

Posit ion

(yg/cm2)

8.26
back

9.07
back

13.28
back

16.36
back

Fraction

<%)

16
84

30
70

62
38

85
15

Time

no-12 s)
0.15
0.06

0.18
0.09

0.21
0.14

0.23
0.18

E

0.15
0.79

0.08
0.66

0.06
0.50

0.04
0.37

v / c

(%>

0.027
0.149

0.016
0.135

0.012
0.115

0.010
0.097

c o s

0.16
0.88

0.09
0.85

0.08
0.83

0.07
0.81

v /c
p

(%)

0.024
0.134

0.014
0.118

0.010
0.097

0.007
0.080



the measurements rather well. The resulting average values for the

normalized chi-squares are 1.3 and 1.9 for the 0° and 90° Doppler

patterns.

6.4. INTERPRETATION ANP VISCUSSION OF THE TVSA MEASUREMENTS

6.4.1. The ic>ie.e.nzd Coulomb pottnt-Lali

In chapter 1 we discussed the theory of Lindhard (LSS, 63)

which is used in the program DOPSIM to calculate the Doppler

patterns of figs. 6.3 and 6.4. Before treating the influence of

the nuclear interatomic potential on the calculations, first we

want to discuss some of the (intermediate) output results of

DOPSIM.

Table 6.4 shows the initial and final values of quantities

such as velocity, cosine of the angle to the proton beam (cos) and

diniensionless energy (r) of the recoils averaged over all simula-

ted events. For each layer the fractions of recoils are given that

emit a gamma ray before or after leaving the foil. The last frac-

tion varies from 84 to 15%. The next column shows that even for

the thickest foil, the flight time in this foil is an order of

magnitude shorter than the life time of the nuclear level excited

in the reaction. The last three columns show that the assumption

of Blaugrund (66) that <v cos> equates to <v>.<cos> holds only for

the recoils which pass the foil (see also section 2.1.1).

Many authors (see for example Corrêa, 79) use the parameters

f and f in the analysis of their experiments to adjust the

nuclear and electronic stopping power. These parameters vary the

amplitudes of the universal scattering function (eq. (1.64)) and

thus the nuclear stopping power (eq. (1.67)), and the amplitude

of the electronic stopping power (eq. (1.68)). Accordingly we

repeated the DOPSIM calculations for all experiments with values

of f from 0.5 to 1.5 in steps of 0.25. The results for the chi-
N

squared values are given in table 6.5 for the 0° and 90° measure-

ments. This table shows that, except for the 90° patterns of the

thin targets, the resulting optimum values of f are about 1.0

for both the 0° and 90° patterns. As discussed in section 6.3.3

the Doppler broadening is at its maximum for stopping layer thick-

nesses around 7.D yg/cm2. In this region the broadening is rather
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Table 6.5. Unnormalized chi-squared values for all targets as function of f .
N

d (ug/cm2)

angle

1 .50

1 .25

1 .00

0.75

0.50

degrees of
freedom

optimal f„

0

655

349

215

269

464

129

0

10.

3

.7

.2

.9

.3

.5

.96

1

90

251.

282.

335.

304.

211 .

129

max

o

0

8

4

0

1

0°

176.

125.

122.

176.

270.

129

1

11.

5

8

7

5

4

11

9

90

215.

211 .

252.

300.

283.

164

1 .

O

2

1

1

8

2

35

0

439

260

157

251

531

1 19

0

18.

3

.9

.2

.2

-i

.1

.99

2

90

487.

313.

269.

472.

802.

154

1

O

9

8

4

2

5

08

0°

208.

132.

185.

413.

89

0

24

3

1

3

8

9

98

4

90

434.

308.

245.

439.

1209.

139

1 .

O

6

5

3

9

8

02

0°

1574

943

628

882

1679

469

0

.4

.3

.1

.7

.9

.99

SUM

90°

1388.

1116.

1 102.

1516.

2506.

589

1 .

7

2

2

9

o

12

total

2963

2059

1730

2399

4186

1059

1

. 1

.5

.3

.6

.5

.04



independent of the thickness of the stopping layer and thus on the

assumed fN value. This is shown by the small effects in x? for the

90° measurements for the two thinnest targets and that is why the

fact that a maximum in \2, rather than a minimum is found for the

10.1 ug/cm? foil near fN = 1, is not considered significant. In

addition we calculated for the 18.2 vig/cm5 foil the Doppler pat-

terns for all fN values and all fE values in the range from 0.5

to 1.5 in steps of 0.25. By fitting the resulting patterns to the

measurements we found a rather weak dependence on the electronic

stopping (less than half the gradients of f ). The total chi-
N

squared surface resulted, however, in a best overall fit fot both

f and f of about unity.

Finally we considered the often used screening functions of

Molière (47,48), and of Lenz(32) and Jensen (32). These have in

common that they are an approximation to the Thomas-Fermi screen-

ing function but vanish faster for large distances (r/a " 1.0). In

figs. 6.5, 6.6 and 6.7 we show the effects of these screening

functions on the scattering function and the stopping power ac-

cording to Lindhard (63). We also calculated the corresponding

Doppler patterns but they did not deviate significantly from the
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Figure 6 .5 . Screening functions according to Thomas-Fermi, Molière
and Lenz-Jensen (see also section 1.3).
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of fig. 6.5.
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Figure 6.7. Nuclear and electronic stopping powers according to the
theory of Lindhard.

Thomas-Fermi results. To get a better understanding of this unex-

pected result we also calculated the velocity distributions of the

recoils at the moment of gamma-ray emission. The results for the

Thomas-Fermi potential are given in fig. 6.8. The figure shows

that most of the gamma rays are emitted at velocities of either

< 5% or > 50% of the maximal initial velocity. The fraction with

velocities > 5% corresponds almost entirely to ions that have left

the target before decaying. Once the average velocity of this

fraction is of the order of 50% of the initial velocity, the
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Figure 6.8. Relative velocity distributions of ?8Si recoils for four
self-supporting foils (shaded means gamma-ray emission
in the target, black means gamma-ray emission after
leaving the target).

fraction i t se l f has become very small. This means that the TDSA

patterns will be most sensit ive to variations in the slowing down

character is t ics in the region v to v /2 or £ = 1.5 to 0.4.
max max

This is a region where the scattering functions and the stopping

power functions of the three potentials are very much alike (see

figs. 6.6 and 6.7).
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6.4.2. Tfee in^luzncz o{ iome. o the.'t phyi-Lcat pan.amo.teni,

Apart from the interatomic potential, other physical proper-

ties of the targets will determine the Doppler pattern. First we

checked the influence of a carbon layer on the front of the target

by calculating the Doppler patterns by DOPSIM. For the 18.2 yg/cm?

foil this resulted in the same patterns for a target with and

without a carbon front layer. This may be understood when one

knows that according to the results of DOPSIM almost no recoils

leave the foils at the front side or decay in the carbon layer.

The oxygen contamination differs in two ways from the carbon con-

tamination. First the oxygen is present at both the front and the

back of the foils and secondly the oxygen is mixed with the alumi-

nium. In the last section we already discussed the effect of the

oxygen on the calculations. Although these effects proved to be

not serious, we believe a serious effort should be made to avoid

both the carbon as well as the oxygen contamination since their

absence would make the analysis of the measurements easier and

more straightforward.

Next we examined the effect of the angular distributions on

the calculated Doppler patterns of DOPSIM. First we replaced the

real angular distribution of the 6878 keV gamma ray by an iso-

tropic distribution. The results were exactly the same in terms

of optimum values of f for the 18.2 yg/cm2 foil. This will be

understood if one remembers that this angular distribution is only

used by DOPSIM to calculate the distribution of the gamma rays

over the relatively small aperture of the Ge(Li) detector. In the

same way we calculated the effect of the angular distribution of

the primary gamma ray. Here we found an average increase of about

1% for the attenuated shifts at 0° and of a little more than 1% in

the broadening. This resulted in an increase of the values for the

normalised chi-squared values from 1.32 to 1.33 for the pattern at

0° and from 1.75 to 1.78 for the 90° patterns of the 18.2 pg/cm2

foil. So both angular distributions have very small effects on the

results of DOPSIM.

Next we examined the effects on the calculations of the energy

resolution of the Ge(Li) detectors. Here the result differs very

much for the 90° and 0° patterns. As may be expected the 90°
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patterns are very sensitive to the detector resolution assumed. In

fact one measures the convolution of the Doppler broadening and

this resolution. So an overestimation of the last will result in

an underestimation of the first and vice versa. According to the

results of the calibration measurements for the 18.2 pg/cm? foil,

an uncertainty in the resolution of the Ge(Li) detector is about

0.2 keV. Assuming a FWHM of 5.8 keV instead of 5.6 keV would re-

sult in an optimum f value of 1.14 instead of 1.08. On the other

hand, variations in the resolution of the 0° detector cannot be

compensated by variations in f .

Finally we examined the influence of the proton straggling

patterns on the Doppler patterns. If for example the theory of

Shulek (67) is used (see chapter 1) this first of all influences

the resulting thickness according to the program RESFIT. Especial-

ly for the thin targets the resulting thicknesses proved to be

10-15% smaller than the values according to table 6.2. Consequent-

ly the resulting values for f are about 20% larger.

In conclusion we are able to state that of the properties

examined only the proton straggling patterns really have an effect

on the Doppler pattern. Errors in 90° Ge(Li) detector resolution

will result in inconsistency with the 0° patterns.

6.4.3. The TP5A u'itU'fi ccmpa'ivii with othci measiaementi

In chapter 1 we have already described three kinds of meas-

urements that are generally used to determine the interatomic

potential parameters. In some detail we discussed the transmission

measurements, the Rutherford backscattering measurement and the

range distribution measurements. Kalbitzer et al. (76) collected

the results of these measurements and constructed a simple uni-

versal fit to the experimental stopping power data. A similar

exercise was done for nuclear stopping by Garnir (80a) and later

by the same authors (Garnir, 80b) for the electronic stopping. In

his first study Garnir divides the experimental results in two

groups. The first group corresponds to measurements using a narrow

acceptance angle of the detection system around the beam axis. The

stopping powers from these measurements are all much lower than

those from the other groups, where the contributions of all part-
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icles scattered in the target are taken into account. This last

group may be related to the TDSA results. Both Kalbitzer and

Garnir compare the experimental results to theoretical curves of

Wilson (77), which were later followed by the refined universal

potential of Biersack (82). From these comparisons it is clear

that especially for values of r. smaller than about 10, the experi-

mental values for the stopping power are below the theoretical

results of Lindhard (68) and uhat the experiments are better de-

scribed by the theory of Wilson in the region for c < 0.1. The

graphs also show that there exists a rather wide spread in the

experimental results which were obtained by several experimental

methods and for many combinations of stopping materials and ion

beams.

So if we want to compare the TDSA results with the results of

other experimentalists it seems useful to confine ourselves to

experiments on aluminium. First we will discuss the measurements

done by a group at the University of Helsinki. For their measure-

ments they use a method described by Bister (71). Ions are im-

planted by an isotope separator and the depth profile is deter-

mined by measuring a (p,y) yield function of the implanted ions.

As in the TDSA measurement, the results are corrected for the

straggling of the protons by the theory of Vavilov (57) . The

Helsinki group did measurements on a wide range of substrates and

several ion beams (see for example Luomjarvi, 78, and Keinonen,

78). Antilla (77) made range measurements in aluminium. For ?9Si

ions of 60 keV he determined an average (projected) range of

20.0 ug/cm2 in (polycrystalline) aluminium. This is 8% more than

is calculated by Antilla according to the theory of Lindhard (63)

for an infinite target. To compare these results with ours we

calculated the range of ?8Si in aluminium by the program DOPSIM

for several values of f . In this calculation all 28Si ions were
N

generated in a surface layer of 1 ug/cm? with an initial energy

of 57 keV and initial velocity in the same direction. The calcu-

lated range for this half infinite target was 17.7 pg/cm? for

f = 1.0. Since the range is proportional to the initial energy

(Schi«5tt, 70) this range corresponds to 18.6 ug/cm^ for 60 keV Si

ions. This is almost the same result as calculated by Antilla
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(18.5 ug/cm2). Reducing the f value from 1.0 to 0.9 results in

increasing the projected range from 17.7 to 19.4 iig/cm? or by 10?.

This means that the experimental result of Antilla (20.0 pg/cm')

corresponds to an f value of about 0.92 which corresponds within

10% with our experimental results. Grant (76) studied, by the

Rutherford backscattering technique the range profiles of heavy

ions (57 < Zx < 66) in silicon and aluminium in the reduced energy

range from 0.01 < i < 0.8. He found a good correspondence with the

approximations of SchisStt (70) for the Thomas-Fermi potential in

the case of polycrystalline aluminium. In the case of evaporated

aluminium he found experimental values of the projected range

which were up to 8% longer than calculated by this theory. These

deviations tend to become smaller fo.v increasing energies and

thus do not contradict the results of Antilla and our TDSA meas-

urements .

Finally we discuss the results presented by Caraca and Corrêa

(78). They used DSA measurements by means of the ?7A1(p,y)?BSi

reaction. The chosen resonances were those at E = 1000 keV and
P

923 keV for the nuclear level at 1.78 MeV (i = 680 ± 30 fs) and
E = 1588 and 767 keV for the nuclear level of 4.62 MeV h =
P
5 9 + 6 fs). If the lifetimes are known, a scaling factor for the
interatomic potential may be obtained from the centroid shifts by

comparing the experimental values to the theoretical values cal-

culated for r- .. rple by a Monte Carlo program like DOPSIM or the

analytical formulas of Blaugrund (66). Caraca first used the

latter; the analysis was redone by Corrêa (79) with the Doppler

simulation program of Currie (69). On the basis of these measure-

ments Corrêa and Caraca suggest an energy-dependent nuclear cor-

rection factor f = (r + c: /2)/(i + i: ) applied to the stopping

N o o

power (fig. 6.7) with a value of r = 1.0. For our case (i = 1.5)

this would result in f =0.8 which is not confirmed either by
N

our measurements or the range measurements discussed above. That

is why we recalculated the results of Caraca and Corrêa by the

program DOPSIM for the E =76 7 keV resonance and the 4.62 MeV

nuclear level. The resulting optimal value for f is 0.8, while

Corrêa presents a value of 0.7. A possible cause of the differ-

ence may be a different value of the assumed density of the



aluminium. In our calculations we assumed 2.7 gr/cm3 and a de-

crease of 10% in this value results in an apparent decrease of f
N

of 10%. This shows also one of the disadvantages of the method

used by Corrêa and Caraca. In general the evaporated mass per

area of a target is better knoio than the density. However, it is

the density which determines the Doppler Shift in the case of

short lifetimes. So the TDSA measurements prove to confirm the ex-

tensive range measurements discussed in this section and do not

show the need of the correction factor suggested by Corrêa and

Caraya.

6.5. CONCLUSIONS

The purpose of these measurements was to test the usefulness

of the new Transmission Doppler Shift Attenuation method for the

determination of the interatomic potential parameters. The origin-

al thought was to use one self-supporting target and to vary the

thickness of the stopping layer by varying the energy of the

proton beam. However, the straggling of the protons and the re-

sulting spread in the starting points of the recoils, proved to be

so important that it turned out to be better to use targets of

several thicknesses. Because of the influence of the straggling of

the protons it was decided to measure this effect separately as

described in chapter 5.

TDSA measurements were done on four different targets. A

Doppler Shift pattern after transmission through a thin foil

offers, in principle, a direct picture of the distribution of the

velocity component in the direction of observation. Unfortunately

this picture is blurred, especially at 90°, by the detector reso-

lution. If the results of DOPSIM are fitted to the experimental

results, the often used parameters f and f for respectively

the nuclear and electronic stopping p;jve to be about unity. So

within the limits of the accuracy of our experiments the slowing

down characteristics of 57 keV Si ions in Al (r = 1.5) are well

described by the LSS theory. This result is consistent with range

measurements of Si in Al in the same energy region. The analysis

of the TDSA measurements has shown no significant difference in

this energy region between the Thomas-Fermi, Molière and Lenz-
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Jensen interatomic potentials. Differences may be expected for

resonances which result in recoils with c < 0.1.

Better results would be obtained if gamma ray detectors were

available with a higher resolution and about the same efficiency.

Another, but less serious, interfering factor was the contamina-

tion of the targets.
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SUMMARY

The Doppler Shift Attenuation (DSA) method is widely used to

measure lifetimes of nuclear states in the order of 10"11* to

10"11 s. In this method the nuclear state is populated after a

nuclear reaction and decays by emission of a gamma ray, whilst the

nucleus 'recoils' in its backing material. The energy shift of the

gamma ray (which is measured) depends on the velocity of the re-

coil with respect to the detector at the moment of emission. So

the lifetime of the nuclear state may be determined if the recoil

slowing down process is known. However, many of the lifetimes re-

sulting from DSA measurements display large variations which are

caused by a lack of sufficient knowledge of these processes. That

is why DSA measurements are also undertaken for nuclear states

with well-known lifetimes. The measurement of 'ranges' is another

often used method to study these slowing down processes. In this

kind of measurement the distributions of implanted ions are deter-

mined for example by the method of Rutherford backscattering or

from the yield curve of a resonant nuclear reaction. However, for

both methods the slowing down of the particle beam used, which

most often exists of a particles or protons, should be known.

In this thesis, research on energy-loss processes of protons

and Si ions in aluminium is presented. The so-called Resonance

Shift method has been improved for the measurements on the protons

themselves. This method has only been used occasionally before.

A new method has been developed, which is called the Transmission

Doppler Shift Attenuation (TDSA) method, for the measurement on

Si ions.

CHAPTER 1 includes an introduction into the existing theories

of energy loss of ions in matter. This introduction is intended for

the reader who is not (or is no longer) familiar with atomic col-

lision processes.

CHAPTER 2 describes the experimental methods and the equip-

ment used. In the Resonance Shift experiments, the resonance yield
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curve measured at a clear part of the target, is compared with the

resonance yield curve at another part of the same target, which is

covered with a certain quantity of aluminium. Deconvolution of the

last yield curve by the first one, results in the energy-loss

distribution of the particle beam in the aluminium. In this

project a proton beam of about 1 pA was used, and the 1375 keV

resonance of the 3 "'S (p, y) 3 5C1 reaction was studied. In this energy

region the stopping is determined mainly by the interaction of the

proton beam and the electrons in the aluminium. As a result the

protons will be slowed down but not be deflected. The energy reso-

lution of the Resonance Shift method proves to be about 100-200 eV

which value is extremely good compared to the often used solid

state detector which usually provides resolutions of 10-15 keV.

In the TDSA method the energy distribution of gamma rays

emitted by a nuclear level, excited in a nuclear reaction, is

measured. The energy distribution is a function of the velocity

distribution of the emitting ions. In this case a study was made

of the 1262 keV resonance of the 27A1(p,y)?8Si reaction. The re-

sonant 12803 keV level decays partially to the 6878 keV level,

which has a lifetime of 2.5 ps. The recoiling 2eSi nucleus has an

initial kinetic energy of about 57 keV, which is equivalent to a

velocity of 0.2% of the speed of light. The recoil will be slowed

down by interactions with the electrons and nuclei of the target.

The interaction with nuclei not only leads to energy loss but also

to deflection of the recoils . So by measuring the Doppler shifted

gamma-ray patterns information on the vectorial velocity distri-

bution of the recoils at the very moment of decay can be obtained.

In the past measurements of this type have been undertaken for

recoils in thick targets with gamma-ray emitting nuclear states

possessing well-known lifetimes of the same order as the recoil

stopping time.

In the TDSA method thin targets are used so that a large

fraction of the recoils has left the target before the gamma ray

has been emitted. The mean life of the nuclear level studied

should be long compared to the time it takes for the recoil to

leave the target. This means that, effectively, the recoil-velo-

city distribution after leaving the target is being studied. In
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this way, it becomes possible to study the vectorial velocity

distribution as a function of distance travelled by varying the

thickness of the stopping layer.

The second chapter also gives a description of the character-

istics of the Van de Graaff accelerator at Groningen and of the

scattering chamber used.

CHAPTER 3 outlines the preparation of the very thin self-

supporting aluminium targets for the TDSA measurements and of the

Sb2S3 targets for the Resonance Shift measurements. All targets

are prepared by the 'vacuum evaporation' method. Much effort was

devoted to ensuring that the self-supporting aluminium targets

were thinner than the range of the 28Si recoils (+ 300 atomic

layers) and could withstand a 1262 keV proton beam of 1 uA for a

period of several days. This chapter also reports on the struc-

ture, thickness uniformity and contamination of the targets.

CHAPTER 4 describes the computer programs which were used

for the measurement analysis. A program called RESFIT was develop-

ed for the Resonance Shift measurement. This program is able to

fit measured resonance yield curves for a given energy-loss

distribution of the particle beam. An existing program called

DOPSIM was adapted for the analysis of the TDSA measurements.

DOPSIM simulates not only the scattering processes between the

recoils and both the target nuclei and electrons, but also the

emission of the gamma rays. The adaption makes it possible to use

several different models for the screened Coulomb potential de-

scribing the nuclear scattering.

CHAPTER 5 discusses the results of the Resonance Shift

measurements. In the energy region studied, and for stopping

layers of up to 20 ug/cm2, or 300 atomic layers, the energy-loss

patterns of protons prove to be well described by the theory of

Vavilov. An additional finding was that this distribution can be

approximated by a trial function, which is a convolution of a

normal distribution and an exponential function.

CHAPTER 6 describes the results of the TDSA measurements.

For the analysis of the measurements the angular distributions of

the gamma rays of the 12803-6878-0 keV cascade of the J8Si nucleus

must be known. These distributions were measured and their
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analysis confirms the J = 3~ assignment of the resonant

(12803 keV) level, as previously found by Nordhagen. The program

RESFIT was used to calculate the proton-beam energy relative to

the resonance energy. This program was also used to determine the

thicknesses of the targets, and to calculate the distribution of

the starting points of the recoils, over the targets. In these

aspects the results of the Resonance Shift measurements are es-

sential for the analysis of the TDSA measurements. From the latter

measurements it is concluded that the theory of Lindhard, Scharff

and Schifitt describes the slowing down of the 57 keV Si recoils in

aluminium very well. In the fitting of the theory to the experi-

mental results, the often used scaling factors f and f for

nuclear and electronic stopping, prove to be about unity, and thus

redundant. The analysis showed no significant differences, in this

energy region for either the Thomas-Fermi interatomic potential as

used by Lindhard et al., or the interatomic potentials of Molière,

or of Lenz-Jensen. As a supplement to other methods such as range

measurements, Rutherford Backscattering measurements, and trans-

mission measurements as described in chapter 1, the TDSA method

has proven to be valuable to determine the characteristics of the

interatomic potentials.
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SAII E H A TI I NG

De Doppler-verschuiving methodiek wordt op brede schaal toe-

gepast om levensduren van kernniveaus te meten van de orde van

lO"11* tot 10"11 s. Bij deze methodiek wordt het kernniveau bezet

door een kernreactie waarbij de betreffende kern versneld wordt.

Deze versnelde kern wordt vervolgens afgeremd in een laagje mate-

riaal en vervalt door het uitzenden van gammastraling. De energie-

verschuiving van de gemeten fotonen hangt af van de snelheid van

de kernen ten opzichte van de detector op het moment van verval.

Op deze wijze kan de levensduur van het kernniveau bepaald worden

indien het afremmingsproces bekend is. De aldus bepaalde levens-

duren blijken echter onderling nogal eens afwijkingen te vertonen.

Dit wordt veroorzaakt door een gebrek aan voldoende kennis van de

afremmingsprocessen. Daarom worden er ook Doppler-metingen uitge-

voerd voor kernniveaus met goed bekende levensduren. Een andere

methodiek om deze afremmingsprocessen te bestuderen is de bepaling

van de verdeling van geïmplanteerde ionen in de vaste stof. Derge-

lijke metingen kunnen bijvoorbeeld worden uitgevoerd met behulp

van de Rutherford terugverstrooiingstechniek of uit de opbrengst-

kromme van een resonante kernreactie. Voor de toepassing van deze

technieken dient echter wel weer bekend te zijn hoe de gebruikte

deeltjesbundels worden afgeremd in het betreffende materiaal. Deze

bundels bestaan veelal uit a-deeltjes of protonen.

In dit proefschrift wordt onderzoek beschreven naar de afrem-

mingsprocessen van protonen en siliciumionen in aluminium. Voor de

metingen aan protonen werd de Resonantie Verschuivingsmethodiek

verfijnd. Deze methodiek is in het verleden slechts enkele keren

eerder toegepast. Voor de metingen aan Si-ionen is een nieuwe

methodiek ontwikkeld waaraan de naam van Transmissie Doppler

methodiek is meegegeven.

HOOFDSTUK 1 vormt een inleiding in de bestaande theorieën op

het gebied van afremmingsprocessen van ionen. Deze inleiding is

bedoeld voor de lezer die niet (of niet meer) thuis is op het ge-
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bied van atomaire botsingsprocessen.

HOOFDSTUK 2 beschrijft de ontwikkelde experimentele metho-

dieken en apparatuur. Bij de Resonantie Verschuivingsexperimenten

wordt de resonantie-opbrengstkromme van een schoon deel van de

trefplaat vergeleken met de resonantie-opbrengstkromme van een

ander deel van dezelfde trefplaat dat bedekt is met een bepaalde

hoeveelheid aluminium. Deconvolutie van de laatste opbrengstkromme

door middel van de eerste resulteert in de energieverliesverde-

lingsfunctie van de deeltjesbundel in het aluminium. In dit geval

werd een protonenbundel van ongeveer 1 uA gebruikt en werd de

1375 keV resonantie van de 3''S (p,y) 3 5C1 reactie bestudeerd. In dit

energiegebied wordt de afremming hoofdzakelijk bepaald door de

verstrooiing van de protonen aan de electronen van het aluminium

en dus zullen de protonen alleen afgeremd worden en niet van

richting veranderen. Het bereikbare energie-oplossende vermogen

blijkt ongeveer 100-200 eV te zijn. Dit is in vergelijking met de

vaak gebruikte vaste stof detectoren waarmee oplossende vermogens

van 10-15 keV bereikt worden, extreem goed te noemen.

Bij de Transmissie Doppler-metingen wordt zoals vermeld de

energieverdeling van gammastraling bestudeerd. Deze energieverde-

ling is een functie van de snelheidsverdeling van de vervallende

kernen. In dit geval hebben wij de 126 2 keV resonantie van de
27A1(p,y)28Si reactie bestudeerd. Het 12803 keV resonantieniveau

vervalt voor een deel naar het 6878 keV niveau dat een levensduur

van 2.5 x 10~12 s heeft. Het betreffende 28Si-ion heeft een aan-

vangsenergie van ongeveer 57 keV overeenkomend met een snelheid

van 0.2% van de lichtsnelheid. Het Si-ion wordt vervolgens afge-

remd door de electronen en kernen van de aluminium trefplaat. De

botsingen met de kernen leiden niet alleen tot afremming, maar ook

tot veranderingen in de richting van de snelheid. Aldus kan men

door het meten van de Doppler-patronen van de gammastraling infor-

matie verkrijgen over de vectoriële snelheidsverdeling van de

ionen op het moment van verval van de kern. In het verleden zijn

dit soort van metingen in dikke trefplatcn uitgevoerd voor kernen

met nucleaire niveaus met goed bekende levensduren in de orde van

de tijd waarin de afgeremde deeltjes tot stilstand komen. Bij de

Transmissie Doppler-metingen worden zodanig dunne trefplaten ge-
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bruikt dat een groot gedeelte van de ionen de trefplaat doorlopen

heeft, voordat het foton wordt uitgezonden. Daarbij wordt een

kernniveau gekozen met een lange levensduur ten opzichte van de

doorlooptijd, zodat in feite de snelheidsverdeling van de ionen

wordt gemeten nadat de trefplaat verlaten is. Op deze wijze wordt

het mogelijk om de vectoriële snelheidsverdeling als een functie

van doorlopen dikte te meten door het variëren van de dikte van

de afremmingslaag.

In het tweede hoofdstuk wordt tevens een specificatie gegeven

van de eigenschappen van de Groningse V;n de Graaff versneller en

van de gebruikte verstrooiingskamer.

HOOFDSTUK 3 geeft een beschrijving van de manier waarop de

zeer dunne zelfdragende aluminium trefplaten voor de Transmissie

Doppler-metingen en van de Sb?S3-trefplaten voor de Resonantie

Verschuivingsmetingen worden gemaakt. Alle trefplaten zijn door

middel van de vacuum-opdampmethodiek vervaardigd. Het heeft zeer

veel moeite gekost om zelfdragende aluminium trefplaten te ver-

krijgen, die dunner zijn dan de penetratiediepte van de 57 keV

Si-ionen (te weten 300 atoomlagen) en die sterk genoeg waren om

de beschieting met een 126 2 keV protonenbundel van 1 uA gedurende

een periode van enkele dagen te overleven. In dit hoofdstuk wordt

tevens het onderzoek naar de structuur, dikte-uniformiteit en de

zuiverheid van de trefplaten beschreven.

HOOFDSTUK 4 geeft een beschrijving van de computerprogramma's

die gebruikt zijn bij de analyse van de metingen. Het programma

"RESFIT" is ontwikkeld voor de analyse van de Resonantie Verschui-

vingsmetingen. Met behulp van dit programma kunnen genieten iaso-

nantie-opbrengstkrommen benaderd worden indien de energieverlies-

verdelingsfunctie van de deeltjesbundel bekend is. Voor de analyse

van de Transmissie Doppler-metingen werd een bestaand programma,

genaamd "DOPSIM", aangepast. DOPSIM simuleert het verstrooiings-

proces tussen de ionen waarvan de kernen een foton uitzenden en,

zowel de kernen als de electronen van de trefplaat. Tevens simu-

leert DOPSIM de uitzending van de gammastraling. Door de aanpas-

sing van DOPSIM werd het mogelijk om verschillende versies van

afgeschermde Coulomb-potentialen in de berekeningen te betrekken.

Deze potentialen geven een beschrijving van de interactie tussen
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de botsende kernen.

HOOFDSTUK 5 geeft de resultaten van de Resonantie Verschui-

vingsmet ingen . In het bestudeerde energiegebied blijken de ener-

gieverliesverdelingen voor de protonen in lagen tot aan 20 ug/cinr

ofwel 300 atoomlagen aluminium, goed beschreven te worden door de

theorie van Vavilov. Tevens is gebleken dat deze verdelingen goed

benaderd kunnen worden door een hulpfunctie die bestaat uit een

convolutie van een Gauss-verdeling en een exponentiële functie.

HOOFDSTUK 6 geeft tenslotte een beschrijving van de resulta-

ten van de Transmissie Doppler-metingen. Voor de analyse van de

metingen dienen de hoekverdelingen van de ganunastraling van de

12803-6878-0 keV cascade van de Si-kern bekend te zijn. Deze hoek-

verdelingen zijn gemeten en de analyse ervan bevestigde de J' = 3~

toekenning aan het (12803 keV) resonantieniveau zoals eerder aan-

gegeven door Nordhagen. Het programma RESFIT is gebruikt om het

energieverschil tussen de protonenbundel en de resonantie-energie

te bepalen. Dit programma is ook gebruikt orn de diktes van de

trefplaten te bepalen, en om de verdelingen te berekenen van de

startpunten van de Si-kernen in het aluminium. In dit opzicht zijn

de resultaten van de Resonantie Verschuivingsmetingen onmisbaar

voor de analyse van de Transmissie Doppler-metingen. Uit deze

laatste analyse is gebleken dat de theorie van Lindhard, Scharff

en SchiïStt een goede beschrijving geeft van de afremming van

57 keV Si-kernen in aluminium. Indien deze theorie door middel van

variatie van de veel gebruikte schaalfactoren f en f voor de

nucleaire en electronische verstrooiing wordt aangepast aan de

metingen blijkt de optimale waarde voor deze factoren ongeveer

één te zijn en dus zijn zij overbodig. Uit de analyse volgden

geen significante verschillen in dit energiegebied voor de inter-

atomaire potentiaal van Thomas-Fermi, zoals deze door Lindhard

c.s. gebruikt is, en de interatomaire potentialen van Molière en

Lenz-Jensen. Het is gebleken dat de Transmissie Doppler-methodiek

ter bepaling van interatomaire potentialen een waardevolle aanvul-

ling is op andere methodieken zoals de in Hoofdstuk 1 beschreven

resonantie-verbredingsmethodiek, de Rutherford terugverstrooilngs-

methodiek en transmissie methodieken.
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N A W 0 O R V

Experimenteel fysisch onderzoek is zelden het werk van één

man of vrouw. Dit geldt in het bijzonder indien bij dat onderzoek

gebruik wordt gemaakt van een kernfysische deeltjesversneller. Bij

het onderzoek dat in dit proefschrift wordt beschreven is gebruik

gemaakt van een dergelijke versneller en is er dus sprake geweest

van de samenwerking tussen zeer vele personen.

Hierbij wil ik dan ook mijn direkte collega's van de Stra-

lingsfysica groep alsmede alle personen van de technische en admi-

nistratieve afdelingen die direkt of indirekt bij het onderzoek

betrokken zijn geweest bedanken.

Op het gevaar af dat ik verschillende personen vergeet, wil

ik er enkelen bij name noemen.

Niet geheel toevallig is dat allereerst Luuk Venema die met

een onbeschrijflijk geduld steeds maar weer nog dunnere aluminium

trefplaatjes voor mij opdampte, die ik daarna zeer snel aan flar-

den schoot. Uiteindelijk werd je mij gelukkig de baas Luuk en

bleven de trefplaatjes heel. Anton Olthoff en Jaap van der Ploeg

bouwden de zeer stabiele voeding voor de afbuigmagneet en de

snelle stabilisator voor de Van de Graaff versneller. De snelle

stabilisator werd door hen ook regelmatig op de onmogelijkste tij-

den midden in de nacht gerepareerd. Soortgelijk nachtelijk op-

treden gold ook voor Menno ter Haseborg die iedere keer weer de al

lang versleten PDP-9 computer aan de praat wist te krijgen.

Jan Reinders zorgde met veel inventiviteit voor het "niets"

dat ook wel vacuum wordt genoemd. Helaas was mijn verblijf op het

laboratorium te kort om van je latere meesterwerk op het gebied

van het ultrahoge "niets" te genieten. Piet Holman en collega's

bouwden de verstrooiingskamer waar de protonenbundel op de tref-

plaat viel. Het was een enorm gepuzzel om alle noodzakelijke

voorzieningen in een zo kleine ruimte te krijgen zonder dat de

hoogspanningsvonken er vanaf sprongen.

Bert de Jonge wil ik hierbij bedanken voor de rust en de
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werklust die hij uit bleef stralen, ook toen ik voor de zeveelste

maal met wijzigingen in de figuren kwam aandragen. Henny Deenen

heeft mijn voor vele ogen onleesbare manuscript in een keurig

verzorgde en leesbare vorm gegoten.

Ook Phil Smith en Peter Smulders wil ik niet ongenoemd laten

daar zij het in dit proefschrift beschreven werk geïnitieerd

hebben. Met name Peter heeft daarnaast ook nog zeer veel tijd be-

steed aan de voorbereiding en de uitvoering van de metingen en

aan het meedenken over de resultaten van de analyses. Ook bij de

totstandkoming van het manuscript bleef je steeds veel belang-

stelling tonen en was je kritiek altijd weer opbouwend. Daarbij

waren jij en Joanne iedere keer weer zeer gastvrij als ik overkwam

uit de Randstad.
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STELLINGEN

1. De door Sanders c.s. gehanteerde waarschijnlijkheidsverdeling
voor naaste buurafstanden van willekeurig verdeelde punten op
een lijn, kan beter beschouwd worden als een ad hoc hypothese
dan, zoals door de auteurs gepresenteerd, als een gevolg van
de Poisson statistiek.

J.B. Sanders, H.E. Roosendaal, F. Vitalis, 1978, Rad. Eff. 3S_, 201.

2. Door het koelen van de trefplaat kan het toch ui uitzonderlijk
goede oplossende vermogen van de resonantieverschuivingsmetho-
diek nog met een factor twee verbeterd worden.

Dit proefschrift, hoofdstuk 3

3. Het bepalen van de grootte van temperatuurvariaties van een
trefplaat aan de hand van de snelheid van koolstofaangroei, is
een onbetrouwbare en omslachtige methode.

I. Sugai, S. Takaku, T. Hatori, T. Hasegawa, 1979, Nucl. Instr. Meth.
167, 135.

4. De onnauwkeurigheid waarmee akoestici veelal te werk gaan,
wordt gecamoufleerd doordat zij hun resultaten presenteren in
decibellen, doch komt duidelijk aan het licht indien deze re-
sultaten vertaald moeten worden in guldens.

Cost implications of compliance with industrial noise legislation,
ICG-rapport GH-HR-11-01, 1984, D.O.P., 's Gravenhage.

5. Omdat de overdracht van geluid over grote afstanden vooral be-
paald wordt door meteorologische invloeden zoals de windrich-
ting en temperatuurinversie is het opzienbarend dat er in de
akoestiek zo veel aandacht besteed wordt aan de invloed van de
bodemdemping op de geluidoverdracht bij een neutrale atmosfeer,
welke laatste in de praktijk nooit voorkomt.

Zie bijv.: D. Habault, 1981, J. of Sound and Vibration 79(4), 5ül .

6. De "walkman" is een van de weinige akoestische modeartikelen
die, overigens slechts ten dele zo beduid door de uitvinder,
bijdraagt aan de geluldhinderbestrijding.

Intermediair, De man die de wereld een koptelefoon opzette, 1982,
nr. 38.



7. Bij de politieke heroverweging in Nederland van de Wet Investe-
ringsrekening dient onderscheid gemaakt te worden tussen de
basispremie en de milieutoeslagen, omdat er van deze toeslagen
een belangrijke stimulans uitgaat voor de aanschaf van relatief
milieuvriendelijke kapitaalgoederen en omdat deze toeslagen, in
tegenstelling tot de basispremie, geen verstoring te weeg
brengen in de kostenverhouding tussen kapitaal en arbeid.

Uitvoering geluidhinderbestrijding 1986-1990, 1985, blz. 19, Min.
VROM, 's Gravenhage.

8. Een mogelijke invulling van het principe "de vervuiler betaalt"
zou in het kader van de geluidhinderbestrijding kunnen zijn de
aankoopverplichting voor alle grond binnen het geluid-invloed-
gebied van de onderneming. In aanvulling hierop zouden aan
deze gronden, evenals dat in het kader van de wet geluidhinder
het geval is, gebruiksbeperkingen gesteld dienen te worden.

The implementation of the polluter pays principle, 14 november 1984,
OECD.

9. Dat de bergpassen in de Alpen tijdens de Middeleeuwen in tegen-
stelling tot tijdens de twintigste eeuw, het gehele jaar door
als begaanbaar werden beschouwd, moet niet, zoals B. Tuchman
suggereert, worden verklaard uit het feit dat reizigers zich
in de Middeleeuwen minder snel lieten weerhouden door lichame-
lijke risico's, doch vooral geweten worden aan de invloed van
de "Kleine Ijstijd" (hoogtepunt 1500-1750), waardoor de weers-
condities in het algemeen zeer verslechterden en de gletsjers
zich uitbreidden, en waarvan de gevolgen nu nog merkbaar zijn.

Barbara Tuchman, A Distant Mirror, reprint 1980, page 252, Penguin
Books, London Ltd.

10. Het is een brevet van onvermogen indien de privatisering van de
PTT gemotiveerd moet worden met het argument dat overheidsin-
stellingen geen slagvaardig beleid kunnen voeren.

Volkskrant, 23 november 1985, pag. 1.

11. Met stellingen blijf je bezig.

IJ.M. van Aernsbergen

17 januari 1986


