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ABSTRACT.

Measurements have been carried out of the molecular stopping

power for alpha-particles over the energy range 1 to $ Mev of oxygen,

water, methyl, ethyl and propyl alcohols, dichloromethane, trichlorome-

thane and carbontetrachloride in the liquid and vapour states, These

results are compared with calculated stopping power values and discussed

with reference to the charge state of the alpha-particles at various energies.

The methods used include a new technique for measurements with liquids.

The molecular stopping powers of all materials in the vapour phase are

found to be significantly higher than those in the corresponding liquid phase

except for CHaClp @bove 2 Mev), CHCL, and CCly.

Stopping cross sections for oxygen, - CHo -, - C - afid - Cl - have

been determined from the experimental measurements using Bragg's Rule.



1. Introduction

wt Basic interaction of charged particles with matter

When a charged nuclear particle passes through matier, it ionises

or excites the atoms of the medium and loses energy. This interaction

with the atomic electrons is through the Coulomb force; the energy trans-

ferred to the electrons represents a loss of kinetic energy of the moving

particle which therefore will slow down, and eventually stop. This con-

stitutes the major mechanism of energy loss; however at very low energies

interaction with nuclei takes place and gives rise to scattering.

The strength of these interactions and the magnitude of the energy

loss depend on the charge and velocity of the particles and on the charac-

ter of the medium. The different types of charged particles can be classi-

fied into two main groups: electrons, and heavy charged particles, The

latter include, for example, protons, alpha-particles, mesons, and

atomic and molecular ions, The fundamental difference in behaviour

between the electron and all the other charged particles is that the

electron rest mass m, is very small. When an electron collides with

another electron, it can lose a large part of its energy in a single inter-

action and also can be deflected through a large angle, but a heavy particle

will lose only a small fraction of its energy, and will only be deflected

through a very small angle in a single collision.

1.2 Classical Calculation of the Energy loss

The classical calculation of the energy loss of a charged particle

travelling through an absorbing medium was first carried out by N. Bohr

(1948). Consider an incident particle of electric charge Z je, mass M,



velocity v, and kinetic energy E, moving along X axis as in Fig. LL

which interacts with a free electron -e and mass _ m situated on the axisY.
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Fig. 1.1 Diagram for collision of heavy positive charged particle with

electron.

In order that momentum and energy should be conserved thé maxi-

mum energy that can be transferred to an electron is 2iny., and this occurs
gut

when the minimum impact parameter biyjjn = a where €, is
. 4Rémv~

permittivity of free space.

For a bound electron the minimum energy Q,,i, that can be trans-

ferred in a single collision is determined by the collision time which must

be less than the orbital period, 7 , of the electron,

Q > 2ziet wy?
min 48E,)° mv

when W =-4- This loss will occur at a maximum impact parameter,

bmax, where bray is of the order &

From these considerations it can be shown that the rate of energy

loss in the medium,

: 24. 32 éAn poaiazjernze papmax alie O28 |, Aceon
Kx mv’ bmin 4mée mv Z4e" wW



where N is the number of stopping atoms per cm®, and Zo is the nuclear

charge. Calculation using this formula presents problems owing to the

presence of the parameterw. In simple cases this can be calculated

for each electron and a mean obtained.

The Bohr treatment can be shown, due to the uncertainty principle,

to be valid only if > 1. Bethe €@930) using a quantum

mechanical treatment obtained an expression of similar overall form,

but with a different logarithmic term which is valid if the Born approxi-

mation holds, i.e. for aie <1.

Bloch (1933) developed a general formula which reduces to Bohr's

and Bethe's expressions in the two extreme limits, his calculation being

based upon a continuous distribution of electron charge from the nucleus

to the radius of the atom. The stopping power formula is most conven-

iently expressed in terms of the mean ionisation and excitation potential

of the atoms of the absorbing medium I which is defined as

ZoInI = 2 fjnE; 1)

where f; is the escillator strength of each possible excitation or ioni-

zation from the ground state to the excited state i, Ei is the excitation

energy and Zo is the nuclear charge. Since the spectroscopic values of

the oscillator strengths are generally not well known in the range of the

most important excitation energies, there are serious difficulties in

determining I from the above definition for a given material.

The stopping power formula may be written



where B is the stopping number and is given by the expression

B=ZoIn@ mv*/l) @.3)

In practice, I can be obtained experimentally by using stopping power

measurements. To determine this accurately, however, the Bethe

equation has to be corrected for several effects not allowed for in the

simple theory.

It should be noted that, since only the logarithm of I enters the

Seen directiy, a large uncertainty in I introduces only a relatively

small uncertainty in stopping power.

A number of workers have calculated values for I relating to

various materials using experimental values of = and equating this to

the expression (1-2). Ifthe Bethe formula is correct, = is propor-

2mv2 i:
tionalto Zomn ins Bloch suggested that Zp may be regarded as a

constant K. Onthis basis, approximate values for I were calculated from

stopping power measurements on a limited number of materials.

Jensen (1937) suggested that experimental I values increase as

Zo increases. He explained that, this is due to electron exchange effects,

Dalton and Turner (1968) obtained I values for a number of substances of

interest in radiation dosimetry. They have obtained I values by calculation,

using equation (1.1), for the simplest atoms, and by the use of equation

(1.2) with experimental values of e for heavier atoms. They found that,

I as a function of Z» could be obtained by using the following empirical

formulae,



Tey) =.2+1L72Z,, 2,8

Vey) =52.8 +8.71 Ze aos

For most elements the value of I, using these equations, given , to

within + 4% of the value recalculated from experiment.

Further stopping power measurements on a wider range of mate-

rials have subsequently shown that K is not a true constant, but has a

periodic variation as a function of Z,, especially for low Zo Z, < 30).
2

The values of the ratio 7, decrease at high Z, aces as the

atomic number of the element increases. Bichsel (1970) suggested that

K is expected to be a constant if I is evaluated using the Thomas Fermi

model, However he presented a curve based on experimental values

which show that mn is not constant but varies as shown in Fig. (1.2).

As canbe Sorts ay value has its maximum values for rare gases

and minimum values nib middle of rows in the periodic table,

TInokuti (1978) explained this as a reflection of the shell structure

of atoms, which is not explicitly taken into account in the Thomas Fermi

model,

Turner et al (970) found I values by making a few modifications

of their earlier work. @alton and Turner 1968). They presented a table

listing I valuesfor the chemical elements. Computational methods have

now been devised in the main for simple light media, based on experi-

mental data on oscillator strengths (Zeiss et al 1977), but for condensed

phases and complex media there are serious difficulties. They found I

values for the isolated H atom 14.99 ev, and for Hy about 19.3 ev. The

30% increase is due to higher electron density near the two protons.
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Fig (1-2) The mean excitation energy Igye for differeni elements (Bischsel 1970).



which causes a higher value for I. Considering the effect of chemical bin-

ding on I, they suggested that in all molecules except those which contain

hydrogen atoms, the effect is very small, because only valence electrons

are modified by binding and valence electrons are only a small fraction

of all electrons, By similar reasoning the influence of phase upon the I

value is inevitable, but its magnitude may be negligible. One of the impor-

tant reasons why we have different stopping power values for matter in

different states could be due to the change in I with phase (Matteson et al

1977),

Bichsel (1974) suggested that the I value in the condensed phase

owing to the modified energy state of the outer electrons is greater than

that in vapour phase. On this reasoning the experimental stopping power

of particles in the condensed state is expected to be lower thanthe stopping

power of the same material in the vapour phase.

1.3 Modifications to the Bethe formula.

For an accurate assessment of stopping power, however, a number

of corrections must be made to the Bethe formula, since some of the

assumptions made in the derivation are not always valid,

At high energy i.e, when the particle is moving at relativistic

velocities the stopping power formula must be corrected to include a

modified value of B. Under these conditions the form of equation (1.3)

must be re-written B= Zo(In mvt 42-45) @.4)
Ta- 62)”

where 4 = 5 , ¢ is the speed of light and & is the density correction.

li



We shall ignore the density effect 5 in the region of energy which

has been used in this work because it only has to be considered at very

high energies in condensed materials, otherwise the density effect

is negligible, With 1 Gev protons inCu, for example, the density effect

reduces the stopping power by 0.5%, Fano (1964), (Cf. Table 10A, P.123)

Therefore the form of equation (1.4) can be rewritten as

B=Z)m ee -#) a.5)
For alpha-particles of energy less than 8 Mev, B can also be neglected

2

since “z at 8 Mev is about 0.004.

1.3a Electron Capture and Loss by ions

The charge on the incident particle can only be assumed to be 2¢ at

high energies, and at low velocity the effective charge 4 Se is not very

well known, When an incident particle Miterea a sufficient amount of

homogeneous material, it reaches a new equilibrium charge state which is

related to its velocity. This is due to the continuous process of capture and

loss of electrons by the ion from the atoms of the stopping medium. There

is considerable doubt as to the value of the alpha-particle charge at various

velocities.

Electron pick-up occurs when the ion velocity is sufficiently reduced,

and statistically the mean ion charge becomes less than 2e, so that the

relevant value of Zz becomes less than 2, and the stopping power is

reduced accordingly. However the process of capture and loss of electrons

provides a further energy loss mechanism, and the effective charge on

the alpha-particle Z eg at energies less than 3 or 4 Mev is difficult to
1¢

estimate accurately.

12



If all other Parameters in the Bethe formula were accurately known

one could, from accurate experimental measurements of stopping power,

obtain values of Z1 of at various energies, but there are further correc-

tions to the formula at low energies, all of which introduce considerable

uncertainty into calculations, The phenomenon of charge exchange has

been extensively studied particularly for fission fragments which carry a

large number of electronsbecause of their high nuclear charge,

The first authors which examined theoretically the range and

effective charge of heavy ions in gas were Bohr (1940, 1941), and Knipp

and Teller (941). Bohr shows that, in a medium of light atomic number

some electrons have speeds as large as the velocity of the incident particle.

He presented an equation for the capture cross section from the Thomas-

Fermi model

4 24% 6
Go ~~ 4M ay Zo W/V)

where, ay is the Bohr radius and is ag~*eak = 0,53 x10 om,

Vu= 218%. Js the velocity of an electron in the first Bohr orbit of

hydrogen and V is the velocity of the particle. This equation is valid only

for v> Vg. For lighter absorbers, Zg=1to4, Bohr's equation for

electron loss cross section is

2. eons V. 2
G=41 oS) @2 + ZH)

For Zo ~ 4to6, Bates equation is
oe

a VvGe = i Zo ¥#

and for Z 26 the dependence of electron loss cross section G on the

velocity of the incident particle V, is expected to become weaker, until

for very heavy element, & becomes substantially independent of v,

13



Bohr assumes as a first approximation that the fragment will take

off all electrons for which the orbital velocity in the atom is smaller than

the velocity of the fragment. The equation below with a rough estimate

based on the Thomas-Fermi statistical model obtains Z, eff

3Zer= Ze stip hy

where V is the velocity of the particle.

Bethe et al (1953) have found experimentally and theoretically that

if the particles velocity V, is very much greater than the Bohr orbital

velocity for a K electron in the moving particle, the probability of electron

loss by a particle is much greater than electron capture g¢ Ye where

(Qe and 0g are the capture and loss cross section per atom of absorber.

At lower particle velocity V the pick-up process is highly probable.

Bell (1953) theoretically investigated the capture and loss of

electrons by fission fragments in low pressure gas. He suggested that

the effective charge changes with the velocity of the fission

fragment and also with the nature of the gas which particles pass through.

He suggested that, those electrons whos@ orbital velocities are close

to the ion velocity have more probability to be captured byiragment, He

also mentioned that, total capture cross section in argon are nearly twice

as large as that in oxygen, this is due to the number of electrons in the

atoms which are available for capture and have V;°V- It means that in

the heavier gases, because of the low velocity of the valence electrons,

compared with the velocity of the fission fragment, the capture cross

section in these gases is larger.

14



Gluckstern (1955) investigated the capture and loss cross section for ions

of intermediate atomic numbers, 8¢Z S18, passing through low pressure

gas, by using a modified form of Bell's model, He potas Hat the capture

cross section depend on the particles velocity and charge, and is

independent of the particular ion. He also suggested that in a single

collision, capture and loss of two electrons is significant, but the effect

on the charge distribution should not be too great. He argues that Bell's

capture cross sections are too large because they contain contributions

frogs electrons in a target atom. One should not sum the individual

capture cross section especially in collisions with small impact parameters,

for which the capture cross sectionsare greatest, but should instead consider,

at any impact parameter, the probability of capturing any electron.

Betz (1972) has also mentioned that there is the possibility that in a

single collision more than one electron may be transferred, but this

probability is very small. He pointed out that multiple-electron loss

occurs with more probability than multiple-electron capture. Allison

(1958) has reviewed the experimental data on charge changing collisions

of hydrogen and helium atoms and ions.

Much experimental work has been carried out since on the

measurement of capture and loss cross-sectionsin various materials, and

these are classified in the literature, @.g. Mapleton 1972 and Massy

and Gilbody 1974).

Studies of capture and loss of electrons do not, in themselves,

provide a solution to the problem of knowing what is the effective charge

associated with an alpha particle as it traverses matter. This problem

15



was appreciated by early experimental workers who attempted to measure

the Proportion of He to He” emerging from various absorbers. An

equilibrium charge state is reached for any velocity, but this is changing

as the particles slow down.

Heckman et al (1963) by measuring the equilibrium distributions

of electronic-charge states of o* v4 ob and nee ions in Zapon at

1.59 to 10.5 Mev/nucleon and nonequilibrium charge distributions for ions

in Zapon 10.2 Mev/nucleon, pointed out that a beam of ions after passing

through a matter reaches an equilibrium charge distribution, which depends

on the characteristic of the material, the ion's nuclear charge and the

velocity of the ion.

The variations in cross-section for pick-up and loss of electrons

in different gases showed that the equilibrium charge may depend on the

nature of substance to be examined, but Ziegler (1978) evaluated the

effective charge of H and He ions in all elements and showed that the

effective charge of these two ions Could be almost independent of the

target.

There are indication (see later) that!olecular stopping power of the

condensed phase is lower than that of Vapour phase, If this is due to

charge exchange effects it would suggest enchants state is lower in the

condensed phase than fapour phase, Betz (1972, 1976) discusses heavy

ions, toe these''Svidence is that Gharge state is higher in"Solid state,

However, for these ions the situation is different from that of the alpha-

particle since these ions are not completely stripped of electrons. Much

16



of the heavy ion data and calculations avetherefore not necessarily relevent

in the present discussion. This is borne out by the experiments of

Meckbach and Allison (1963) who measured the stopping power of Cd solid

and vapour for He ions and H ions from 148 to 920 kev energies. They

found that for He ions between 575 and 920 kev energy, the effective charge

in the gas_ is higher than in solid.

1.3b Shell-corrections

The Bethe equation is valid provided that the velocity of the inci-

dent particle is large compared with the velocity of the atomic electrons,

V>Vq , where WH is the orbital velocity of the electrons bound in the

shell. If it is not large compared with the velocity of some of the atomic

-electrons, correction mist be made for this condition, for example, the

condition of V>V), for the ier orbit of heavy elements is rarely

fulfilled and even at high energies of incident particles the shell correction

may have an appreciable value.

The stopping number B must be calculated separately for each

shell since each responds differently to the incident particle, and will

in fact cease to influence it at different energies, depending upon the

velocity of the atomic electrons concerned. The total stopping is

calculated from the sum of the contributions of the various shells.

Walske (1952, 1955) has calculated the stopping power of K and L

electrons for a limited range of Zgand V, and expressed them in a form

convenient for computation, so that the simple Bethe formula can be

corrected normally by the subtraction of the terms c. and Cy hence

17
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Be eine, (a amv" sf 1.6
"ax ~ ane Pmv2 I Daan

For atoms of low atomic number with which we are at present concerned

only Cxis relevant. Walske has given curves of C against’? over the
k

range 07 <2 for various e: Ox is the observed ionization potential

or the energy difference between the ground state and lowest unoccupied

2
state in units Ziett Ry i

mv Em
ee 2

22 2 Ry MZ 2 R:
eft eft "7

where Ry is the ionization potential of the hydrogen atom and 2 Zo- 0.3

is the effective nuclear charge in the k shell, m is the electron rest mass

and M is the mass of the ionizing particle of energy E, ) i is thus

dimensionless. By calculating? for any value of the incident particle's

energies, C, can be obtained from the curve, and a correction made to
k

the stopping power value.

These calculations do not merely allow for the non-participation

of certain (e.g. k shell) electrons in the stopping at a critical energy of

the incident particle, but also allow for the fact that one cannot assume

for low energy incident particles that the electrons with which they are

interacting are stationary. This false assumption leads to the incorrect

condition implied by the simple Bethe formula that where amv1, =

becomes - ve, and obviously as amv" approaches this limiting value the

Bethe formula will be incorrect,

Khandelwal and Merzbacher (1966) have calculated the M-shell

binding correction to Bethe's formula and also Khandelwal (1968) has

18



made K- and L- shell corrections by calculations similar to Walske's, to

cover the entire periodic table, His corrections agreed very well with

Walske's . :

Bonderup (1967) used the Lindhard and Winther electron gas model

to calculate shell corrections for all elements. Walske's and Bondéup's

shell corrections have the same asymptotic values at high velocities,

Andersen et al (1969) calculated the shell corrections for the ele-

ments 2520 to 2580 from stopping power measurements with 5-12 Mev

protons and deuterons. The result which they obtained in some cases

are smaller than Walske's calculated corrections, for lower Z,. This,

they suggested, could be because Walske's corrections are too large,

but it could also arise because their calculated corrections

indicate the deviations from the simple Bethe formula which means that

they include all types of deviations and not merely those due to.non~

participation of the inner shell electrons. In fact this would include the

z
4 correction, not appreciated at the time, and this would in fact reduce

the overall correction and make the shell correction appear to be smaller.

1.3¢ The Barkas effect

Barkas et al (1963) found that the stopping power of a material for

slow positive ions was larger than that for negative ions at the same

velocities, and suggested that this fact was not in agreement with the current

theory based on the first Born approximation,

According to equation (1.6), if we measure the stopping power of

19



a material for alpha particles and for protons, we can have the following

equation at identical velocities for both particles,

@) =4 &) @.7) Since Z, = 2Zy

Anderson et al (1969) measured the stopping power of aluminium and

tantalum for different particles and found that the double-charged ions

lose energy at a rate 1-2.5% higher than would be predicted by equation

@.7), They also compared the energy loss of helium ions in thin metal

foils with the energy loss of hydrogen ions of identical velocity in the same

foils, and found that the ratio between the two sets of data is larger than

the factor 4 predicted by the Bethe theory.

Heckman et al (1969) investigated the stopping power differences

between +ve and -ve pions at low velocities, and they found similar results

to Barkas et al. They suggested that the difference in the stopping power

for positive and negative particles is due to the difference in direction of

the coulomb force acting on the particles within the negative electron cloud

fs. a result

of the atom. , the rate of energy-loss of positively charged incident parti-

cles increases, conversely, slow negative particles will repel the electrons

of the media, and the strength of the interactions between the particles and

the electrons will be smaller and therefore the energy-loss rate will be

reduced, and the range will be increased. They suggested that the use of

the second-order Born approximation treatment would introduce an extra

term in the stopping power that is proportional to third power of the inci-

dent particle charge.

In the Bethe theory equation (1.6), the stopping power of a medium

for a particle of charge number, Z1e is proportional to Ze)". Also

20



Ashley et al (972), Jackson and McCarthy (1972), Ashley et al (1973) and

Ashley (1973) extended the stopping power theory to include a term propor-

tional to the third power of the charged carried by the particle, and evaluated

the effect of this contribution in a number of materials.

If So (X,) is the stopping power uncorrected for the Zi effect the

corrected stopping power S(X,) is

‘80,)=Sogr,) 1+ ZEB Hod F Cer Xe)

pon Gor Pcie
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Xe = 40.2 Ey/MZ where M, is the mass of alpha-particle in

a.m.u, and Ej is the energy in Mev.

If Zy # 2 due to charge exchange we use Zyeff instead of 21.

P= Kp/4Ryhere Kp = — and Ry is the ionization potential

of the hydrogen atom.

Lindhard (1976) reported on a new calculation of the 2 correction,

and the result obtained was approximately twice the magnitude of Ashley

et al's earlier calculation. He also introduced another correction signi-

ficant only for very low energy particles. The additional term is propor-

tional to the fourth power oi the charge of the particle.

Anderson et al (1977) investigated these effects experimentally by

measuring the stopping power of hydrogen, helium, and lithium ions in

21



in five different materials, and confirmed the Lindhard correction.

Finally, Ritchie and Brandt (1978) have investigated the stopping

power data of solids with atomic number 13KZo< 79 for ions in the

ranges 1KZ1< 9 with velocities 114, <12 in terms of the zs

effect and effective ion charges, and have suggested that the stopping

power data are consistent with the theory of Ashley et al,

1.3.d. Bragg's rule.

Bragg's rule states that the stopping cross section of compounds

can be obtained by adding the stopping cross section of the component

elements, If the Bethe formula applies, Bragg's rule must also hold.

If, however, corrections to the Bethe formula are necessary, Bragg's

rule may, or,may not be true depending upon’the nature and reason for

the corrections,

Physicakstate effects and chemical-binding effects can be

considered in the experimental tests of Bragg's rule.

If (Yn) is the stopping cross section ec & of the

molecule X,,Yp, where N,, is the number of molecules per unit

volume, and { (X) and TY) are the stopping cross section of the

component elements X and Y, respectively, Bragg's rule is stated

as follows:

F&mYn) =m TK) +4 OY),

When a compound is formed, the wave functions of the outer electrons

will slightly change, the binding will become tighter, and therefore the

average excitation potential will change and an increase of the ionisation
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potential of the valence electrons would be expected. Hence an increase

in the value of I, the mean ionisation and excitation potential seems not

unreasonable, although this could be quite small.

It is also reasonable to suppose that the physical state of an

absorber will, under certain circumstances affect its stopping power.

In the condensed phase the outer electronic levels can be slightly affected

due to inter-molecular forces. Ih addition the close proximity of other

atoms on molecules can influence distant collisions. This can affect

direct energy losses and could also affect the equilibrium charge on the

incident particle as mentioned previously in the section on charge exchange.

Experimental measurements of the stopping cross sections for given

atoms in different states of chemical combination and phase have been

carried out, A number of measurements have been made with solids

and vapours, and a few with liquids. There is still, however, some disa-

greement regarding the effect of phase upon the stopping power of particles,

There is also some disagreement due to the effect of chemical binding upon

stopping power, Bakker and Segre (1951) have suggested that the effect of

chemical binding upon I is too small to affect the stopping power,

Experimental measurements by Palmer (1966) using alpha-particles

over the energy range 1-8 Mev on gaseous hydrocarbon targets, indicated

that the effect of chemical binding on the range of 8 Mev alpha-particle

is negligible. Lodhi and Powers (1974) find additivity anomalies with

double-bonded hydrocarbons and Bourland and Powers (1971) tested the

additivity of atomic stopping cross sections for alpha-particles in a number

of gaseous compounds and suggested that Bragg's rule can be applied to
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the gaseous compounds with single and double bands, but with triple-

bonded hydrocarbons at energies below 2 Mey they obtained deviations

as great as 12.8%.

Baglin and Ziegler (1975) have measured the energy loss of “He

ions up to 2 Mev in a number of elements and in their solid compounds

like RhSi, H¢Si, Si02, AlgOs SigN4, AIN,W2 Ng and for melamine

and adenine. They had good agreement with Bragg's rule, and they did

not find any deviation from the additivity rule for triple-bonded solid

targets.

Zeiss et al (1977) calculated atomic and molecular stopping powers

for a number of gases by calculating excitation energies from oscillator

strength distributions for gaseous atoms and molecules, They found that,

for all atoms except those involving the hydrogen atom, the errors in using

the additivity rules would be less than 1,5% at 0.5 Mev per amu for the

incident particle, but for hydrogen atoms the error is estimated 108%

at this energy. They expect deviations from the additivity rule in con~

densed phases.

Chau and Powers (1978) measured the molecular stopping cross

section of aldehydes and ketones and hence calculated the atomic stopping

cross section of oxygen in double-bonded and three-membered ring-struc-

ture C-H-O compounds. They also measured stopping cross-sections

in a straight-chain single band, for 0.3 to 2.0 Mev He ions, In contrast

to Baglin and Ziegler €973), they found that the stopping cross section

for oxygen in a double-bonded structure is 6-17% greater than that ina

three membered ring structure, and the stopping cross section in'three



membered ring structure is 3.1-10.4% greater than that in the single bond,

for energies less than 0.7 Mey.

Palmer and Simons (1959) observed the stopping cross section for

alpha-particles to be less in the liquid than in the vapour state for H90

and certain organic compounds.

Williamson and Watt (1972) measured the stopping power of alpha~

particles in hydrocarbon compounds in the gaseous and solid state. They

found that the stopping cross section in the condensed state was lower than

that for the corresponding gaseous state. They suggested that these

differences are completely due to charge exchange effects, Palmer (1961)

has measured the stopping power of @thyl alcohol and carbontetrachloride

in liquid and vapour ¢atesfar 2-8 Mev aipa-particles, She found that the

molecular stopping power for both liquids was lower than that of the

corresponding vapour especially at lower energies, and in (1973) has

measured the stopping power of carbon tetrachloride and several hydrocarbon

liquids for 1-8 Mev alpha-particles. Comparing the molecular stopping

power of alpha-particles in these liquids for different energies with that

for corresponding vapours, she found that the stopping power for liquid

hydrocarbons were Tomer than those of the corresponding vapours at lower

energies, She suggested that these differences are caused by different

charge eaters effects in the liquids and vapours, and polarization of

the absorbing liquid medium by low velocity alpha-particles. Bichsel 0974)

suggested that the stopping power of condensed media is lower than that of

_ the corresponding gases because the condensed phase leads to a modified

energy state of the outer electrons and an increased value of I. Matteson,
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Power and Chau (1977), measuring the stopping cross section of Hog ice

and vapour for 0.3-2.0 Mev alpha-particles found that the stopping cross

section of H,O'vapour was 4-12% higher than that of HpQ ice. Their

results indicated that a physical-state effect does indeed exist in the

stopping cross-section of H20 for alpha-particles and they suggested this

is due to charge-exchange effects. Thwaites and Watt (1978) suggested

that this deviation is largely due to changes in electronic excitation levels

when the phase is changed.

Feng, Chu and Nicolet (1974), measuring the stopping power of

1-2 Mey alpha-particles in five solid oxides, found no observable chemical

effect in the stopping power of alpha-particles by these solid oxides.

However they have observed that the stopping cross section of oxygen in

a solid metal oxide for alpha-particles less than 2 Mev is 6-22% lower than

that of gaseous distomte oxygen, They suggested that the differences in the

stopping cross section of oxygen between the two forms was due to a physical

state effect,

Further measurements of the stopping powers of liquids and solids

for alpha-particles which show deviations from calculated values and from

the stopping power in the vapour phase at the identical velocities are as

follows, Palmer (966, 1973,Liquid and Vapour), Williamson and Watt

(1972,Solid and Vapour), Venkataram4n et al 1975, Solid and Vapour)

Burgess (1975, Solid, Liquid and Vapour), Palmer and AkhaVan-Rezayat

(1978, Liquid and Vapour).

Whillock and Edwards (1978) by measuring the experimental stop-

ping cross section of ethylene and polyethylene in solid and gaseous states
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using 1,5-4,2 Mev alpha-particles, found no differences in stopping cross

section between the two set of values. Chu et al (1978) have measured the

energy loss of 0,5-2.0 Mev ‘He ions in argon, oxygen and OOp in the solid

phase, they compared their result of stopping cross-sections with corres~

ponding gaseous-target values in the literature. They concluded that, at

energies above 1 Mev, the stopping cross section data agree with the

corresponding gaseous-target values, and at lower energies the solid-

target data were 5-10% lower than for the gaseous phase,
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2. Experimental Procedure

2.1 Nature of investigations

As may be seen in the previous section’ extensive measurements

of stopping power of organic vapours and solids, and a number of liquids

for charged particles have been performed.

Accurate stopping power values are available for protons and alpha-

particles in certain solids and gases especially at fairly high energies,

but there are few accurate values available for liquids and vapours.

Calculations, particularly at low energies are not reliable and the effect

of chemical binding and phase upon the molecular stopping power,

especially at low energies, is uncertain, The measurements reported

here have been made in order to provide more data concerned with the

liquid phase, and, by comparing with the vapour phase, to indicate any

phase dependance of the stopping power.

The materials which were selected for this investigation are

shown in table 2.1.

These materials have been chosen because their boiling points

made it possible to investigate the penetration of alpha-particles in both

liquid and vapour states at or near room temperature. Also they included

adjacent members of homologous series, enabling comparisons of the

effect of chemical groups to be made, They were also available in a

high state of purity.
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Chemical Melting Boiling Density Molecular Purity

formula point Cc) point CC) g/em weight

Oxygen 2, 15.9994 99.6%

Water HO 0.9977 18. 0153

Methyl alcohol CH, OH -97.8 64.96 0.9714 32.0424 99.86%

Ethyl alcohol C,H, OH -117.3 78.50 6.7893 46.0695 99.56%

Propyl alcohol (CH, ), CHOH -127 97.10 0.7796 60. 0966 99.80%

Dichloromethane CH,Cl, -97 40.10 1.3350 84.933 99.95%

Trichloromethane

(Chloroform) CHCl, -63.5 61.20 1.4916 119.378 99.95%

Carbontetrachloride ccl, -22.95 76.75 1.5942 153.823 99.95%

Table 2.1 The properties of organic materials (Purities as stated by manufacturers).



2,2 General techniques

Two separate types of alpha-emitting source were used for the

stopping power measurement; Be which has a double alpha-emission

with energies of 8.78 Mev and 6.05 Mev and also emits beta particles

which cause a noise signal in the detector especially at energies below

1 Mev. The oe source was electrostatically deposited which gave a

very thin source so that straggling effects due to self absorption in it

were negligible.

24M in has been used to cover the lower part of the energy range

from 0.25 Mev to 5.48 Mev, and has the advantage that there is no beta

emission in this source and hence less noise.

The residual energies of alpha particles have been measured after

the particles passed through a known path in vapour or liquid. Pulses

produced by alpha particles in the detector were fed via a Tennelec 100B

charge-sensitive preamplifier and Harwell 2000 Series main amplifier

into a 400 channel Laben pulse height analyser, as shown in Fig, 2.1.

The residual energies of alpha-particles in various liquids and

vapours were measured by means of a lithium drifted silicon detector

with sensitive area of 3.14 cm’,

The advantages of solid state detectors as compared with the

scintillation detectors are as follows: (a) the energy resolution is better,

(b) the charge pulse produced is linearly dependent upon the energy

deposited in the sensitive volume of the detector.

There is a thin dead layer on the surface of a semiconductor
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detector but correction was made for this as follows:

eet and PelesThe range of alpha-particles in air was found for both

sources by the method described in section 2.3, and the result was

compared with the established range-energy curve Gegre, 1953). The

difference between the apparent range of particles from each source and

that of the corresponding established range represented the amount of

energy loss in the detector's dead layer. The energy loss in the window

thickness was found to be 0.06 + 0.02 Mey at 8.78 Mev. This represents

up to 0.12 Mev at very low energy.

The ratio of the stopping power of silicon to that of any organic

liquid or vapour at any particlar energy was assumed to be approximately

constant, over the whole energy range 0.5 to 8.50*Mev, Hence the

stopping effect of the window in the detector could be assumed to be

equivalent to that of a liquid or vapour layer, the thickness of which would

be the same for all energies, The layer thickness could be approximately

evaluated and was found to be of the order of 1(*m for the liquids and

correspondingly more in vapours at any given pressure. Any error in

this evaluation would contribute to the error in the total range but would

dE

have negligible effect on the stopping power value. ~—
dx*

The back bias on the detector was adjusted so that the noise level

was a minimum consistent with the particles being completely stopped in

the depletion layer thus giving a maximum signal to noise ratio, The bias

voltage used was 90V. The linear ity of the detection system has been

checked by means of a pulse generator. There was a slight deviation



from linearity of the pulse height analyser at upper levels for which

correction was made where applicable.
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2.3 Experimental arrangement br the vapour measurements.

For the vapour measurements, the experimental arrangement of

the apparatus is shown in Fig. 2.2.

The cylindrical gas chamber, ¢.54 m long, was supported with

its axis horizontal, The detector was mounted at one end and the source

was attached to the end of a horizontal rod which could be adjusted in

position so that the alpha particles emitted from it passed through a

known path length of the gas to be studied, and their residual energy could

be measured in the detector.

The minimum distance between the detector and source was 20 cm

in the case of the Ben source and 40 cm in the case of the ae source,

thus ensuring that the maximum variation in path length. of the particles

due to the finite size of the source and detector was 0.2 - 0.3% for

244m and 0,05 - 0.06% for “Bi.

The vacuum system could be evacuated to less than 0.01 mm.Hg

and could be used at any pressure up to atomspheric.

At the lowest pressure, the rate of outgassing © into the chamber

was negligible.

A mercury manometer was used to measure the gas pressure.

Before beginning the measurements, the chamber was flushed with each

of the vapours many times.

Readings were estimated to an accuracy of 0, 02 to + 0.04 mm

(depending upon pressure and temperature conditions) by means of a

cathetometer.
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The temperature of the chamber was measured by means of two

thermistors in order to determine the vapour density.

The distance from the source to the detector was determined to

within + 0,2 mm by means of a steel rule.

The cylinder was initially evacuated and the pulse height corres-

ponding to the maximum energy of alpha-particles was noted, vapour at

various pressures was then introduced and the pulse heights corresponding

to the reduced energies of the alpha-particles were measured.

The chamber could be heated slightly but the detector could not be

operated at a temperature above 30 -

Because of its low saturation vapour pressure, water presented a

problem. This was overcome by the use of thin aluminium foils of uniform

thickness varying from 3 to 42 (im, which enabled the alpha-particle energy

to be reduced by convenient increments, so that the whole energy range

from 8.78 Mey to about the relevant noise level could be investigated.

Assuming that the energy loss is a function of the product of vapour pres-

sure and path length traversed, each stopping pressure corresponding to

a fixed path could be replaced by an equivalent path at a common pressure

and temperature of 3 cm of mercury and 15° centigrade respectively, and

hence a range-energy relation for these conditions was deduced.

The residual energy of the pinuacperinise after passing through

a known length of liquid or vapour was measured by the energy corresponding

to the maximum of the peak displayed by the pulse height analyser. Under

optimum conditions i.e. with no vapour in the apparatus and with the detector

bias adjusted to give the best signal to noise ratio the spectral peak was
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symmetrical and the spectral width was approximately 100 kev (¢f.w.h.m).

When the alpha-particles were reduced to low energies the spectral spread

increased to approximately 200 kev below 2 Mey and there was some

assymetry in the form of a low energy tail. A comparison was made

between the energy corresponding to the peak maximum and to the average

energy of pulses in several typical spectra. It was found that the average

values were about 20 kev lower than the peak value for energies between

1 and 2 Mey, which was less than the uncertainty in individual peak measure-

ments at these low energies, Therefore, peak values were used in all

cases,
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2.4 Experimental arrangement for the liquid measurements,

A new technique (method I) has been devised for measuring the

residual alpha-particle energy after the particles have traversed a known

path in liquid, the experimental arrangement for this being shown in

Fig. 2.3. The source was coated on a source holder consisting of a

flat surface with a number of annular steps as shown in Fig. 2.4. This

was to be placed on a flat collimator covered with a thin film in sucha

way that a liquid drop could be trapped between the upper surface of the

collimator and the source. Particles from the source could thus traverse

different path lengths through the liquid and only those travelling in a

direction normal to the collimator surface could pass through to the

detector on which the collimator was positioned. Due to the steps in the

source holder discrete path lengths would be traversed by the particles

in the liquid.

Several methods of preparing the source holder were attempted,

The precision required was too demanding for mechanical cutting of the

steps, since the depth of step required varied from 1 & m up tol10 Mm.

An electroplating method was attempted. The best results were obtained

with the following conditions:

Plating Solution

Cu Sq,, 5 H20 60g./1

Na CN 41g./1

Nag C03 25¢./1
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Fig. 2.3 Schematic diagram of experimental arrangement

for liquid method I mot to seale)

A = Source holder

B = Cylindrical brass tube (film holder)

C = A brass ring to keep the source holder in a central

position.

D = Film

E = A ring to keep the collimator in a central position.

F = Collimator

G = Semiconductor detector
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Na OH 3 g./I

Rachellesalt 37 g./|

Temperature 60°C

Current density 15 mA/om”

The specimen source holder was mounted on a rotatable cathode in the

electroplating solution. A very thin nylon screen was inserted between

the copper anode and the cathode to prevent impurities reaching the cathode,

In order to make a flat, homogeneous surface with sharp edges ,

conditions were varied as follows: current between 5 and 30 mA, tempera-

ture between 60 and 90°C, rotation rate between 90 and120r.p.m. The

best results were obtained by a current of 15 mA through the solution at

60°C with a rotation rate of 90 r.p.m. This plated 2 & m on the surface

in 30 minutes. With this method steps of thickness up to 2 microns were

found to be satisfactory, the surface of the plating being very flat and homo-

geneous, but at greater thicknesses the surface became irregular.

An evaporation technique was tried and found to produce superior

results, although the step thickness obtained was still limited by practical

considerations i.e, mainly expense and time available.

2.4.1, Preparation and plating of substrates.

The vacuum system used was based on an oil diffusion system with

a rotary backing pump. A thermoelectric cold trap was mounted between

the diffusion pump and evaporation chamber to prevent backstreaming

vapour and its subsequent deposition on to the substrates.

The ultimate pressure which could be reached by this system was
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of the order of 2 x 10° torr after about one hour. Over-heating of the

substrate was avoided by supporting it on a brass heat sink and the appa-

ratus was cooled in general by a water-cooling system mounted on the

evaporation chamber.

Pure aluminium was chosen for evaporating on to a silver steel

disc, The factors governing the selection of this material were:

1 - The tolerance on residual pressure in the system for the metal

being evaporated.

2 - The temperature to which the system was subjected.

3 - The cost of this material, and ease of obtaining it,

4 - The ease of obtaining a uniform evaporated coating which was

chemically stable, and produced a good surface.

During a trial run a molybderium boat was used to evaporate some alumi-

nium onto a substrate. It was found that the aluminium reacted with the

molybdenum, causing pitting and holing and thus loss ‘of evaporant,

Boats of thicker molybdenum were tried but without success. As

it was required to evaporate larger amounts of aluminium a small carbon

erucible indirectly heated by electron bombardment was tried but again

the problem of perforation was encountered. Finally, a large tungsten

filament was used and this, although still attacked by the molten aluminium,

lasted long enough to enable a fair amount of plating to be achieved.

The amount of evaporant which could be accommodated by the filament

was generally insufficient to deposit all but the thinnest layer i.e. a Um

so the need arose to provide some means of feeding a quantity of aluminium

on to the filament during plating.
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Several methods were tried but the most successful was achieved

by using an externally controlled sealed rotary arm, to raise and lower

a rod from which several pieces of 18 s wg pure aluminium wire were

suspended. (The apparatus assemblies are shown in photograph 2.1 and

2. 2) + When the wire came into contact with the heated filament evaporation

resulted and in this manner quite large deposits could be obtained, without

having continually to open and shut the evaporation chamber, This resulted

in much purer films as well as a great saving in time.

The maximum thickness which could be obtained per run was

governed by two factors; first, the amount of alumium wire which could

be loaded on to the carrier and second, the ability of the filament to resist

attack by the molten aluminium, Generally the first was the limiting factor

and this restricted the maximum amount of evaporant laid down to about 5

microns in one operation. During plating, a quartz crystal monitor was

used to estimate the thickness of the deposition. This was calibrated by

mounting suitably prepared microscope slides inside the evaporation chamber

and evaporating onto them. The distance between the filament and substrates

was 24cm. One half of each slide was masked so that no deposition could

occur on it, This was used as the reference surface and enabled the thick-

ness of the plated metal to be determined.

The thickness of the deposit on the slides was determined by using

several methods in turn i.e. mechanical, by using a talystep, and optical,

using both interference and optical focusing techniques, One of the simplest

methods of measuring the thickness of evaporated film is to weigh the

substrate before and after deposition, The thickness of the film is then

43



Pho‘ograph 2.1

Apparatus assemblies for preparation and

Plating of Substrates,



Photograph 2.2

Apparatus assemblies for preparation and

Plating of Substrates.
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determined from the equation, t = m/s. f

where t isthe thickness, m is the increase in mass of the substrate,

S is the area of the substrate and if is the density of aluminium. These

methods gave very good agreement. The mechanical method by using a

Talystep was preferred, the overall accuracy of this method, including

the calibration accuracy of the instrument and repeatability of the step

measurements being usually less than +2% and in all cases less than

+ 4% for thickness measurements between 1 fm and10@m. For calibration

of the monitor as shown in graph 2.1, the frequency of oscillation of the

crystal loaded by the aluminium deposit is plotted against the thickness of

the deposit as measured by means of the Talystep which is used as a

standard,

Each substrate was made from a silver steel disc of approx, 2 cm

diameter and 5 mm thickness, in the centre of which a 2 mm diameter hole

was bored. One face of each substrate was surface ground using a very

fine wheel and then lapped down to a} fm finish. After preparation the

substrates were thoroughly cleaned in trichloroethylene by ultrasonic

agitation and then they were placed in a vacuum chamber and cleaned by

ionic bombardment for about 20 minutes before being placed in the plating

apparatus.

Building up a stepped surface on the substrates was accomplished by

preparing a number of aluminium masks of various diameters, each having

a central 2 mm hole which enabled it to be attached to the steel substrate

as required.
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One problem which arose was the difficulty in obtaining a perfectly

flat deposit on the substrate simply by mounting it in a fixed jig, due to

the geometrical disposition of the hot source and the substrate. A

variation in thickness of the deposit over the substrate was avoided by

rotating it during deposition. For this purpose three small electric

motors were mounted in the vacuum system and arranged so that the

substrates could be individually fixed on to the shafts facing the

filament, when co@ting was started the substrates were rotated at a

steady rate of approximately 120 r.p.m. until the desired thickness was

obtained. By this means quite flat coatings were achieved.

Initially fifteen steps were prepared on the substrates as indicated

below.

Outer Diameter Area of Height of

Step of annulus (mm) annulus (mm) ~~ Step (*m)

lst 20.00 14.29 10

2nd 19,54 14,55 10

3rd 19, 06 15.36 10
4th 18,54 15.49 10

5th 18.00 15.31 10

6th 17.45 17.48 5

Tth 16.80 18.09 5

8th 16.10 19.73 5

9th 15.30 20.54 5

10th 14,42 21.87 3

llth 13.43 26.67 3

12th 12,10 26.74 2
18th 10.60 26.73 1

14th 8.85 28.33 1

15th 6.50 30.04 1

When a deposit of eat was formed on this surface it was "sealed" by

flashing it with a very thin evaporated layer of aluminium (less than

0.1(m). Any loss in energy in this layer was so small that it could
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not be detected as a shift in the peak energy, when the source was

placed on the detector surface.

With a liquid drop trapped between the source and detector it was

hoped that a series of at least fifteen peaks would be observed, possibly

with complications due to the lower energy components from the Be

(6.05 Mev initial energy), Some problems were introduced due to the

presence of air bubbles, but with care these could be overcome. However,

the resolution obtainable for the individual peaks was limited to an extent

which made neighbouring peaks overlap and the results were very difficult

to interpret.

It was therefore decided to limit the number of steps used on a

single substrate and the optimum number for the size of detector used

was about 4 or 5.

The most satisfactory source-holder prepared was of the aimeneiend

given below;

Outer Diameter Area of

Step of annulus (mm) annulus (mm)

Ist 20.00 54.00

2nd 18.20 54.04

3rd 16.20 62.98

4th 13.50 64.60

5th 10.00 75.40

Three different substrates were actually used. The heights of steps on

each substrate were as follows:

Ist) 1,1, 2, 3m. 2nd) 3,4,5,5,/¢ m. 3rd) 8,8,10,10/m.

The collimator of thickness 2.4 mm and 21 mm in diameter and with holes

of diameter 0.35 mm was positimed on the lithium drifted silicon detector.
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The surface of the collimator was originally prepared to give a flat 3/‘m

surface finish anda cylindrical brass tube which was covered at one end

with 1 to 2m thickness polymer film (Polyetijene Terephthalate) was

positioned on the collimator, and the liquid was placed on the upper

surface of the film, so that the film prevented liquid from penetrating into

the collimator. The stepped source holder previously activated was then

centrally positioned on the collimator. After passing through the liquid

the alphtparticles passed through the film of previously determined stopping

power and then through 2.4 mm of air (due to the collimator). There was

a further energy loss in the 'window' of the detector before the residual

energy was deposited and measured in the detector.

The energy losses on leaving the liquid are estimated as follows:

ry Energy loss in 2.4 mm of air is about 0.145 Mev at 8.78 Mev alpha-

particle energy. .

2. Energy loss in the 1-2m film was at most 0.125 Mev at 8.78 Mev

alpha-particle energy.

3. The energy loss in the dead layer of the detector was about 0.06 Mev

at 8.78 Mev deh-cacacis energy.

However, the relevant energy loss in the film, air and silicon surface is

that which would take place, not at 8.78 Mev but at the energy of entry of

the particles into the silicon. The correction for this is made as follows:

Energy loss at maximum alpha-particle energy 8.78 Mev is:

AE = 0.145 + 0.123 + 0.06 = 0.330 Mev

Energy loss at any other level of energy E;is:

dE

& air

gE at 8.78 Mev
aX air

at E;

Az, AE



aE;

Energy loss (Mev)

1.4

1.2

0:8

0.4

0.2

4 5 6 7 8 9 10 1

Energy (Mev)

Graph2.2. Energy losses in air, film and de<ector window as a function of residual alpha-
particle energy.
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The differential stopping power of air for alpha-particles between 0,25

and 8.78 Mev has been found by using the range - energy curve previously

enevgy £055 BEC

quoted. The,is shown in graph 2.2. From this gr@ph the appropriate

correction at any energy E could easily be deduced, and this was added

to each residual energy measurement.

In order to test this system for accuracy and reproducibility of

results separate experiments have been performed using a 2 cm diameter

flat silver steel disc, prepared and polished as previously described with

a 2mm diameter hole in the center.

This disc was used as a aT source prepared by electrostatic

deposition as before. For these measurements, two pieces of melinex

foil of thickness uniform to withint2% were inserted under the disc, as

shown in Fig (2.5). The distance between source and collimator surface

could be changed by using foils of different known thickness, The foils

were positioned on the film and the flat source was, placed on ae foils,

the residual energies of alpha-particles being measured after they had

passed through a thickness of the liquid equal to that of the foils. The

results of these measurements were found to be reproducible to within

the expected accuracy of the assessment of the liquid layer.

An unexpected difficulty arose in this method due to the problem

associated with cutting a small piece of melinex so that the uniformity

in thickness was maintained at the cut edge. Careful cutting by means

of a sharp razor or by several different form of guillotine did not

produce the required degree of uniformity, giving increased edge

thickness of up to 25% in some cases, and being generally unreliable.
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Pulse to pre-amplifier

Fig. 2.6 Schematic diagram of experimental arrangement

for liquid (method II).

A = Micrometer shaft

B = Steel magnet

C = Alpha-particle source

D = Collimator

E = Melinex film

F =A lithium-drifted silicon detector

Ye
Fig. 2.5 Schematic diagram of experimental arrangements

for testing reproducibility of measurements in

method I.
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Satisfactory results were in fact produced using a pair of very sharp

scissors. These in fact gave an edge which was about 10% thinner than

the main part of the foil, but this was acceptable for the use intended,

aude compernier
The thickness of the foils was measured by means of, thickness

gauge. The consistency of the measurements was about 2% for foils of

154m thickness, improving to less than 1% for thicker foils up to 754m.

Before the foils were placed on the film the film and foils were

carefully cleaned by pure methanol and were blown dry by dust-free

compressed air, With care errors due to dust on the surface of the foils

and film could be made negligible.

2.4.2 A second technique (method II) has been used to measure alpha-

particle range energy relations in the liquid phase in order to have comparative

measurements in the same liquids by differert methods. This was similar

to that described in papers by Palmer (1966, 1973) and Palmer and Akhavan-

Rezayat (1978). This also enabled measurements to be extended to lower

energies. The experimental arrangement is shown in Fig, 2.6. In this

method two separate sources Ey with 8.78 and 6.05 Mev energies and
241
Am with 5.48 Mev were used.

212
The Bi source was deposited by electrostatic attraction on a

flat steel disc. This was positioned on a collimator consisting of 0.35mm

diameter holes drilled in brass, 2.6 mm thick.

The collimator was polished flat on its lower surface and was

covered by a melinex film (polyethylene Terephthalate) or polypropylene

film of 1 to 1.5m thickness.

The collimator was supported on a flat steel magnet holder and

the holder was supported on the non-rotating shaft of a micrometer, so that

54



by adjusting the micrometer setting the distance between the source and

detector could be changed whilst still retaining their parallel condition.

The micrometer was calibrated in 2/m divisionswith a vernier

setting calibrated to Lam.

The ied was fixed on the centre of a large base platand this

was supported on three ball bearings at points near its circumference. These

could be raised or lowered by means of adjusting screws, giving a sensitive

means of levelling the detector relative to the lower surface of the collimator.

The residual alpha-particle energies were measured after the particles

had passed through a known path in liquid which could be noted on the micro-

meter.

However there were also small energy losses before and after

the alpha-particles traversed the liquid, and allowance had to be made for these

losses. ‘

The energy loss in 2.6 mm of air in the collimator was 147 Kev for

the 8.78 Mev alpha-particles, 218 Kev for the 6.05 Mev alpha-particles and

237 Kev for the 5.48 Mev Alpha-particles.

The melinex film was between 1 and 1.5(+m in thickness and the energy

loss in the film was measured before and after each experiment. It was found

to be approximately 120 Kev in most cases. The energy loss in the detector's

dead layer as it has been described before was 60 Kev at 8.78 Mev.

For an 8.78 Mev alpha-particle therefore the total energy Toseen

consisted of a constant energy loss of approximately 270 Kev before entering

the liquid and a smaller variable energy loss after the liquid which could be

equated to the loss in a liquid layer of constant thickness as previously discussed.
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The calibration of the pulse height analyser in terms of Mev per

channel is therefore obtained by dividing 8.78 Mev by the maximum peak

channel number,

2.5 Alpha-particle range measurement.

Because of statistical variations in individual energy transfers to

atoms or electrons inthe stopping medium, a group of particles of initially

uniform velocity, after passage through a certain thickness of matter, will

show a distribution of energies. Similarly, there would be a statistical

fluctuation in the range of these particles. These fluctuation effects are

known as "straggling", The average thickness of material which particles

traverse is called the projected range, and the thickness of material at

which one half of the particles in trasmitted is called the median projected

range.

Range measurements

With vapours, as in the stopping power measurements, the distance between

the source and detector was kept constant, and the amount of absorber

between the source and the detector was changed by changing the pressure

inside the chamber.

The counting rate above a fixed noise level taken for various pressures

is shown in graph 2.3. The bell shaped curve is obtained by taking the

slopes of the range curve. This curve is known as the number-range curve,

and its shape is Gaussian. R ° indicates the mean range, where the counts

decrease by half, and R is the extrapolated range, Which is obtained by

drawing the tangent to the curve at its inflection point and noting where

the tangent crosses the pressure axis.
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Count per unit time
Pressure (Cm. Bort 3ae Corresponding To Ro and

Graph 2.3. Alpha counts as a function of gas pressure.
Ro indicates the mean range andR is the extrapolated range,

—
ooCount per unit time

Channel numbe:

Graph 2.4. Several energy spectra of alpha-particles

after traversing a known length of a vapour material at

various gas pressure.
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In an alternative approach, the residual alpha particle spectrum

was observed on the multichannel analyzer as the pressure approached the

stopping pressure. The alpha particle peaks became wider as the pressure

in the chamber increased, and also, due to the increase in straggling, some

assymetry in the peaks appeared in the form of a low energy tail before the de

peaks disappeared into the noise spectrum. Graph 2.4.

A typical spectral series was analysed, the energy corresponding

to the maximum count in each peak being compared with the mean energy

over the major part of the spectral peak. For energies above 2 Mev there

was no significant difference between the peak and mean energies. Below

2 Mev, the average value was about 0,02 Mev lower than the peak. This

difference is smaller than the expected errors in individual peak measure-

ments; therefore peak values were used in all cases.

In order to obtain the effective range of the alpha particles, a curve

was plotted of peak channel energy against pressure. This was then extra-

polated down to the pressure axis as shown in graph 2.5., the extrapolation

error being estimated at about 1.5%. The range Ry at any required pressure

P could then be found from the relation

re DPeT3 +15)
E (273+1)

where D is the distance between the source and detector,

For some vapours it was necessary to use aluminium filters as

previously described in order to stop the alpha particles, and due allowance

was made for this.

The range of alpha particles in liquids was found in a similar way,
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except that a range value was obtained by extrapolating the graph of channel

peak against distance to intersect the distance axis. In this case a value

had to be decided for the initial position of the source when the alpha

particles reaching the detector were of maximum energy, Range measure-

ments carried out with the same liquid but with different polymer film

covering the collimator were always in agreement within + 2%.
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3. Treatment of results and assessment of errors.

3.1, For liquid and vapour measurements, as has been mentioned before,

range values, R, were obtained corresponding to the complete stopping

of the particles by extrapolation of the path length, x, to zero residual

energy. Having the total range value, R, the range-energy relation was

obtained by plotting (R-x) as a function of the corresponding residual

energy values, To obtain reliable results, for each vapour measurement,

at least ten separate sets of experimental values with both alpha-particle

sources has been carried out. For each liquid measurement eight sepa-

rate experiments were carried out using the method I, and using the

method II eight separate experiments were carried out for each liquid

using a ?Bi and five using St my To obtain the final range-energy

relation and the stopping power, =, at various energies, range-energy

data from separate experiments was analysed by computer and an estimate

of reliability of the stopping power values was obtained by comparing the

results at corresponding energies.

3.2. The possible sources of error.

Some of the most likely sources of error in the experimental

measurement of stopping power are mentioned in the previous section,

e.g. inthe vapour measurements, errors in the gas pressure, gas temper-

ature, and in the separation distance of the source and detector, In the

liquid measurements errors in the assessment of the film and air absorp-

tion in the collimator, and in both cases linearity of the detection system,

and end effects due to the detector window, noise, etc.
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Considering the accuracy of the peak measurement in the residual

energy spectra, the peak energy showed a standard deviation varying from

+ 0.01 Mev at high energies to + 0.05 Mev just above noise level.

An other very important point in the liquid measurements with both

techniques which must be carefully considered is the distortion of the film

across the collimator holes due to the presence of the liquid. This is shown

in Fig (3.1), and it may be seen that the liquid path length can be increased

in this way at the centre of the collimator holes especially if the film is

rather slack across the collimator surface. This will give rise to a poor

spectral shape, especially at low residual energies, and will also lead to

an error in assessing the total range. Increasing the tension of the film

decreased this effect.

Fig 3.1. Schematic diagram of distortion of the film

across the cdliméor holes,

A= Film

B = Collim@t o

62



3.3. Computing.

In order to obtain the final range-energy relation and the stopping

power values, &, at specific energies, the essen results were

analysed by computer. Quadratic, cubic and quartic curves were fitted

to the data, covering energy ranges of 3 Mev (e.g. from 0 to 3.0 Mev,

0.5 to 3.5 Mev, 1.0 to 4.0 Mev ete.), the overlapping regions of these

computed curves were compared and found to be in good agreement.

Graph 3.1 shows a typical result obtained,

The stopping power values were taken mainly from the quadratic

curves except at the lowest and highest energies. The values of S from

the middle portions of the quadratic curves were found to be in good agree-

ment at corresponding energies, and the stopping power values obtained

in this way were noted at 0.25 Mev intervals between 1 and 8.5 Mev for

all independent series of readings with each vapour and liquid wherever

the experimental points justified this. A mean value of stopping power

was then calculated for each energy and an estimate of reliability was

obtained by comparing the results of different experimental runs at

corresponding energies.

An alternative analysis was carried out in which the experimental

points were fitted to a rising exponential of the forms

1) B= (Cy +Cgxya -e ©) Fit 1

2) E=(C, +Cgxya -Cye 2%) — Fit2

3) E= (Cy +Cgx+ Osx") a = cge 2) Fit 3

This was carried out using a package available from Mr, J. Snell

of the Computer Science Division of the City University. This uses 2
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Graph 3.1. | Comparison of experimental range~energy data (x) with pointd.) obtained by least-squares
computer fitting of quadratic curves io sections of experimental data,



least squares minimisation technique described by J. Walsh (1966).

The fitting was very sensitive to small differences in the experi-

mental data. In some cases, Fit i was found to be a good fit, the sum of

the squares of the deviations from the curve being very small. In other

cases the VoLues did not show a rapid convergence to a suitable

curve and the programme terminated before the required fitting was

achieved, Then the alternative Fit 2 or Fit 3 were tried with more success-

ful results. The derivatives of the curves were obtained at energy intervals

of 0.25 Mev as in the previous analysis. It was found that there was no

significant difference between the results of these two separate methods

of analysis, but the first method was more reliable and easier to apply.

The listings of the programg used to calculate ge with both methods
ax

can be viewed in appendiX (1).
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3.4. Total range value.

In method (1 ) a correction had to be made due to the fact that on

. average 0 27 Mev of energy was lost in the collimator and film before entering

the liquid

The point Ry was determired by extrapolation of the experimental

curve to the distance axis as discussed for the vapour measurements. Minimum

readings of spectral peaks could be made down to about 0.35 Mev for en

source and 1.25 Mev for zh 2Bi source

As discussed by Palmer (1973 ) the maximum energy value was ontained

before the end of the collimator was in contact with the detector and this maximum

was not as high as the peak obtained with no liquid present. It was assumed that

a liquid layer was absorbed into the polymer film, possibly with some displace-

ment of the film as discussed in section 3.2. The curve was extrapolated back

to the channel corresponding to the maximum peak with no liquid in the

apparatus in order to determine the effective zero distance as indicated in

Graph 3.2.

ee ee ee Maximum channel number with no liquid

Channel No.
Distance R

Graph 3.2. Total range value R,, corresponding to

the total average energy (8.78 ~ 0.27 ) Mev.

66



4, The results of experimental measurements

with vapours and liquids

4.1 In this section all the stopping power data obtained from

experimental work is presentede.g. range-energy relations, stopping

power data . Also molecular stopping powers calculated from the un-

corrected Bethe formula at various alpha-particle energies for all vapour

and liquid (with both methods) materials separately are given. A critical

appraisal of the stopping power measurements in vapour and liquid phases

and also comparison of the present work with other workers results is

deferred until the next section.

The values of I, mean ionisation and exitation potential used

in these calculations were for hydrogen 19.2 ev, for oxygen 93 ev, for

carbon 78 ev and for chlorine 175 ev.

In.tabies 4.1 - 4.2, range values are given for Oxygen, and

Water, Methyl alcohol, Ethyl alcohol, Propyl alcohol, Dichloromethane,

Trichloromethane and Carbontetrachloride all in vapour and liquid states

at energies ranging 1to 8 Mev. Vapour ranges for all compounds are

corrected to 3 cm. Hg pressure and 15°C temperature. These values

represent the, results of all separate sets of vapour and liquid measurements

in each vapour and liquid material.

67



Energyee 0, H,0 CH, OH C,H, OH

1,00 10,040.83 9.2+0.3 6.5+0.2 4.3401

1,25 13.040.38 12.7+0.3 8.340.3 5.6401

1.50 16.340.3 16.8402 10.5+0.2 6,940.2

1.75 19.540.2 214+0.3 2.8404 8540.3

2.00 23.240.5 26.340.7 15.440.4 10.140.2

2,25 26.840.5 31.7+0.8 18.240.5 U.8+0.3

2.50 31.040.7 37.340.7 21.0404 4,040.4

2,75 35.040.5 43.040.4 24.240.7 16.140.5

3.00 39.840.4 49.540.8 27.5406 18.4+0.5

3.25 44.3404 56.24+0.6 31.240,9 20.7404

3.50 49.2%0.5 63.340.6 34.940.8 23.540.5

3.75 54.540.6 70.440.8 38.440.8 26.0404

4,00 49.3405 77.540.9 42.740.9 29.040.6

4,25 65.040.4 85.050.8 47.040.8 31.940.5

4,50 70.540.8 92.8+1.0 51.340.9 35.0+0.7

4.75 76.540.6 101.0+1.2 55.8411 38.240.8

5.00 82.5405 109.5+1.0 61.0510 °41.440.7

5.25 89.040.6 18.24+1.5 66.0410 44.740.9

5.50 95.840.7 127.0413 71.040.9 48.1412

5.75 102.0+0.9 136.2 +1.6 76.241.2 51,541.38

6.00 109.040.8 145.541.8 81.621.1 55.041.2

6.25 16.040.5 155.032.0 87.5412 58.741.5

6.50 123.840.6 165.041.8 93.0413 62.5417

6.75 I31.041,0 175.042.2 99.0413 66.2+1.6

7.00 139.5 41.2 185.542.0 105.0+1.2 70,0+1.8

7.25 W47.041.0 196.242.2 UL3+15 74.042.0

7.50 155.5 41.2 207.042.1 7.8409 78.242.2

7,75 164.541.3 219.042.3 124.2414 82.341.8

8.00 173.5 41.5 230.542.5 I81.241.5 87.041.6

8.25 183.041.2 242.742.5 188.7414 91.7415

8.50 193.541.2 255.042.5 6.6414 96.541.2

Table 4.1 Range values (Cm) of 1 - 8.5 Mev alpha-particles in oxygen,

water vapour, methyl and ethyl alcohol vapour at 3 cm. Hg

pressure and 15°C temperature.
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Energy
(Mev) CH,),CHOH CH,Cl, CHCL, ccl,

1.00 3.6+0.1 3.2+0.1 2.8 2.5
1.25 4.7+0.1 4,340.1 3.8 32
1.50 5.8+0.1 5.70.1 4.8+0.1 4,140.1
1.75 7.1+0.2 else 5.8+0.1 5.0+0.1

2.00 8.5+0.1 8.720.3 6.9+0.2 5.8401
2.25 9.9403 10.540.2 8.2+0.1 6.8 40.2
2.50 440.2 12,240.38 9.5 40.2 7.9401
2.75 13.040.3 14.0+0.3 10.840.2 9,140.2

3.00 4.8403 15.9+0.4 2.3401 10.2+0.2

3.25 16.6 + 0.2 17.8 + 0.2 13.7+0.1 11.3 + 0.2

3.50 18.6404 20.0+0,2 15.440.3 12.640.3
3.75 20.840.3 22,240.38 7,140.2 13.8+0.2

4.00 23.0405 24.5+0.5 18.9403 16.2+0.2
4.25 25.4404 26.7+0.5 20.840.3 16.5+0.3

4.50 28.0+0.6 29.2+0.4 22.740.2 18.1+0.4

4,75 30.540.9 31.74 0.6 24.7404 19.640.4

5.00 33.1+ 0.7 34,.2+0.5 26.8+0.3 21.1+0.3

5.25 35.740.7 37.2 40.7 29.040.4 22.7405

5.50 88.540.8 40.04+0.4 31.240.5 24.3+0.4

5.75 41.2+0.9 42.7+0.5 33.3 +0.5 26.0+0.4

6.00 44.040.7 45.6+0.6 35.640.7 27.840.5

6.25 47.2410 48.6+0.5 37.940.6 29.7+0.7

6.50 50.24+0.9 51.74+0.7 40.440.9 31,8+0.5

6.75 53.2412 55.0+0.7 42.840,.8 33340.8

7.00 56.3+10 58.3 + 0.9 45.3+0.7 35.8 + 0.6

7.25 59.8411 61.7+0.8 47.940.7 38.2+0.7

7.50 63.1+0.8 65.4+1.2 50.7706 40.5+0.5

7.75 66.5+ 0.8 69.0+1l.0 53.4+0.9 42.8+0.6

8.00 70.2410 72.7+0.8 56.14+1.2 45.2+0.9

8.25 73.8+0.7 76.7+ 0.6 58.9+1l.0 47.6+0.7

8.50 77.6+1.0 81.0+ 0.7 61.9 + 0.8 50.2+0.8

Table 4.la Range Values (Cm) of 1 - 8.5 Mev alpha-particles in propyl

alcohol, dichloromethane, trichloremethane and carbontetrachloride

vapour at 3 Cm Hg pressure and 15°C temperature.

69



Energy
(ev) H,0 CHOH C,H, OH (CH,), ||P HOH

2.00 8.9+0.3 9.8+0.4 9.2+0.3 10.2+0.4
21,25 10.9+0.3 .8+0.4 .04+0.3 12,0+0.4
2.50 12.84+0.2 13.74+0.3 12.94+0.2 13.9+0.3

2.75 W4.84.0.3 15,8+0.4 15.04+0.4 16.2+0.3
3.00 17.1+0.4 18.04 0.5 17.2403 18.5+0.5
3.25 19.2404 20.340.4 19.6+0.4 20.740.5
3.50 21.540.5 22.8+0.5 22.140.3 28,.3+0.4
3.75 23.740.4 25.54+0.5 24.64+0.4 25.8+0.5
4,00 26.1+0.6 28.44+0.5 27.4+0.5 28.6+0.4

4,25 28.5+0.5 31.5+0.6 30.54+0.4 31.64+0.6
4.50 31.2+0.7 34.7+0.7 33.6+0.5 34.6+0.6

4.75 33.54+0.7 37.7+0.6 36.6406 37.5+0.7
5.00 36.24+0.7 41.1+0.6 40.1£0.6 40.9+0.6

5.25 38.7+0.8 44.54+0.7 43.54+0.5 44.2+0.7

5.50 41.44+0.7 48.2+0.7 47.240.7 47.740.8

5.75 44.340.9 516+0.6 50.74+0.7 51,24 0.8
6.00 47.254+0.8 55.2+0.7 54.740.6 55.0+0.8

6.25 ° 50.2+0.8 59.3+0.8 57.740.8 58.7409

6.50 53.3409 63.4+0.8 62.8+0.9 62.54+0.8
6.75 56.64+0.8 67.4+0.8 67.0+0.9 66.2+0.9
7.00 59.7410 71.640.7 71.2+0.9 70.6+0.9

7.25 63.2+1.0 76.0409 7%6.2+0.8 75.0+1.0
7.50 66.8+0.9 80.6+0.8 81.2+0.8 79.1411
7.75 70.64+0.9 85.0+0.9 86.3+0.9 88.4+1.0
8.00 74.6410 90.0+1.0 91.3410 87.7+1.0
8.25 78.5+0.9 94.8+1.0 97.5410 92.6411
8.50 83.2+1.0 100.3+1.1 103.2+1.1 97.8+1.1

Table 4.2 Range values ((+m) of 2 - 8.5 Mev alpha particles in water,

methyl, ethyl and propyl alcohol liquid with method I.
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Energy (Mev) CH, OH C,H, OH (CH,),CHOH
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Table 4.2a Range values (4m) of 1 - 8 Mev alpha-particles in methyl, ethyl

and propyl alcohol liquid with method II.
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Energy (Mev) CH, Cl, Q ttawe ccl
»

1,00 4.4+0.1 3.5+0.1 3.5+0.1

1.25 5.8+0.2 4.5+0.1 4.6+0.2

1.50 7.2%0.2 5.6 +0.2 5.8+0.1
1.75 8.8+0.2 7.04 0.2 7.3 + 0.2
2.00 10.5 + 0.3 8.5 + 0.2 8.7 40.2
2.25 12.2+0.3 10.0+ 0.3 10.5 + 0.3
2.50 14.1+ 0.2 1,7 +0.3 12.2+0.3
2.75 16.0+0.3 13.6 +0.3 13.8 +0.4
3.00 18.2+0.4 6.7+0.4 6.9+0.4

8.26 20.24 0.4 17.8+0.3 17.8 +0.4
3.50 22.6 + 0.3 20.2 40.4 20.0+0.3

S.76 25.0+ 0.5 22.54 0.4 22.0+0.5
4,00 27.5 + 0.4 25.14 0.4 24.3 + 0.4
4.25 30.2+ 0.5 27.6 + 0.5 26.7 + 0.5
4.50 32.7 + 0.5 30.5 + 0.4 29.04 0.5
4.75 35.5 + 0.5 33.14 0.4 31.5 + 0.4
5.00 38.2+ 0.6 36.24 0.5 34.04 0.5
B25 41.3 + 0.5 39.2+0.5 36.8 + 0.6
5.50 44.24 0.6 42.240.5 39.6 + 0.6
5.75 47.2+0.7 45.24 0.6 42.4+0.6

6.00 50.6 + 0.6 48.4+0.5 45.04 07

6.25 53.84 0.7 51.7+0.7 48.3 +0.6
6.50 57.24 0.7 55.04 0.6 51.4 40.7
6.75 60.7+ 0.7 58.24 0.7 54.3 + 0.6
7.00 64.3 + 0.8 61.5 + 0.7 57.6 + 0.6
7.25 68.04 0.8 65.3 + 0.6 60.7+0.7
7.50 71.5 +0.7 68.9+0.7 64.2+0.7

7.78 75.5+0.7 72.740.7 67.5 + 0.6
8.00 79.3 + 0.8 76.74 0.7 71.0+0.7

Table 4,.5Range Values (/+m) of 1 - 8 Mev alpha-particles in dichloromethane,

trichloromethane and carbontetrachloride liquid with method 11.
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4.2 The results of experimental measurements with vapours,

4.2a Oxygen Oy

The range-energy relation for alpha-particles in oxygen is shown

in graph 4.1.

In table 4.3 the experimental stopping power and molecular

stopping power at various alpha-particle energies for oxygen are shown

in columns (1) and (2) respectively. Column (8) shows the calculated

molecular stopping power obtained from the uncorrected Bethe formula,

In column (4) the values in (3) have been corrected for the anomalous

stopping contribution of the K shell electrons in oxygen as described by

Walske (1952). This correction factor increases the stopping power by

about 11% at 1 Mev, and by about 1% at 2 Mev. Above 2 Mev it lowers the

value calculated from the simple Bethe formula by 1 - 3%.

In column 6) the values in column (4) have been corrected for

the z effect as suggested by Ashley et al (1973). This is a positive

correction factor at all energies, the correction being greatestat lowest

energy and falling to about 1% at 4 Mev. Ih comparing the two columns @)

and (6), it may be seen that the two corrections Cc, and 25) virtually

cancel each other at energies about 4 Mev, but at lower energies the values

of calculated stopping power with these corrections are very much higher

than that calculated from the uncorrected Bethe formula, The accuracy

of these calculations, however, is significantly dependent upon the value

of zy assumed for the alpha-particles, and as stated previously, at low

energies the effective value of Z, is not accurately known. The value assumed
1

in these calculations is 2¢e,
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Table 4.3 Oxygen 0,

Energy

Mev @) @) @) @) 6)

1.00 8.91+0.15 8.85+0.15 10.84 11.63 13.62
1,25 8.51+ 0.10 8.45 + 0.10 9.76 10.56 22.06
1.50 7.96 + 0.07 7.91+ 0,07 8.88 9.39 10.52
1.75 7.56 + 0.10 7.51 + 0.10 8.15 8.24 9.0
2.00 7.14 +0.10 7.09 + 0.10 7.54 7.62 8.34
2.25 6.71+0,15 6.66 + 0.15 7.02 6.96 7.55
2.50 6.30+0.13 6.26 + 0.13 6.58 6.49 6.99
2.75 5.95 +0.12 5.91+0,12 6.19 6.05 6.47
3.00 5.60+ 0.10 5.56 + 0.10 5.86 5.71 6.07
3.25 5.34 + 0.03 5.30 + 0.03 5.56 5.41 5.73
3.50 5.10 + 0.02 5.07 + 0.02 5.29 5.13 5.41
3.75 4.89 + 0.01 4.86 + 0.01 5.05 4.90 5.6
4.00 4.68 + 0.03 4.65 + 0.03 4.83 4.67 4.89
4.25 4.49 +0.04 4.46+0.04 4.64 4,49 4.69
4,50 4.31 + 0.03 4,28 + 0.03 4.46 4.31 4.49
4.75 4.17 + 0.04 4.14+ 0.04 4,29 4.15 4.31
5.00 4.03 + 0.04 4.00 + 0,04 4,14 4.00 4.15
5.25 3.90 + 0,03 3.87 + 0.03 4.00 3.86 4.00
5.50 3.78 + 0.02 3.75 + 0.02 3.87 3.74 3.87
5.75 3.66 + 0.04 3.64 + 0504 3.75 3.62 3.74
6.00 3.56 + 0.03 3.54 + 0.03 3.64 3.52 3.63
6.25 3.44 + 0.03 3.42 + 0.08 3.53 3.41 3.51
6.50 3.32 + 0.01 3.30 + 0.01 3.43 3.32 3.41

6.75 3.21 + 0.03 3.19 + 0.03 3.34 3.23 3.32
7.00 3.10 + 0.04 3.08 + 0.04 3.25 3,14 3,22
7.25 3.01 + 0.02 2,99 + 0.02 3.17 3.07 3.14
7.50 2.92 + 0.02 2.90 + 0,02 3.09 2,99 3.06
Tate 2.82 + 0.03 2.80 + 0.03 3.02 2.93 3.00
8.00 2.73 + 0.03 2.71 + 0.03 2.95 2.86 2,92

Columns (1) and (2) list experimental stopping powers 0 °Mev/cm) and

molecular stopping powers 40 4 vey, m”. mol) of oxygen respectively.

Columns (8) - 6) list calculated stopping powers 0074 Mev. m.?mof),
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Graph 4,1, Range-energy relation for alpha-particles in oxygen at 3 cm.Hg pressure and 15°C.
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The experimental stopping power values are lower than those

calculated from the Bethe formula. The differences at energies below 2

Mev is as high as 18 - 54% lower than those calculated from the Bethe

formula with both C, and corrections. This differences is certainly

due at least in part to the effect of charge exchange in the stopping medium.

There is no definite theory from which an accurate value of the effective

charge can be calculated at low energies. In table 4.3 a, column (1) gives

the value of Z,eff which would be required for oxygen in order to make

the calculated values agree with the experimental values. Comparing these

values with the value for Zyett derived by Evans (1955) from early experiments,

column (2), and those calculated from a formula suggested by Barkas (1963),

column (3), these values are not unreasonable.

It should also be recognised that the values of stopping power

cannot be quoted to the extreme ends of the curve and the values quoted

near to the ends have greater uncertainty than the others.

The molecular stopping power of oxygen is plotted as a function

of alpha-particle energy in graph 4.2. This is compared with some of the

published stopping power values from some other workers. (Bourland et

al 1971, Venkataraman et al 1975 and Hanke and Laursen 1978). At higher

energies above 2 Mev the results by Venkataraman et al are the same as

the present results and Hanke et al's results are l - 1.5% lower than those present

in this work. At energies below 2 Mev it may be seen from the graph

the differences between results by various other workers.
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Table 4.3a Values of Ziete for oxygen Oy

Energy

Mev EANEAROCUAMD  12  12  1D  koe  ob  he  &  ©  wowFSSHSHBABHSSSARESBRRERRSSESSSSSESSSdod  HHH  HHH  HHH  HHH  HHH  HHH  HHHHPSBSABLRLSSHSRDLVBVBRBRLQLAARRAARRDRaononD  a  AAADBRWABAAAARAARARARAABApnt  dt  dt  HH  HHH  HHH  HHH  HHH  HHH  HHH  HHHa  DH  aavt  MM  HROOrFrrOre  ‘9  2faint  nt  HH  HH  HHH  HHH  HH  HHH  HHH  HH 1.611.67
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Columns (2) and @) give the values of Lies according to Evans (1955) and

Column (1) gives the value of Zest for oxygen which would bring the

calculated stopping power in column 6) table 4.3 into agreement with the

experimental values in column (2).

Barkas (1963) respectively.



Molecular stopping power ao. m, mol”)
=
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Energy (Mev)

Graph 4.2 Variation of molecular stopping power of oxygen with alpha-

particle energy.

O Venkataramm et al (1975 )

x Hanke and Laursen ( 1978 )
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4,2b Water 9) vapour

For the water vapour measurements because the detector could

not be operated at a temperature above 30°C this presented a problem owing

to the low saturation vapour pressure of water at ambient temperatures.

By using thin metal foils of uniform thickness varying from 3 to 42m,

the energy of the alpha-particles leaving the source could be reduced and

whole energy range from 8.78 Mev down to noise level could be investigated.

The range-energy relation for alpha-particles in water vapour

is shown in graph 4,3 and represents the results of all separate sets of

vapour measurements with overlapping energy ranges obtained by the use

of different foils and sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha-particle energies for water vapour are shown in table 4.4,

Graph 4,4 shows the molecular stopping power of water vapour

as a function of alpha-particie energy.
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Graph 4.3 Range energy relation for alpha-particles in water vapour at 3cm.Hg pressure and 15 C.
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Energy (Mev) es 10°Mev/cm

1.00 7.10 + 0.24
1,25 6.70 + 0.23

1.50 5.92 + 0.16
1.75 5.53 + 0.11

2.00 5.11 4 0.08
2.25 4.77 + 0.05
2.50 4.51 + 0.03
2.75 4.26 + 0,08
3.00 4.00 + 0.10

3.25 3,82 + 0.10
3.50 3.65 + 0.09

3.75 3.46 + 0.05
4.00 3.33 + 0.05
4,25 3.19 + 0.03
4.50 3.07 + 0.08
4.75 2.97 + 0.07
5.00 2.85 + 0.06

5.25 2.77 + 0.05

5.50 2.70 + 0.04

5.75 2.63 + 0.04
6.00 2.57 + 0.02

6.25 2,52 + 0,01

6.50 2.47 40.01
6.75 2.41 + 0.01

7.00 2.36 + 0.02
7.25 | 2.30 + 0,03

7.50 2.24 + 0.08

7.75 2.16 + 0.01

8.00 2.08 + 0,01

Table 4.4 Water 4,0) vapour
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Graph 4.4 Variation of molecular stopping power of water vapour with alpha-

particle energy.

82



4,.2¢ Methyl alcohol (CHOH) Vapour

The range-energy relation for alpha-particles in methyl alcohol

vapour is shown in graph 4,5 and represents the results of all separate sets

of vapour measurements by using different sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha-particle energies for methyl alcohol vapour are shown in table 4.5.

Orecu 4.6 shows the molecular stopping power of CH,OH vapour

as a function of alpha-particle energy.
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Graph 4.5 Range energy relation for alpha-particles in methyl alcohol vapour at 3 em.Hg pressure and 15 % ,



10°74 Mev ao mol

Energy (Mev) ex 10°Mev/em gy experimental = calculated
N N

1.00 13.47 + 0.21 13.38 + 0.21 15,01

1.25 12.50 + 0.18 12.42 + 0.18 13,24

1.50 11.60+ 0.25 11.52 + 0.25 11.87

1.75 10.65 + 0.35 10.58 + 0.35 10.78

2,00 9.89 + 0.35 9.82 + 0.35 9.89

2.25 9.25 + 0.35 9.19 + 0.35 9.16
2.50 8.44 + 0.10 8.38 + 0.10 8.53
2.75 7.95 + 0.19 7.90 + 0,19 7.99

3.00 7.40 + 0.08 7.35 + 0, 08 7.53
3.25 7.02 + 0,09 6.97 + 0.09 7,12
3.50 6.62 + 0.04 6.58 + 0.04 6.76
3.75 6.34 + 0.05 6.30 + 0.05 6.43
4.00 6.02 + 0.06 5.98 + 0.06 6.14

4.25 5.78 + 0.05 5.74 + 0.05 5.88

4.50 5.56 + 0,02 5.52 + 0,02 5.64
4.75 5.32 + 0.05 5.28 + 0.05 5.42
5.00 5.12 + 0.06 5.09 + 0.06 5.22
5.25 4,92 + 0.07 4.89 + 0.07 5.04
5.50 4.76 + 0.06 4.73 + 0,06 4.87
5.75 4.62 + 0.05 4.59 + 0.05 4,71
6.00 4.48 + 0.05 4.45 + 0.05 4.56

6.25 4.35 + 0.05 4.32 + 0,05 4,42
6.50 4,22 + 0.05 4.19 + 0.05 4,29

6.75 4.09 + 0.03 4.06 + 0.03 4,17
7.00 3.95 + 0,04 3.92 + 0.04 4.06
7.25 3.81 + 0.03 3.78 + 0.03 3.95
7.50 3.68 + 0.03 3.66 + 0.03 3.85

7.75 3.56 + 0.03 3.54 + 0.03 3.76

8.00 3.46 + 0.04 3.44 + 0.04 3.67

Table 4.5 Methyl alcohol (CH, OH) Vapour
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Graph 4.6 Variation of molecular stopping power of methyl alcohol vapour

with alpha-particle energy.

86



4,2d Ethyl alcohol (C,H,OH) Vapour

For the ethyl alcohol vapour measurements the distance between

the as source and the detector was 45 €m and the gas temperature was

about 24°C, in this condition the pressure variation could be up to 7 cm.

Hg but at about 5 cm.Hg pressure because of association of the C,H, OH

molecules, the stopping power of the vapour for alpha-particles appeared

to increase and therefore the range of alpha-particles showed a sharp

decrease. This was overcome by using thin metal foils of uniform thickness

6 - 18m in a manner similar to that described in Section 4.2 b for water

vapour.

The range energy relation for alpha-particles in C,H, OH vapour

is shown in graph 4.7 and represents the results of all separate sets of

vapour measurements with overlapping energy ranges obtained by the use

of different foils and sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha-particle energies for ethyl alcohol vapour are shown in table 4,6.

Graph 4.8 shows the molecular stopping power of C oH, OH

vapour as a function of alpha-particle energy.
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Graph 4.7 Range energy relation for alpha-particles in ethyl alcohol vapour at 3 em.Hg pressure and 15°C.



=210 s Mev m mol?

Energy (Mev) e. 10°Mev/em = experimental = calculated

N N

1.00 19.97 + 0.18 19.84 + 0.18 22.03
1.25 18.59 + 0.28 18.46 + 0.28 19.40
1.50 16.55 + 0.41 16.44 + 0.41 17.38
1.75 15.01 + 0.29 14.91 + 0.29 0.00

2.00 14.04 + 0.35 13.95 + 0.35 14.47

2,25 12.96 + 0.25 12.87 + 0.25 13.38
2.50 11.89 + 0.23 11.81 + 0.23 12.46
2.75 11.18 + 0.19 11.10 + 0.19 11.68
3.00 10.59 + 0.21 10.52 + 0.21 10.99

8.25 10.09 + 0.28 10.02 + 0.22 10.39
3.50 9.58 + 0.31 9.52 + 0.31 9.86
3.75 9.25 + 0.26 9.19 + 0.25 9.39
4.00 8.82 + 0.29 8.76 + 0.29 8.96

4.25 8.50+ 0.34 8.44 + 0.34 8.57

4.50 8.22 + 0.29 8.16 = 0.29 8.23

4.75 8.02 + 0.30 7.97 + 0.30 7.91
5.00 7.80 + 0,30 7.75 + 0.30 7.63
5.25 7.67 + 0.25 7.62 + 0.25 7.34

5.50 7.53 + 0.20 7.48 + 0.20 7.09

5.75 7.35 + 0.15 7.30 + 0.15 6.85

6.00 7.12 + 0.10 7.07 + 0.10 6.65
6.25 6.93 + 0.05 6.88 + 0.05 6.45
6.50 6.68 + 0.01 6.63 + 0.01 6.26

6.75 6.40 + 0.05 6.36 + 0.05 6.08
7.00 6.19 + 0.05 6.15 + 0.05 5.92
7.25 5.94 + 0.01 5.90 + 0.01 5.76
7.50 5.76 + 0.02 5.72 + 0.02 5.61
7.75 5.54 + 0.05 5.50 + 0.05 5.47
8.00 5.35 + 0.12 5.31 + 0.12 5.34

Table 4.6 Ethyl alcohol (C,H, OH) Vapour
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4.2e Propyl alcohol (CH,) CHOH vapour

For the pry! alcohol vapour measurements the distance between

the ae at source and detector was 47 cm and the vapour temperature was

27°C, The vapour pressure was insufficient completely to stop the 8. 78

Mev alpha-particles. However by combining measurements with the 8.78

Mev particles and the 6.05 Mev particles a complete range-energy relation

could be derived.

The range-energy relation for alpha-particles in propyl alcohol

vapour is shown in graph 4.9, and representsthe results of all separate

sets of vapour measurements by using different sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha~particle energies for propyl alcohol vapour are shown in table 4.7,

Graph 4.10 shows the molecular stopping power of (CH, ))CHOH

vapour as a function of alpha-particle energy.
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Graph 4.9 Range energy relation for alpha-particles in propyl alcohol vapour at 3cm.Hg pressure and 15°C.



-2410 Mev m? molt

‘Energy (Mev) e. 10°Mev/em SE experimental
5 dx

N

1,00 24,.61+ 0.19 24,44 + 0.19

1.25 22.76 + 0.15 22.61 + 0.15

1.50 21,06 + 0.22 20,92 + 0.22

1.75 19,55 + 0,24 19.42 + 0,24
2.00 18.22 + 0.03 18.10 + 0.03
2.25 17.07 + 0.09 18.95 + 0.09

2.50 16.05 + 0.24 15.94 + 0.24

2.75 14.91 + 0.20 14.81 + 0.20

3.00 13.97 + 0.15 13.88 + 0.15

3.25 13.10 + 0.13 13.01 + 0.13
3.50 12.39 + 0.22 12.31 + 0.22

3.75 11.79 + 0.22 11.71 + 0.22

4.00 11.40 + 0.28 11.32 + 0.28

4.25 11.04 + 0.25 10.97 + 0.25
4.50 10.62 + 0.22 10.55 + 0.22
4.75 9.94 + 0.20 9.87 + 0.20

5.00 9.65 + 0.25 9.58 + 0.25

5.25 9.374 0.15 9.31 + 0.15

5.50 9.16 + 0.21 9.10+ 0.21

5.75 8.94 + 0,25 8.88 + 0.25
6.00 8.68 + 0.22 8.62 + 0.22
6.25 8.46 + 0.13 8.404 0.13

6.50 8.25 + 0.10 8.19 + 0.10
6.75 8.00 + 0.16 7.95 + 0.16

7.00 7.75 + 0,08 7.70 + 0.08
7.25 7.47 + 0.06 7,42 + 0.06

7.50 7.20+ 0.05 7,15 + 0.05

7.75 6.95 + 0.01 6.90 + 0.01

8.00 6.73 + 0.10 6.68 + 0.10

Table 4.7. +Propyl alcohol (CHg)y CHOH Vapour
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4.2f Dichloromethane (CH,Cl,) Vapour

The range-energy relation for alpha-particles in dichloromethane

vapour is shown in graph 4.ll, and represents the results of all separate sets

of vapour measurements by using different sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula are

shown in table 4.8.

Graph 4.12, shows the molecular stopping power of CH,Cl,

vapour as a function of alpha-particle energy.
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Graph 4.11 Range energy relation for alpha-particles in dichloromethane vapour at 3 cmHg. pressure and 15°C.



10-24 1Mev m? mol”
Energy (Mev) = x 10’ Mev/em experimental Gy calculated

N N

1,00 21.45 + 0.32 21.31 + 0.32 21.58
1.25 20.19 + 0.28 20.05 + 0.28 20.4
1.50 18, 93 + 0.30 18.80+0.30 * 18.74
1,75 17.51 + 0.19 17.39 + 0,19 17,48

2.00 16.22 + 0.24 16.0 + 0,24 16.37

2.25 15.27 + 0.15 15.17 + 0.15 15.39
2.50 14.36 + 0.1 14.2640. 14.53
2.75 13.55 + 0.07 13.46 + 0.07 13.77

3.00 12.89 + 0.12 12,80+0.12 13,09
3.25 12.38 + 0.06 12.30 + 0.06 12.48

3.50 1.79 + 0.17 aii 71+0.17 1.92

3.75 11.30 + 0.12 1.22 + 0.12 1.43

4.00 10.83 + 0.08 10.76 + 0.08 10.97

4,25 10.46 + 0.07 10.39 + 0.07 10.56

4.50 10.12 + 0.02 10,05 + 0.02 10.17
4.75 9.79 + 0.06 9.72 + 0.06 9.82
5,00" 9.42 + 0.07 9.36 + 0.07 9.50
5.25 9.16 + 0.07 9.10 + 0.07 9.19
5.50 8.88 + 0.05 8.82 + 0.05 8.91
5.75 8.59 + 0.06 8.53 + 0.06 8.65
6,00 8.33 + 0.06 8.27 + 0.06 8.40

6.25 8.09 + 0,02 8.04 + 0,02 8.17
6.50 7,86 + 0,91 7.81+ 0.01 7.95

6.75 7.63 + 0,02 7.58 + 0.02 7.75

7.00 7.40+0.01 7.35 + 0.01 7.56

7,25 7.20 + 0.02 7.15 + 0,02 7.37

7.50 6.97 + 0.04 6.92 + 0.04 7.20

7.75 6.73 + 0.04 6.68 + 0.04 7,04

8.00 6.54 + 0.05 6.50 + 0.05 6.88

Table 4.8 Dichloromethane (CH,Cl,) vapour.
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with alpha-particle energy.
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4.2¢ Trichloromethane (CHCl) vapour

The range-energy relation for alpha-particles in trichloromethane

vapour is shown in graph 4,13, and represent the results of all separate sets

of vapour measurements by using different sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula are

shown in table 4.9.

Graph 4.14 shows the molecular stopping power of CHClg vapour

as a function of alpha-particle energy.
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Graph 4.13 Range energy relation for alpha-particles in trichloromethane vapour at 3 em.Hg. pressure and 15°C.



Energy (Mev) & x 10°Mev/em

1.00 27,58 + 0.40

1.25 26.35 + 0.70
1.50 24.41 + 0.50
1.75 22.73 + 0,22
2.00 21.07 + 0,28

2.25 19.83 + 0.30
2.50 18.43 + 0.19
2575 17.54 + 0.29
3.00 16.67 40.18
3.25 15.86 + 0.28

3.50 14,91 + 0,23

3.75 14.30 0,27

4.00 18.67 = 0.28
4.25 13.33 + 0,08

4.50 12,90 + 0,13
4.75 12.57 + 0,07
5.00 12.27 + 0,03
5.25 11.97 + 0,03
5.50 11.65 + 0,03
5.75 11,31 + 0.04

6.00 10.97 + 0,04

6.25 10.64 + 0,07
6.50 10.32 + 0,12

6.75 10.05 + 0.15
7.00 9.74 + 0,21
7.25 9.45 + 0.25
7.50 9.19 + 0,25

7.95 8.93 + 0.24

8.00 8.73 + 0.17

experimental

ZlRIG
27.39 + 0.40

26.17 + 0.70

24.25 + 0.50

22.57 + 0,22

20.93 + 0.28

19.70 + 0.30

18.31 + 0,19

17.42 + 0,29

16.56 + 0,18

15.75 + 0,28

14,81 + 0.23

14.204 0.27

13.58 + 0.28

13.24 + 0.08

12.81 + 0,13

12.49 + 0.07

12.19 + 0,03

11.89 + 0.08

Table 4.9 Trichloromethane (CHC1,) vapour,
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27.57

26.02

24,38

22,86

21.48

20,26

19,17

18,20

17,33

16.54

15.83

15.18

14.59

14.05

13.55

13.09

12.67

12,27

11.90

11.55

11.23

10.93

10,64

10,37

10.11

9.87

9.64

9,43

9,22
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Graph 4.14 variation of molecular stopping power of trichloromethane vapour

with alpha-particle energy.
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4.2h Carbontetrachloride (CCl 4) Vapour

The range-energy relation for alpha-particles in carbon-

tetrachloride vapour is shown in graph 4.15 and represents the

results of all separate sets of vapour measurements by using different

sources,

The stopping powers, molecular stopping powers and

molecular stopping powers calculated from the uncorrected Bethe

formula are shown in table 4.10.

Graph 4.16, shows the molecular stopping power of ccl,

vapour as a function of alpha-particle energy.
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Graph 4,15 Range energy relation for alpha-particles in carbontetrachloride vapour at 3 em,Hg pressure and 15 C.



10 4 Mev m? moll

Energy (Mev) S x 10° Mev/em = experimental geoaloulated

N N

1.00 33.71 + 0.35 33, 48 + 0.35 33.62
1.25 31.95 + 0,28 31.73 + 0.28 31,95

1.50 30.05 + 0.30 29.85 + 0.30 30.07

1.75 28.18 + 0.22 27.99 + 0,22 28.27
2.00 26.47 + 0.25 26.29 + 0,25 26.63

2.25 24.844 0.14 24.67 + 0.14 25 .16
2.50 23.55 + 0.20 23.39 + 0.20 23.84

2.75 22.37 + 0.24 22.22 + 0.24 22.65

3.00 21.32 + 0.12 21.18 + 0.12 21.59

3.25 20.34 + 0.21 20.20 + 0.21 20.62

3.50 19.47 + 0.15 19.34 + 0.15 19.75
3.75 18.72 + 0.20 18.59 + 0.20 18.96
4.00 18.03 + 0,08 17.91 + 0.08 18.23

4.25 17.46 + 0.12 17.344 0.12 17.56
4.50 16.87 + 0.09 16.76 + 0.09 16.95
4.75 16.30 + 0.10 16.19 + 0.10 16.38
5.00 15.75 40.14 15.644+0.14 15.85
5.25 15.20 + 0.08 15.10 + 0.08 15.36
5.50 14.72 + 0.08 14.62 + 0.08 14.90
5.75 14.25 + 0.05 14.15 + 0.05 14.47
6.00 13.80 + 0.15 13.71 + 0.15 14.07
6.25 13.38 + 0.12 133,.29+9.12 13.69

6.50 13,04 + 0.10 2.95 +0.10 13.34

6.75 12.79 + 0.05 12.70 + 0.06 13.00
7.00 12.52 + 0.08 12,44 + 0.08 12.68
7.25 122,26+0. 2.18+0.0 12.38
7.50 11.98 + 0.15 11.90 $0.15 12.10
176 1.73 + 0,22 1.65 + 0,22 11.83

8.00 11,56 +0.23 11.48 + 0,23 1.57

Table 4,10 Carbontetrachloride (CCl) Vapour
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Graph 4.16 Variation of molecular stopping power of carbontetrachloride vapour

with alpha-particle energy.
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4.3 The results of experimental measurements

with liquid (method I)

4.8a Water (H20) liquid

graph 4.1%

For the water liquid measurements with method I, jthe molecular

stopping power values in the energy region 4-6 Mev do not appear to be

showing a consistently smooth decrease with increasing energy. This

does not agree with the form of the vapour curve nor with other published

work and since this does not occur either with other liquidsthis may not

be a real effect. Initially difficulties were experienced in using this method

with water due to bubble formation within the steps. This problem seemed

to be overcome, but there may still have been irregularities in the liquid-

solid interface at the corners of the steps which could have led to incon-

sistevcies,

THe range-energy relation for alpha-particles in water liquid is

shown in graph 4.17 and represents the results of all separate sets of

liquid measurements with oe source.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at

various alpha-particle energies for water liquid are shown in table 4,11.

Graph 4.18 shows the molecular stopping nee of water liquid

as a function of alpha-particle energy.
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Graph 4.17 Range-energy relation for alpha-particles in water liquid (method 1).
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to Mev m? mol

Energy (Mev) =. 10°Mew/A, ge experimental = calculated

N N

1.00 7.97

1,25 7.06

1.50 6.34

1.75 See
2.00 16.48 + 0.27 4,93 + 0,08 5.29
2.25 15.34 + 0.72 4.59 + 0,22 4.93
2.50 14,24 + 0.72 4,26 + 0.22 4,57

2.25 12.97 + 0.40 3.88 + 0,12 4.30

3.00 12.03 + 0.36 3.68 + 0,11 4.06
3.25 11.37 + 0.16 3.44 + 0.05 3.85

3.50 10.93 + 0.03 3.27 + 0.01 3.64
3.75 10.70 + 0.07 3.20 + 0.02 3.46
4,00 10.53 + 0.07 3.15 + 0.02 3.31
4.25 10.33 + 0,07 3.09 + 0,02 3.19
4.50 10.10 + 0.10 3.02 + 0.03 3.04

4,75 9.90 + 0.03 2.96 + 0.01 2.93

5.00 9.59 + 0.03 2,.87+0.01 2,82
5.25 9.29 + 0.07 2.78 + 0,02 2.72
5.50 8.89 + 0,03 2.66 + 0.01 2.63
5.75 8.56 + 0.10 2.56 + 0.03 2.54

6,00 8.19 + 0.03 2.45 + 0.08 2.46
6.25 7.96 + 0.03 2.38 + 0.01 2.39
6.50 7.79 + 0.03 2.33 + 0.01 2.32
6.75 7.56 + 0,03 2.26 + 0.01 2.26
7.00 7.39 + 0.03 2.21 + 0,01 2.20
7.25 7.15 + 0.03 2,14 + 0.01 2.14

7.50 6.92 + 0.03 2,07 + 0.01 2,09

7.75 6.62 + 0.03 1.98 + 0,01 2.08
8,00 6.28 + 0.03 1.88 + 0.01 1.99
8.25 5.95 + 0.07 1.78 + 0,02 1.95
8.50 5.62 + 0.07 1.68 + 0,02 1.91

Table 4.11 Water ,0) Liquid
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Graph 4.18 Variation of molecular stopping power of water liquid (method I) with

alpha-particle energy.
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4.3b Methyl alcohol (CH3OH) liquid

The range-energy relation for alpha-particles in methyl alcohol

liquid is shown in graph 4.19 and represents the results of all separate

sets of liquid measurements with 205i source,

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha-particle eerges for methyl alcohol liquid are shown in table 4,12.

Graph 4.20 shows the molecular stopping power of methyl alcohol

liquid as a function of alpha-particle energy.
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Graph 4.19 Range-energy relation for alpha-particles in methyl alcohol liquid (method I)
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Table 4.12 Methyl alcohol (CH, OH) Liquid
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Graph 4.20 Variation of molecular stopping power of methyl alcohol liquid

(method I) with alpha-particle energy.
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4.3c¢ Ethyl alcohol (C2H;OH) liquid.

The range-energy relation for alpha-particles in ethyl alcohol

liquid is shown in graph 4,21 and represents the results of all separate

sets of liquid measurements with oem source,

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha-particle enexgés br ethyl alcohol liquid are shown in table 4.13,

Graph 4,22 shows the molecular stopping power of C2H50H

liquid as a function of alpha-particle energy.
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Graph 4.21, Range-energy relation for alpha-particles in ethyl alcohol liquid (method I).
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10 a Mev mm mole

‘Energy (Mev) e. 10°Mev/p e experimental = calculated

N N

2.00 13.71 + 0.41 13.29 + 0.40 14,47

2,25 12.81 + 0.52 12.41 + 0.50 13.38

2.50 12.00 + 0.52 11.63 + 0.50 12.46

2.75 11.14 + 0.40 10.80 + 0.39 11.68

3.00 10.50 + 0.27 10.18 + 0.26 10.99

3.25 10.03 + 0.22 9.72 + 0.21 10.39
3.50 9.55 + 0.12 9.25 + 0.12 9.86

3.75 9.18 + 0,12 8.90 + 0.12 9,39

4.00 8.79 + 0.20 8.52 + 0.20 8.96

4,25 8.44+0.15 8.18 + 0.15 8.57

4.50 8.12 + 0.10 7.87 +0.10 8.23

4.75 7.83 + 0.08 7.59 + 0.08 7.91

5.00 7.53 + 0.09 7.30+ 0.09 ~ 68

5.25 7,24 + 0.12 -7.02 + 0.12 7.34

5.50 6.94 + 0.09 6.73 + 0.09 7.09

5.75 6.70+ 0.10 6.49 + 0.10 6.85

6.00 6.45 + 0.12 6.25 + 0.12 6.65
6.25 6.23 + 0.10 6.04 + 0.10 6.45

6.50 6.07 + 0.10 5.88 + 0.10 6.26
6.75 5.87 + 0.07 5.69 + 0.07 6.08

7.00 5.68 + 0.06 5.50 + 0.06 5.92
7.25 5.48 + 0.06 5.31 + 0.06 5.76

7.50 5.29 + 0.05 5.13 + 0.05 5.61

7.75 5.12 + 0.10 4.96 + 0.10 5.47
8.00 4.974+0.11 4,82 +0.11 5.34

Table 4.13 Ethyl alcohol (C,H, OH) Liquid
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Graph 4.22, Variation of molecular stopping power of ethyl alcohol liquid
(method I) with alpha-particle energy.
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4.3d Propyl alcohol (CH3)9CHOH liquid.

The range-energy relation for alpha-particles in propyl alcohol

liquid is shown in graph 4.23 and represents the results of all separate

sets of liquid measurements with eee source,

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha-particle mergies br propyl alcohol liquid are shown in table 4.14,

Graph 4,24 shows the molecular stopping power of (CH3)o CHOH

liquid as a function of alpha-particle energy.
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= 2 =

10 fe Mey m mol E

‘Energy (Mev) e. 10°Mev/u = experimental = calculated

N N

2.00 14,01 + 0.24 17,81 + 0.31 19.02
2,25 13,14 + 0.12 16.70+ 0.15 17.59

2.50 12.38 + 0.20 15.74 + 0.26 16.38

2.75 11.57 + 0.07 14.70 + 0.09 15.34

3.00 10.79 + 0.16 13,71 + 0,20 14.44
3,25 10,17 + 0.10 12.93 + 0.13 13.65

3.50 9,71 + 0.08 12,34 + 0.10 12.95

3.75 9.32 + 0.15 11.84 + 0.19 12.33

4,00 8.93 + 0.17 11.35 + 0.21 tT
4,25 8.62 + 0.14 10,95 + 0.18 11.26
4.50 8.28 + 0,14 10.52 + 0.18 10.80
4,75 7.91 + 0,08 10.05 + 0.10 10.38

5.00 7.64 + 0.17 9.71 + 0.22 9.99
5.25 7.42 + 0.16 9.43 + 0.20 9.64
5.50 7.23 + 0.13 9.19 + 0.17 9.31
5.75 7.08 + 0.15 9.00 + 0.19 9.0L
6.00 6.86 + 0.16 8.72 + 0.20 8.72

6.25 6.69 + 0.13 8.50+ 0.16 8.46

6.50 6.49 + 0.17 8.25 + 0,21 8.21
6.75 6.22 + 0.10 7.90+ 0.13 7.98
7.00 6,08 + 0.18 7.73 + 0.23 7.75
7.25 5.86 + 0.19 7.45 + 0.19 7.56
7.50 5.62 + 0.13 7.14+0.17 7.37
7.75 5.37 + 0.16 6.82 + 0.20 7.18

8.00 5.16 + 0.17 6.56 + 0,21 7.01

Table 4.14 Propyl alcohol (CH, ), CHOH Liquid
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Graph 4,24, Variation of molecular stopping power of propyl alcohol
liquid (method 1) with alpha-particle energy.
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4.4 The results of experimental measurements

with liquid (method Il)

4,.4a Methyl alcohol (CH OH) liquid

The range-energy relation for alpha-particles in methyl alcohol

liquid is shown in graph 4.25 and represent the results of all separate

sets of liquid measurements by using different sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha-particle energies for methyl alcohol liquid are shown in table 4,15.

Graph 4.26 shows the molecular stopping power of CH3 OH liquid

as a function of alpha-particle energy.
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Graph 4.25, Range-energy relation for alpha-particles in methyl alcohol liquid (method 1).
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=2. -

NOE Mev me mol 2

Energy (Mev) =. 10°Mew//u gy experimental = calculated
N N

1,00 19,19 + 0.60 12.90 + 0.40 15.01

1,25 17,90 + 0.25 12,03+0,17 - 13.24

1,50 16.65 + 0.12 11.19 + 0.08 11.87

1.75 15.35 + 0.36 10,32 + 0.24 10.78

2.00 14.47 + 0.37 9.73 + 0.25 9,89
2.25 13.55 + 0.30 9,11 + 0.20 9.16

2.50 12.44 + 0.30 8.36 + 0.20 8.53

2.75 11.71 + 0.22 7.87 + 0.15 7.99
3.00 10.93 + 0,15 7.35 + 0,10 7.53
3,25 10.35 + 0.07 6.96 + 0.05 7.12

3.50 9.76 + 0.10 6.56 + 0.07 6.76

3.75 9.34 + 0.12 6.28 + 0.08 6.43

4.00 8.84 + 0.10 5.94 + 0.07 6.14
4,25 8.45 + 0.10 5.68 + 0.07 5.88

4,50 8.11 + 0.09 5.45 + 0.06 5.64

4.75 7.81 + 0.12 5.25 + 0,08 5.42
5.00 7.47 + 0.10. 5.02 + 0.07 + 5.22
5.25 7.17 + 0,07 4,82 + 0.05 5.04
5.50 6.90 + 0.06 4.64 + 0.04 4.87

5.75 6.68 + 0,05 4.49 + 0.08 4.71
6.00 6.44 + 0.06 4.33 + 0.04 4,56

6.25 6.26 + 0.06 4.21 + 0.04 4.42
6.50 6.05 + 0.06 4.07 + 0.04 4,29

6.75 5.89 + 0.06 3,96 + 0.04 4.17

7,00 5.70 + 0.07 3.83 + 0,05 4.06
7.25 5.50 + 0,04 3.70 + 0,08 3.95
7.50 5.31 + 0.04 3.57 + 0.03 3.85
7.75 5.12 + 0.04 3.44 + 0.08 3.76 a

8.00 4,91 + 0.04 3.30 + 0.03 3.67

Table 4.15 Methyl alcohol (CH, OH) Liquid
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Graph 4.26. Variation of molecular stopping power of methyl alcohol

liquid (method Il) with alpha-particle energy.
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4.4b Ethyl alcohol (CpH;OH) liquid

The range-energy relation for alpha-particles in ethyl alcohol

liquid is shown in graph 4.27 and representsthe results of all separate

sets of liquid measurements by using different sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha-particle energies for ethyl alcohol liquid are shown in table 4.16.

Graph 4.28 shows the molecular stopping power of CoH50H

liquid as a function of alpha-particle energy.
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Graph 4.27. Range-energy relation for alpha-particles in ethyl alcohol liquid (method I).

120 130



104 Mev m? molt

dE dE' Energy (Mev) eS. 10° Mew/Au angen aoe izle
N N

1.00 18.91 + 0.83 18.33 + 0.80 22.03

1.25 17.57 + 0.42 17.03 + 0.41 19.40

1.50 16.26 + 0.45 15.76 + 0.44 17.38

1.75 15.03 + 0.44 14.57 + 0.43 15.77

2.00 13.73 + 0.29 13.31 + 0.28 14,47

2,25 12.84 + 0.17 12.44 + 0.16 13.38

2.50 11.90 + 0.20 11.53 + 0.19 12.46

2.75 11.04 + 0.08 10.70 + 0.08 11.68
3.00 10.47 + 0.04 10.15 + 0.04 10.99

3.25 10.00 + 0.08 9.69 + 0,08 10,39
3.50 9.49 + 0.06 9.20 + 0,06 9.86
3.75 9.09 + 0.08 8.81 + 0,08 9.39
4.00 8.67 + 0.08 8.40 + 0.08 8.96
4,25 8.30 + 0.09 8.04 + 0,09 8.57
4.50 8.00+ 0.11 7.75 + 0.11 8.23

4.75 7.71 + 0.13 7.47 + 0.13 7.91
5.00 7.40 + 0.15 7.17 + 0.15 7.63
5.25 7.10 + 0.12 6.88 + 0.12 7.34

5.50 6.83 + 0.11 6.62 + 0.11 7.09
5.75 6.55 + 0.08 6.35 + 0.08 6.85
6.00 6.35 + 0.07 6.15 + 0.07 6.65
6.25 6.14 + 0.07 5.95 + 0.07 6.45
6.50 5.96 + 0.06 5.78 + 0,06 6.26
6.75 5.78 + 0.03 5.60 + 0.03 6,08
7.00 5.57 + 0.04 5.40 + 0.04 5.92

7.25 5.37 + 0.05 5.20 + 0.05 5.76
7.50 5.16 + 0.06 5.00 + 0.06 5.61
7.75 4.95 + 0.05 4.80 + 0.05 5.47

8.00 4.64 + 0.05 4.50 + 0.05 5.34

Table 4.16 Ethyl alcohol (C,H, OH) Liquid
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Graph 4.28. Variation of molecular stopping power of ethyl alcohol liquid
(method II) with alpha-particle energy.
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4.4¢ Propyl alcohol (CH )gCHOH liquid

The range-energy relation for alpha-particles in propyl alcohol

liquid is shown in graph 4.29 and representsthe results of all separate

sets of liquid measurements by using different sources,

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha particle energies for propyl alcohol liquid are shown in table 4.17,

Graph 4.30 shows the molecular stopping power of (CHg)pCHOH

liquid as a function of alpha-particle energy.

131



eet Energy (Mev)

10 20 30 40 50 60 70 80 90 100

Range (+m)

Graph 4.29. Range energy for alpha-particles in propyl alcohol liquid (method Tl).
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Energy (mev) oer 10°Mev//
dx

18.72 + 0.41
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14,89 + 0.30
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13,06 + 0,27

12.19 + 0,32

11.52 + 0.16
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10,09 + 0,14

9.66 + 0.17

9.13 + 0.24

8.75 + 0.09

8.43 + 0.17
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N

23.79 + 0,52

22.104 0,45

19.85 $0.40

18.92 0.38

17.76 + 0,27

16.60 + 0.34

15.49 + 0,41

14.64 + 0,20

13.57 + 0,22

12.83 + 0.18

12,28 0,21

11.61 + 0.30

11.12 ¥ 0,11

10.72 + 0,22

10,32 + 0,14

10.00 + 0.25

9.47 + 0.20

9.10 + 0,19

8.86 + 0.24

8.65 + 0.12

Table 4.17 Propyl alcohol (CH, ),CHOH liquid.
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Graph 4.30. Variation of molecular stopping power of propyl alcohol liquid
(method II) with alpha-particle energy.
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4.4d Dichloromethane (CH2Cl,) liquid

The range-energy relation for alpha-particles in dichloromethane

liquid is shown in graph 4.31 and representsthe results of all separate

sets of liquid measurements by using different sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha~particle energies for dichloromethane liquid are shown in table 4.18.

Graph 4,32 shows the molecular stopping power of CH,)Cly liquid

as a function of alpha-particle energy.
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Graph 4,31. Range-energy relation for alpha-particles in dichloromethane liquid (method 1).

120



10 7 Mev m? mole

Energy (Mev) = x 10” Mev//y gr orperimental rs calculated
N N

1,00 18.76 + 0.17 19,82 + 0.18 21.58
1.25 17,55 + 0.20 18.54 + 0.21 20.14

1.50 16.73 +0. 17.67 + 0.12 18.74
1.75 6.91+0.14 16.81+ 0.15 17.48

2.00 15.00 + 0.13 15.84 + 0.14 16.37
2.25 14.17 + 0.14 14.9740.15 + 15.39
2,50 13,36 + 0.09 144.1+ 0.10 4.53
2.75 21.59 + 0.11 13.30 + 0.12 13.77
3.00 11, 99 + 0.21 12.66 + 0,22 13.09
3.25 11.44 + 0.19 12.08 + 0.20 12.48
3.50 10.90 + 0.08 11,51 + 0,09 11, 92
3,75 10.42 + 0,09 11. 01 + 0.10 11,43

4.00 10.09 + 0.05 10.66 + 0.05 10.97
4,25 9.71 +0.06 10.26 + 0.06 10.56

4.50 9.41 + 0.05 9.94 + 0.05 10.17
4.75 9.10 + 0.05 9.61 + 0.05 9.82
5.00 8.76 + 0.05 9.25 + 0.05 9.50
5.25 8. 48 + 0,05- 8.96 + 0.05 9.19
5.50 8.26 + 0.05 8.72 + 0.05 8.91

5.75 8.05 + 0.03 8.50+ 0.03 8.65
6.00 7.86 +0.09 8.30+ 0.10 8.40
6.25 7.68 + 0.08 8.11 + 0.08 8.17
6.50 7.43 +0.2 7,85 + 0.12 7.95
6.75 7.19 + 0.24 7.60+ 0.25 7.75

7.00 6.95 + 0.24 7,34 + 0,25 7,56

7.25 6.73 + 0.21 7. + 0.22 7.37
7.50 6.48 + 0.19 6.84 +0.20 7.20

7.75 6.19 + 0.19 6.54 + 0.20 7.04
8.00 6.06+0.0 6.40+0.12 6.88

Table 4.18 Dichloromethane (CH,Cl,) liquid.
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4.4e Trich loromethane CHC], liquid

The range-energy relation for alpha-particles in tricholoromethane

liquid is shown in graph 4.33 and representsthe results of separate sets of

liquid measurements by using different sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at various

alpha-particle energies for tricholoromethane liquid are shown in table

4.19,

Graph 4.34 shows the molecular stopping power of CHCl, liquid

as a function of alpha-particle energy.
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Graph 4.33. Range-energy relation for alpha-particles in trichloromethane liquid (method II).
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Tome Mev m? molas

1

Energy (Mev) x 10° Mev/ fu P= experimental . calculated
N N

1.00 20.21 + 0.28 26.85 + 0.37 27,57

1.25 19.36 + 0.32 25.72 + 0.42 26,02

1,50 17,92 + 0,27 23.81 + 0.36 24,38

1,75 16.66 + 0,23 22.13 + 0.31 22,86

2.00 15.49 + 0.17 20.58 + 0.22 21.48

2,25 14,.44+0.11 19.19 + 0.15 20.26

2.50 13.52 + 0.09 17.97 + 0.12 19.17

2.75 12.96 + 0,15 17,22 + 0.20 18.20
3.00 12.31 + 0,08 16.35 + 0.11 17.33
3.25 11.67 + 0.13 15.50+ 0.17 16.54

3.50 10.98 + 0.17 14.59 + 0.22 15.83

3.75 10.54 + 0.08 14.00+ 0.10 15.18

4.00 10.13 + 0.07 13.46 + 0.09 14.59

4,25 9.88 + 0.11 13.13 + 0.15 14.05

4.50 9.51 + 0.09 12,64 + 0.12 13.55

4,75 9.19+0.08 ° 12,21 + 0.10 13.09

5.00 8.874 0.11 11.78 + 0,14 12.67
5.25 8.61+0.11 11.44 +0.15 12,27

5.50 8.48 + 0.05 11.27 + 0.06 11.90

5.75 8.31 + 0.07 11.04 + 0.09 11.55

6.00 8.15 + 0.06 10.85 + 0.08 11.23

6.25 7.95 + 0.04 10.57 + 0.05 10.93

6.50 7.71 + 0.06 10.24 + 0.08 10.64

6.75 7.44 + 0.04 9.89 + 0.05 10.37

7.00 7.29 + 0.05 9.68 + 0.06 10,11

7,25 7.11 + 0.09 9,45 + 0.12 9.87

7.50 6.92 + 0.11 9,20+ 0.14 9.64

7.75 6.74+ 0.15 8.96 + 0.20 9.43

8.00 6.54 + 0.08 8.69 + 0.10 9,22

Table 4.19 Tricholoromethane (CHC1,) liquid.
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4.4f Carbontetrachloride (CCl,) liquid

The range-energy relation for alpha-particles in carbontetra-

chloride liquid is shown in graph 4.35 and representsthe results of

separate sets of liquid measurements by using different sources.

The stopping powers, molecular stopping powers and molecular

stopping powers calculated from the uncorrected Bethe formula at

various alpha-particle energies for carbontetrachloride liquid are shown

in table 4.20.

Graph 4.36 shows the molecular stopping power of cCcl, liquid

as a function of alpha-particle energy.
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Graph 4.35. Range-energy relation for alpha-particles in carbontetrachloride liquid (method II).
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2
Energy (Mev) < x 10° Mev/»

1.00 20.28 + 0.44
1:25 19.37 + 0.46
1.50 18.36 + 0.21
1,75 17.40 + 0.33
2,00 16.27 + 0.21
2.25 15.27 + 0.25
2.50 4.444 0,U
2.75 13,78 + 0,12
3.00 18,.+0.17

3.25 12,52 + 0.24
3.50 12,02 + 0,26
3.75 11.53 + 0.23

4.00 11.07 4 0.15
4,25 10.80 + 0,12

4.50 10.40 + 0.
4.75 10.06 + 0.03

5.00 9.69 + 0.05
5.25 9.35" + 0.08
5.50 9.01 +0.10
5.75 8.71 + 0.10

6.00 8.47 + 0.1
6.25 8.2440.
6.50 8.02 40.07
6.75 7.84 + 0.06
7.00 7.68 + 0.06
7.25 7.54 + 0.09

7.50 7.38 + 0.11
1.78 7.24 + 0.16

8,00 7.18 + 0.16

29.41 + 0,33

27.88 + 0.53

26.07 + 0.34

24,46 + 0.40

23.14 + 0.17

22.07 + 0.20

21@ +0.28

20.05 + 0.38

19.25 + 0.41

18.47 + 0.37

17.73 + 0,24

17.30 + 6.20

16.66 + 0,18

16.12 + 0.05

.52 + 0,08

-98 + 0.18

.43 + 0.16

+96 + 0.16

-57 + 0.18

-20 + 0.18

-85 + 0.12

-56 + 0,10

-31 + 0.10

08 + 0,14

&FEFPRBRBRREBEERGE coyQD
3

0

2 I++ 1+]ooo pya

Table 4.20 Carbontetrachloride (cCcl,) liquid.
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5. A Critical appraisal of the Stopping power measurements -

in vapour and liquid phases and also comparison of the present

work with other workers results.

5.1 Water H,0.

The molecular stopping powers of water and water vapour as a

function of energy are plotted in graph 5.1. These results are compared

with recent calculated stopping powers (Walsh 1970, Venkataraman et al

1975 and Palmer and Akhavan-Rezayat 1978).

The liquid water results are significantly different from those

reported by Palmer and Akhavan-Rezayat using method II, between energies

4<E<6 Mev. This could be due to difficulties in the present measurements

(method I) with bubble formations as described in section 4.3a. On the other

hand, as will be discussed later, it can be seen from table 5.1 that at these

energies the present water results agree well with the calculated values

assuming an effective Z, value of 2.

In table 5.1 the molecular stopping powers of water vapour and water

are shown in columns (1) and (2) respectively in comparison with calculated

values in columns (3)-6).

Column @) gives the calculated molecular stopping powers of water

obtained from the uncorrected Bethe formula. In column (4) the values in

column (8) have been corrected for the anomalous stopping contribution of

the K Shell electrons in oxygen in accordance with the C;, corrections caleu-

lated by Walske (1952). In column 6) a further correction has been made

due to the Z;° effect as suggested by Ashley et al 0973). This isa
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Graph 5.1. Variation of molecular stopping power of——water vapour

and - - - liquid water (method I) with energy; —-—-—liquid water

(method II Palmer and Akhavan Rezayat 1978); O Venkataraman et al

(1975) (calculated from atomic data); x Walsh (1974).
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Table 5.1 Comparison of experimental and calculated stopping powers

Energy

(Mev)

1.00

7.10

6.35

5.76

5.25

4.85

4.51

83ro1,25

1.50

1.75

4.78

5.29

4.93

4.57

4.30

4.93

5

4.26

3.88

2.87

2.78

2,66

2.56

2.45

2.38

2.33

4.74

4.48

4.23

3.97

3.79

3.63

00

2,25

2.50

2.75

.00

3.25

3.50

4,25

a°2,74

2,65

2.56

2,82

2.72

2.63

2.83

2.75

2.68

2.61

2.55

2.50

2.45

2.39

5,00

5.25
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5.75

2.7.oo+t
angSan

2.31

2,33

2.26

2,20
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2.32

2.26

00

6.25
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48833ANNA
2.26
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8.00
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Columns (1) and @) list experimental stopping powers of water vapour

Columns (3) - (6) list calculated stopping powers.

and liquid respectively.



positive correction factor i.e. increasing the stopping power. The accu-

racy of these corrections, as previously discussed, is markedly dependent

upon the value of Z, assumed for the alpha-particles.

It is of interest to compare the magnitude of these corrections with

the experimental stopping power values of water and water vapour. The

C;, correction increases the molecular stopping power values calculated

from the uncorrected Bethe formula by about 1.6% at 1 Mev but decreases

to zero at 1.5 Mev. At energies above 3 Mev it decreases the value in

column (8) by 2-3%. The z,° correction increases the stopping power by

nearly 15% at the lowest energy but falls to less than 2% at high energies.

The calculated stopping power values are significantly higher than

the experimental values at low energies for both water and water vapour.

The mean excitation energy I is one of the important parameters needed

to characterize the Bethe formula, The problem, however, becomes very

involved when ane tries to estimate I or to extend the formula to the lower

velocity region by applying the inner-shell corrections.

The experimental stopping power values in water vapour are higher

than those in water especially at lower energies, (apart from the energy

region 4.75 CE <5.5 Mev which is described previously).

It is assumed that the mean effective charge Zy ofp Carried by

alpha-particles is different in the different phases of water,The proba-

bility of electron capture is almost certain to increase with increasing

electron density, which would reduce the mean charge of the alpha-

particles and reduce the stopping power. Therefore it is reasonable to

suppose that the reduced value of the alpha-particle mean charge is
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mainly responsible for the difference in stopping of water and water vapour

at lower energies. Table 5.1a gives the values of Zie¢¢ Which would bring

the experimental stopping power values from different Danses into agree-

ment with the calculated value in column 6). These values could be

compared with the values of Zee quoted by Evans and Barkas which

were shown in table 4.3a, The value for Zieff for energies above 5 Mev

is significantly greater than 2, which is physically impossible. For water

liquid as already stated the value for Z, is consistently equal to 2 at

energies greater than 4.5 Mev, but for water vapour no explanation

could be found account for value of Zy at higher energies.

Energy Energy
( Mev) a) @) (Mev) @) @)

1.00 1.76 4.75 2.00 2.00
1.25 1.84 5.00 2.09 2,02
1.50 1.84 5.25 2.01 2.02
1.75 1.88 5.50 2,02 2.02

2.00 1.90 1.87 5.75 2.03 2.01

2.25 1.92 1.88 6.00 2.04 2.00
2.50 1.94 1.89 6.25 2.05 2.00
2.75 1.95 1.87 6.50 2.05 2.01

3.00 1,95 1.88 6.75 2.06 2.01

3.25 1.97 1,87 7.00 2,07 2.01

3.50 1.98 1.88 7.25 2.07 2.01
3.75 1.98 1.91 7.50 2.07 2.00

4.00 1.99 1.94 7.75 2.07 1.99
4.25 1.99 1.97 8.00 2.05 1.95
4,50 2.00 1.99

Table 5.1a The value of Z4 ore

Colums (1) and @) give the value of Z1 eq for water vapour

and liquid water respectively.
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5.2. Methyl alcohol (CH,OH a

The molectlar stopping powers of methyl alcohol vapour and

liquid ( methods I and II ) as a function of energy are plotted in graph 5.2.

In table 5.2 the molecular stopping powers of CH,OH vapour and

liquid ( methods I and II ) are shown in columns (1 )-(3 ) respectively in

comparison with calculated values in columns (4 )-(6 ).

Column (4 ) gives the calculated molecular stopping powers of

methyl alcohol obtained from the uncorrected Bethe formula. In column

(5 ) the values in column (4 ) have been corrected for the K shell electrons

in carbon and oxygen in accordance with the CK corrections calculated by

Walske (1952 ), In column (6 ) a further correction has been made due to

the a effect as suggested by Ashley eh al (1978 ).

The CK correction may be seen to increase the molecular stopping

power values calculated from the uncorrected Bethe formula by about

1-4% below 1.5 Mev. At energies above 1.5 Mev it decreases the value

in column (4 ) by about 1-2%. The combined effect of the oe: correction :

increases the stopping power by about 15% at the lowest energy. The

corrections effectively fall to zero at 4 Mev and then give rise toa

decrease in stopping power of about 0.8% above 4 Mev.

The experimental stopping power values in methyl alcohol vapour

show a general tendency to be higher than those in the liquid at all energies

for method II and for energies lower than 5 Mev for method I. However these

differences in most cases lie within the limits of experimental error which

are given in tables 4.5, 4.12 and 4.15.

To bring the experimental stopping power values for different
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6)

aT
a0* Mev. m?. mol”)

6)

Comparison of experimental and calculated stopping powers

@) 6) @)@)

Energy

(Mev)

Table 5.2

5.94

5.68

5.45

5.25

5.02

4.82

4.64

4.49

4,33

4,21

4.07

3.96

3.83

3.70

3.57

3.44

3.30
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6.14

5.40

5.20

5.02

4,84.

3.92

3.81

3.72

3.64

5.97

5.72

5.49

5.27

5.08

4,91

4.74

4.44

4.31

4.18

4.07

3.96

3.86

3.76

3.67

3.59

6.14

5.88

5.64

5.42

5.22

4.87

4.71

4.56

4.42

4.29

4.17

3.95

3.85

3.76

3.67
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5.71

5.53

5.40

5.24

5.05

4.95

4.80

4.63

4.47

4.36

4,21

4,08

3.96

3.83

3.70

3.55

3.42

5.98

5.74

5.52

5.28

5.09

4.89

4.73

4.59

4.45

4,32

4.19

4.06

3.92

3.78

3.66

3.54

3.44

Columns (1) - () list experimental stopping powers of methyl alcohol;

Columns (4) -(6) list calculated stopping powers.

4,00

4.25

4,50

4.75

5.00
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6.50

6.75

7.00

7.25

7.50

7.75

8.00

ie (CH,OH) Vapour and liquid (methods I and Il) respectively.



phases into agreement with the calculated values in column 6), Lies has

been calculated and is shown in table 5.2a.

Energy Energy
Rees aC) na) 2 mee) sist ee ee ey B)

1.00 1.75 1.72 4.75 1.98 1.97 1.97

1.25 1.83 1.80 5.00 1.98 1.97 1.97

1.50 1.88 1.86 5.25 1.97 1.99 1.96

1.75 1.92 1.90 5.50 1,98 1.99 1.96

2.00 1.95 1.93 1.94 5.75 1.98 1.99 1.96

2.25 1.97 1.95 1.96 6.00 1,98 1.99 1.96

2.50 1,96 1.93 1.95 6.25 1.99 2.00 1.97

2.75 1,97 1.95 1.97 6.50 1.99 1.99 1.96

3.00 1.96 1.93 1.96 6.75 1.98 1.99 1.96

3.25 1.97 1,92 1.97 7.00 1.97 1.99 1.98

3.50 1.97 1.92 1.96 7,25 1.96 1.98 1.94

3.75 1.98 1,92 1.97 7.50 1.96 1.97 1.94

4.00 1.97 1.93 1.97 7.75 1.95 1.95 1.92

4,25 1.98 1,94 1.97 8.00 1,94 1,94 1.91

4.50 1.98 1.96 1.97

Table 5.2a The Value of Lies

Columns (1)-@) give the value of Z4 o¢5 of methyl alcohol,

i.e. CH,OH vapour and liquid (methods I and Il) respectively.
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5.3 Ethyl alcohol (C,H. OH)

The molecular stopping power of echyl alechol vapour and liquid

(methods I and If) as a function of energy are plotted in graph 5.3. These

results are compared with ‘the stopping power measurement (Palmer

1961), and are seen to be lower by between 2 to 12% below 5 Mev. The

result obtained by Palmer used nuclear Sinise for alpha-particle

detection and energy measurement; this is inherently less accurate

than methodsusing solid state detectors and therefore the present

measurement can be considered to be more reliable.

In table 5.3 the molecular stopping power of C,H, OH vapour and

liquid (methods I and It) are shown in columns (1) - (3) respectively in

comparison with calculated valuesin columns (4) - (6).

Column (4) gives the calculated molecular stopping powers of

ethyl alcohol obtained from the uncorrected Bethe formula. In columu

6) ita values have been modified in accordance with the C. corrections

for carbon and oxygen suggested by Walske (1952). In column (6) 2

further correction has been made due to the z,° effect as suggested

by Ashley et al (1973).

The O. correction increases the molecular stopping power values

calculated from the uncorrected Bethe formula by about 3% at 1 Mev.

At energies above 1.5 Mev it decreases the value in politi (4) by about

- correction

increases the stopping power by about 0.7 - 16.5% at energies below 3.5 Mev.

1.4 - 3%. The combined effect of the latter together with the Z

The combined corrections effectively fall to Zero at 4.5 Mev and then give

rise to a decrease in stopping power of about 0.9% above 4.5 Mev.
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Graph 5.3. Variation of molecular stopping power of ethyl

alcohol vapour; - - - ethyl alcohol liquid (method I) and; —-—- — ethyl

alcohol liquid (method II) with energy: x Palmer (1961). .
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Table 5.3 Comparison of experimental and calculated stopping powers

a0 * Mey : mi Z oli)

Energy (1) 2) @) é) 6) @)

1.00 19.84 18.33 22,08 22.70 25.67
1,25 18.46 17.03 19.40 19.66 21,78
1.50 16.44 15.76 17.38 17.40 18, 98
1.75 14.91 14.57 15.77 15.55 16.77
2.00 13,95 13,29 13.31 14,47 14,18 15.15
2.25 12.87 12,41 12,44 ° 13.38 13,09 13.88
2.50 1.81 11.63 11.53 12.46 12.15 12.81
2.75 11.10 10.80 10.70 11.68 11.35 91
3.00 10.52 10,18 10.15 10,99 10.68 1.16
3.25 10, 02 9.72 9.69 10.39 10.09 10.54
3.50 9.52 9.25 9.20 9.86 9.57 9.93
3.75 9.19 8.90 8.81 9.39 9.12 9.44
4,00 8.76 8.52 8.40 8.96 8.70 8.98
4,25 8.44 8.18 8.04 8.57 8.33 8.54
4,50 8.16 7.87 7.95 8.23 8.00 8.23
4.75 7,97 7.59 7.47 7.91 7.69 7.89
5.00 7.75 7.30 717 7.63 7,42 7.61
5.25 7.62 7.02 6.88 7.34 Velde eaRSY
5.50 7.48 6.73 6.62 7.09 6.90 7.08
5.75 7.30 6.49 6.35 6.85 6.67 6.81
6.00 7.07 6.25 6.15 6.65 6.48 6.61
6.25 6.88 6.04 5.95 6.45 6.29 6.41
6.50 6.63 5.88 5.78 6.26 6.1 6.22
6.75 6.36 5.69 5.60 6.08 5.93 6.03
7.00 6.15 5.50 5.40 5.92 5.78 5.88
7,25 5.90 5.31 5.20 5.76 5.62 5.71
7.50 5.72 5.13 5.00 5.61 5.48 5.56
7.75 5.50 4,96 4.80 5.47 5.35 5.43
8.00 5.31 4.82 4.50 5.34 5.22 5.29

Columns (1) - @) list experimental stopping powers of ethyl alcohol,

je (C,H, OH) vapour and liquid (methods I and 11) respectively

Columns (4) - (6) list calculated stopping powers.



The experimental liquid stopping power values obtained by method

I are higher than those obtained by method II by about 1-2% at energies

below 7 Mev and by about 3% at higher energies. The values in CpH50H

vapour are higher than those in the liquid with both liquid stopping power

methods. The difference between the vapour and liquid results (method I)

at energies below 4 Mev is about 3%. At higher energies this difference

increases, but it is possible that this is due to association of the CpH;OH

molecules at higher vapour pressure as discussed in section 4.2d,

To bring the experimental stopping power values for different phases

into agreement with the calculated values in column (6), Z eg has been

calculated and is shown in table 5.3a.

Energy

(Mev)
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Table 5.3 a

Columns (1) - @) give the value of Lies of ethyl alcohol, ie. C,H-OH

vapour and liquid (methods I and Il) respectively.
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5.4 Propyl alcohol (CH). CHOH.

The molecular stopping powers of propyl alcohol vapour and liquid

(methods I and Il) as a function of energy are plotted in graph 5.4.

In table 5.4 the molecular stopping powers of (CHg)9CHOH vapour

and liquid (methods I and Il) are shown in columns (1)-@) respectively

in comparison with calculated values in columns (4)-6).

Column (4) gives the calculated molecular stopping powers of

propyl alcohol obtained from the uncorrected Bethe formula. In column

@) these values have been modified in accordance with the C;, corrections

for carbon and oxygen suggested by Walske (952). In column (6) a further

correction has been made due to the 24° effect as suggested by Ashley et al

1973).

The Cy correction increases the molecular stopping power values

calculated from the uncorrected Bethe formula by about 2.5% at 1 Mev.

At energies above 1.5 Mev it decreases the value in column (4) by about

0.7-3%. The combined effect of the latter together with the Za" correction

increases the stopping power by about 0.5-10.5% at energies below 2.5 Mev.

The combined corrections effectively fall to case at 2.75 Mev and then give

rise to a decrease in stopping power of about 1.4% above 2.5 Mev.

The experimental stopping power values in Dror! alcohol vapour are

higher than those in the liquid obtained by method I at energies below 3.5

Mev and above 7.5 Mev by 0,6-1.8%. At energies 4.5 (E<6.5 it is lower

by 1-1.8%. These differences could be en re to experimental error.

The propyl aleohol vapour stopping power values are higher than those in
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Graph 5.4, Variation of molecular stopping power of —— propyl alcohol

vapour; - - - propyl alcohol liquid (method I) and—-—-— propyl alcohol

liquid (method Il) with energy.
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Table 5.4 Comparison of experimental and calculated stopping powers

05s ey ane mol)

Energy

Mev) @) @) @) @) 6) 6)

1,00 24,44 23.79 28.72 29.43 81.74

1,25 22.61 22.10 25.54 25.73 27.39

1.50 20.92 19.85 22,86 22.76 24.00

1,75 19.42 18,92 20.74 20.38 21.34

2.00 18.10 17.81 17.76 19.02 18.59 19.35

2,25 16.95 16.70 16.60 17.59 17.16 17.78

2.50 15.94 15.74 15.49 16.38 15.94 16.46
2,75 14.81 14.70 14.64 15.34 14.89 15.33

3.00 13.88 13,71 13.57 14.44 14.01 14,38

3.25 13.01 12,93 12.83 13.65 13,24 13.56

3.50 122.31 12,34 12.28 2.95 12.56 12.84

3.75 7 11.84 1.61 12,33 1,96 12,21

4.00 11.32 11.35 u.2 LU? 11.42 11.64

4,25 10.97 10.95 10,72 11.26 10.93 11,13

4,50 10.55 10,52 10.32 10.80 10.49 10.67

4,75 9.87 10. 05 10.00 10.38 10.09 10.25

5.00 9,58 9,71 9.47 9.99 9.71 9.85

5.25 9.31 9.43 9.10 9.84 9.38 9.51

5.50 9.10 9.19 8.86 9.31 9.06 9.18

5.75 8.88 9.00 8.55 9.01 8.77 8.88

6.00 8.62 8.72 8.35 8.72 8.50 8.60

6.25 8.40 8.50 8.10 8.46 8.25 8,34

6.50 8.19 * 8.25 7.35 8.21 8.01 8.10

6.75 7.95 7.90 7.58 7.98 7.79 7.87

7,00 7.70 7.73 7,28 7.75 7.56 7.63

7.25 7.42 7.45 6.95 7.56 7.38 7.45

7.50 7.6 7.14 6.64 7.37 7.20 7.27

7.75 §.90 6.82 6.34 7.18 7.02 7.08

8.00 6.58 6.56 6.13 7.01 6.35 6.91

Columns () - (3) list experimental stopping powers of propyl alcohol,

1.€.(CH,),CHOZ vapour and liquid (methods I and I)respectively.

Column (4) - (6) list calculated stopping powers.
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the liquid obtained by method II at all energies. The differences between

the vapour and liquid stopping powers at lower energies are 2 to 5% and at

higher energies above 6 Mev are 3-8%.

To bring the experimental stopping power values for different phases

into agreement with the calculated values in column (6), Zye¢p has been

calculated and is shown in table 5.4a.

tego OF age Byes ee ayes! ay ay

1.00 By 1,738 4.75 1.96 1.98 1.98
1,25 1.82 1.80 5.00 1.97 1.99 1,96
1.50 1.87 1.82 5.25 1,98 1.99 1.96

1.75 1.91 1.88 5.50 1.99 2.00 1.97

2.00 1,93 1.92 1,92 5.75 2.00 2.00 1.97
2.25 1.95 1,94 1,93 6.00 2.00 2.01 1.97
2.50 1.96 1.96 1,94 6.25 2.00 2.02 1,97
2.75 v.97 1.96 1.95 6.50 2.01 2.02 1.97
3.00 1.96 1.95 1,94 6.75 2.01 2,00 1,96
3.25 1.96 1.95 1.95 7.00 2.00 2,01 1.95
3.50 1,96 1.96 1.96 7.25 2.00 2.00 1,93
3.75 1.96 eo 1.95 7.50 1.98 1.98 1.91

4,00 1.97 1.97 1,95 7.75 1.97 1,96 1.89
4.25 1.99 1.98 1,96 8.00 1.97 1.95 1.88
4,50 1,99 1.99 O77.

Table 5.4a The value of Zie8t-

Columns (1)-(@) give the value of Zre¢¢ Of Propyl

alcohol, i.e. (CH3)9CHOH vapour and liquid

(methods I and Il) respectively.
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5.5 Dichloromethane (CH2Cly)

The molecular stopping powers of dichloromethane vapour and liquid

(method II) as a function of energy are plotted in graph 5.5.

In table 5.5 the molecular stopping powers of CHgClp vapour and

liquid (method II) are shown in columns (1) and (2) respectively in compa-

rison with calculated values in columns (3)-6).

Column @) gives the calculated molecular stopping power of dichlo-

romethane obtained from the uncorrected Bethe formula. In column (4)

the values in column (3) have been modified in accordance with the Cy

corrections for carbon and chlorine as suggested by Walske (1952), and

in accordance with the Cy, corrections for chlorine as calculated by

Khandelwal (1968). In column 6) a further correction has been made due

to the Z1° effect as suggested by Ashley et al 973).

The Cj, and Cy corrections increase the molecular stopping power

values calculated from the uncorrected Bethe formula by 1.8% at 1 Mev.

At energies above 1 Mev it decreases the value in column (8) by about

1-2.5%. The combined effect of this with the mae correction increases

the stopping power values, column (3), by about 19.5% at the lowest energy

and by about 0.6% at the highest energy.

The experimental vapour values are 1.7 to 7.5% higher than those

in liquid below 2 Mev. At higher energies the Ghee values are ent,

marginally higher and the differences are probably not significant,

The calculated stopping power values are significantly higher than

the experimental values at low energies for both dichloromethane vapour
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and—-—-—dichloromethane liquid (method Il) with energy.
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Table 5.5 Comparison of experimental and caleulated stopping powers

a07* Mev. mm” : mol}

Energy

(Mev) @) @) 8) @) 6)

1.00 Q1,31 19,82 21-58. . 21.97 25.78

1.25 20.05 18.54 20.14 20,12 23.17

1.50 18.80 17.67 18.74 18.49 20.95

1.75 D789: 6181. 17-48 917,20 19.27
2.00 ie. ~ 182 16.37 16.07 17.80

2.25 25.17 14.97 » 15:58 35,08 16.56

2.50 14226 14,140 514.63 S210 ot 15.49

2.75 13.46 13,30 13.77 13,44 14.56

3.00 12.80 12.66 13.09 12.82 13.81

3.25 1B-S0 0, A2s0Gn de .48 de. et 13.09
3.50 Mae 11 BI AIL 920) 10.64 12,42

3.75 FL 22 19 OL: LIAS 2 0) TILI6 11.86
4.00 10.76 10.66 10.97 10.68 11.32
4,25 10.39 10.26 10.56 10,27 10.85
4.50 10.05 9.94 10,17 9.89 10.42
4,75 9.72 9.61 9.82 9.59 10.07
5.00 9.36 9.25 9.50 9.26 9.70
5.25 9.10 8.96 9.19 8.97 9.38
5.50 8.82 8.72 8.91 8.71 9.09
5.75 8.53 8.50 8.65 8.48 8.83
6.00 8.27 8.30 8.40 8.23 8.56
6.25 8.04 8.11 8.17 8.00 8.31
6.50 7.81 7.85 7.95 7.78 8.07
6.75 7.58 7.60 7.75 7.59 7.86
7.00 7.35 7.34 7.56 7.41 7.66
7.25 7.15 7.11 Zas% 7.22, 7.46
7.50 6.92 6.84 7.20 7.04 7.26
Tab 6.88 6.54 7.04 6.88 7.09
8.00 6.50 6.40 6.88 6.72 6.92

Columns (1) and (2) list experimental stopping powers of dichloromethane

(CH,C 1) vapour and liquid (method II) respectively. Columns (3) -6) list

calculated stopping powers.
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and liquid. To bring the experimental stopping power values for different

phases into agreement with the calculated values in column 6), Zie¢¢

has been calculated and is shown in table 5.5a.

Energy Energy
Mev @) (2) Mev a) @)

1.00 1.82 1.75 4.75 1.96 1.95
1.25 1.86 1.79 5.00 1.96 1.95
1.50 1.89 1.84 5.25 1.97 1.95
1.75 1.90 1.87 5.50 1.97 1.96

2.00 1.90 1.89 5.75 1.97 1.96
2.25 1.91 1.90 6.00 1.97 1.97

2.50 1.92 1,91 6.25 1.97 1.98
2.75 1.92 1.91 6.50 1.97 1.98
3.00 1,92 1.91 6.75 1.96 1.97

3.25 1.94 1,92 7.00 1.96 1,96
3.50 1.94 1.93 7.25 1.96 1.95
3.75 1.95 1.93 7.50 1.95 1,94

4.00 1.95 1.94 7.75 1.94 1.92

4,25 1.96 1.94 8.00 1.94 1.92

4.50 1.96 1.95

Table 5.5a The value of Z age.

Columns (1) and @) give the value of Zye¢¢ Of

dichloromethane vapour and liquid respectively.
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5.6 Trichloromethane (CHCl,;).

The molecular stopping powers of trichloromethane vapour and

liquid (method Il) as a function of energy are plotted in graph 5.6.

In table 5.6 the molecular stopping powers of CHCl, vapour and

liquid (method II) are shown in columns (1) and () respectively in com-

parison with calculated values in columns (@)-6).

Column (8) gives the calculated molecular stopping powers of

trichloromethane obtained from the uncorrected Bethe formula. In

column (4) the values in column @) have been modified for the K shell

electrons in carbon and chlorine in accordance with the C, corrections

calculated by Walske (1952), and for the L shell electrons in chlorine in

accordance with the Cy corrections calculated by Khandewai (1968). In

column (6) a further correction has been made due to the Ze effect as

suggested by Ashley et al (1973).

The Cy and Cy, corrections increase the molecular stopping power

values calculated from the uncorrected Bethe formula by about 2% at

1 Mev, and fall to zero at 1.25 Mev. At energies above 1.25 Mey they

decrease the values in column (3) by about 1.3to3%. The combined

effect of this with the z4° correctioa increases the fetonnine power values,

column (3), by about 21% at lowest energy and 0.6% at the highest energy.

The experimental stopping power values in trichlafomethane vapour

are higher than those in liquid by about 0.9 to 2% below 4 Mev. At energies

above 2 Mev these differences are reasonably small except at energies

4.5 <E <6 Mev in which the experimental vapour values are about 0.6-

3.3% higher than those in liquid.
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Table 5.6 Comparison of experimental and calculated stopping powers

0 * Mev. m”. mot)

Energy

(ev) 4) @) @) ) 6)

1.00 27.39 26.85 27.57 28.13 33.32

1.25 26.17 25.72 26.02 26.02 30.17

1.50 24,25 23.81 24,38 24.07 27.43

1.75 22.57 22,13 22.86 22.54 25.40
2,00 20.93 20.58 21,48 21.18 23.57

2.25 19.70 19.19 20,26 19.87 21,91

2.50 18.31 17.97 19.17 18.76 20.53

2.75 17.42 17.22 18.20 17.76 19.32

3.00 16.56 16.35 17.33 16.98 18.37
3.25 15.75 15.50 16.54 16.19 17,42

3,50 14,81 14.59 15.83 15.47 16,57

3.75 14.20 14,00 15.18 14,71 15.69

4.00 13.58 13.46 14,59 14.20 15.09

4,25 13.24 13.13 14.05 13.66 14.47

4,50 12.81 12.64 13.55 13.18 13.92
4.75 12,49 12.21 13.09 12.74 13.42

5.00 12,19 11.78 12.67 12.34 12.97

5.25 11.89 11.44 12.27 11.97 12.55
5.50 11.57 11,27 11.90 11.64 12,18

5.75 11.23 11.04 11.55 11.32 11.82
6.00 10.90 10.83 11.23 11.00 11.47

6.25 10.57 10.57 10.93 10.70 11.14
6.50 10.25 10.24 10.64 10,42 10.83
6.75 9,98 9.89 10.37 10,15 10.53

7.00 9.67 9.68 10,11 9.91 10.27

7.25 9,39 9.45 9.87 9.66 10.00
7.50 9.13 9.20 9.64 9.43 9.75

7.75 8.87 8.96 9.43 9.21 9.51
8.00 8.67 8.69 9.22 9.00 9.28

Columns (1) and (2) list experimental stopping powers of trichloromethane

(CHCl,) vapour and liquid (method II) respectively. Columns (3) - 6) list

calculated stopping powers.
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The calculated stopping power values are consistently higher than

the experimental values at all energies 1 to 8 Mev for both trichloromethane

vapour and liquid. To bring the experimental stopping power values for

different phases into agreement with the calculated values in column’ 6),

Ze¢¢ has been calculated and is shown in table 5.6a.

Energy Energy
toes ere) Rio 0) e)

1.00 1.81 1.80 4.75 1.93 Lgl?

1.25 1.86 1.85 5.00 1,94 1,91

1.50 1.88 1.86 5.25 1.95 1.91

1.75 1.89 1.87 5.50 1.95 1,92

2.00 1,88 1.87 5.75 1,95 1.93

2,25 1.90 1.87 6.00 1,95 1,94

2.50 1.89 1.87 6.25 1.95 1,95

2.75 1.90 1.89 6.50 1.95 1,95

3.00 1.90 1.89 6.75 1.95 1.94

3.25 1.90 1.89 7.00 1,94 1,94

3.50 1.89 1.88 7,25 1.94 1.94

3.75 1.90 1.89 7.50 1,94 1.94

4.00 1.90 1.89 7.75 1.94 1.94

4,25 1.91 1,94 8.00 1,93 1.94

4.50 1.92 1.91 1.93 1,94

Table 5.6a, The value of Zye¢f.

Columns (1) and (2) give the value of Zje¢¢

trichloromethane vapour and liquid respectively.
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5.7 Carbontetrachloride (CCly).

The molecular stopping power of carbontetrachloride vapour and

liquid (method II) as a function of energy are plotted in graph 5.7. These

results are compared with recent stopping power measurement (Palmer

1973), (and are seen to be consistently higher by between 2 and 8%}.

In table 5.7 the molecular stopping power of cel, vapour and

liquid (method I) are shown in columns (1) and (2) respectively in compa-

rison with calculated values in columns @)-6).

Column @) gives the calculated molecular stopping powers of

carbontetrachloride obtained from the uncorrected Bethe formula, In

column (4) the values in column @) have been corrected for the K shell

electrons in carbon and chlorine in accordance with the C,, corrections

calculated by Walske (1952), and L shell electrons in chlorine in accordance

with the C, corrections calculated by Klandelwal (1968). In Column @)a

further correction has been made due to the Ze effect as suggested by

Ashley et al 1973).

The Cx and Cy, corrections increase the molecular stopping power

values calculated from the uncorrected Bethe formula by about 2.2% at

1 Mev, falling to zero at 1.25 Mev. At energies above 1.25 Mev they

decrease the values in column @) by about 1.2 to 2.8%. The combined

effect of this together with the Ze correction increases the stopping power

values, column (8), by about 22% at the lowest energy and by 0.7% at the

highest energy.
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Table 5.7 Comparison of experimental and calculated stopping powers.

0“ ev, me 4 mol)

Energy

(Mev) @l) @) @) ¢) 6)

1.00 33.48 32.49 33.62 34.36 40.89

1.25 31.73 31.03 31.95 31.95 37.19

1.50 29.85 29.41 30.07 29.70 34.01

1.75 27.99 27.88 28.27 27.88 31.50

2.00 26.29 26.07 26.63 26.17 29,25

2,25 24.67 24,46 25.16 24.68 27.35

2.50 23.39 23.14 23.84 23.34 25.64

2.75 22.22 22.07 22.65 22.11 24,12

3.00 21.18 21.00 21.59 21.16 22.95

3.25 20.20 20.05 20.62 20.19 21.78

3.50 19.34 19.25 19.75 19.30 20.72

3.75 18.59 18.47 18.96 18.50 19.78
4.00 17.91 17.73 18.23 17.75 18.91

4.25 17.34 17.30 17.56 17.07 18.12
4,50 16.76 16.66 16.95 16.48 17.44

4,75 16.19 16.12 16.38 15.93 16.82

5.00 15.64 15.52 15.85 15.44 16.26
5.25 15.10 14.98 25.36 14,98 15.73

5.50 14.62 14.43 14.90 14.57 15.27

5.75 14,15 13.96 14.47 14.18 14.83
6.00 13.71 13.57 14.07 13.78 14.39
6.25 13,29 13.20 13.69 13.40 13,97
6.50 12.95 12.85 13.34 13.06 13,59
6.75 12.70 12.56 13.00 12.73 13.28
7,00 12.44 12.31 12.68 12,42 12.89
7.25 12.18 12.08 12.38 12.11 12.55

7.50 11.90 11.83 12.10 11.83 12,24
7.75 11.65 11.60 11.83 11.55 11.94
8.00 11.48 11.42 11.57 11.28 11.65

Columns (1) and (2) list experimental stopping power of carbontetrachloride

(ccl,) vapour and liquid (method II) respectively. Column (3) - 6) list

calculated stopping powers.
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The expetinientel stopping power values in carbontetrachloride

vapour and liquid are the same within the limits of experimental error

except at low energies. The vapour values are 2-3% higher than the

liquid values below 1.5 Mev.

The calculated stopping power values are significantly higher than

the experimental values at all energies 1 to 8 Mev for both Carbontetra-

chloride vapour and liquid. To bring the experimental stopping power

values for different phases into agreement with the calculated values

in column (5), Zje¢¢ has been calculated and is shown in table 5.7a.

Energy EnergyMev @) @) Mev @) @)

1.00 1.81 1,78 4.75 1.96 1,96

1.25 1.85 1.83 5.00 1.96 1.95

1.50 1,87 1.86 5.25 1,96 1,95

1.7% 1.89 1.88 5.50 1,96 1.95
2.00 1.90 1.89 5.75 1,95 1.94

2,25 1.90 1.89 6.00 r.95. 1.94

2.50 1.91 1.90 6.25 1.95 1,94

2.75 1,92 toe 6.50 1.95 1,94
3.00 1,92 1.91 6.75 1,96 2296

3.25 1.93 1.92 7.00 1.96 1.95
3.50 1.93 1,93 7.25 1.97 1.96

3.75 1,94 1.93 7.50 1,97 1.97
4,00 1,95 1.94 .| 7.75 1.98 1.97

4,25 1.96 1,95 8.00 1.99 1,98

4.50 1.96 1.95

Table 5.7a, The value of Zr eft:

Columns (1) and (2) give the value of Zier Of

carbontetrachloride vapour and liquid respectively.
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6. Discussion.

6.1 Stopping cross-sections determined dy using Bragg's Rule.

From the experimental values presented tire it is possible to

calculate stopping cross-sections for various elements and molecular

groups i.e, for O, - Cl-, - C - and - CHp -. No experimental values

have been obtained for Ho, but a number of published experimental results

are available which show good agreement (Bourland et al 1971, Lodhi and

powers 1974, Venkataraman et al 1975 and Hanke and Laursen 1978), These

have been used in the stopping cross-section calculations and a distinction

has been made between calculations using the liquid and vapour forms of the

different types of organic materials and water. In certain cases a distinction

is also made between values obtained using methods I and II for the liquids so

that an estimate of reliability can be made.

6.1a Oxygen.

Stopping cross-sections for oxygen are shown in table 6.1, These

are calculated by subtracting hydrogen molecular cross-sections from the

values for waver vapour and water (methods I and II), The hydrogen values

are those of Hanke and Laursen because they cover the whole energy range

and they are in good agreement with other published results, mentioned above.

Molecular hydrogen cross-sections here are being subtracted from

measured molecular cross-sections, If the Bragg Rule is valid at all, it

should be permissible to apply it under these conditions for molecules which

are in the same phase, The indications in the literature are that this is
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probably sound at energies above 2 Mev, but that there may be inaccuracy in

applying the Bragg Rule at lower energies. If this is so. one would expect the

oxygen stopping cross-sections calculated in this way from water vapour to

differ from the experimental oxygen cross-section by an amount greater than

the experimental uncertainty. The calculations from the liquid water experi-

ments should show whether the use of the Bragg Rule can be extended to oxygen

when incorporated into molecules in the liquid phase.

From table 6.1 it may be seen thax the calculated stopping cross sections

of oxygen in vapour phase are adout 11-13% higher than those in water liquid

(method II) at energies below 1,25 Mev, The difference becomes insignificant

between 1,5 and 3 Mev but above 4 Mev it increases again.

The stopping cross-sections of oxygen calculated from the vapour siate

measurements are higher than values of the experimental stopping power (table

4.3) by between 1 and 6% at energies below 6 Mev. At higher energies this

difference increases.
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Taole 6,1, Stopping cross sections for oxygeni.e. (H20-H»)2 calculated

using the Bragg's Rule from experimental values for Ho

published by Hanke and Laursen (1978) and (a) water vapour

(table 4.4), (b) water liquid method = (able 4.11) and (c)

water liquid method II table 1, Palmer and Akhavan-Rezayat

1978) ao-* Mev. m2, stom 2), (a) Shows the experimental

oxygen values as from table 4.3 for comparison,

Energy

hee (2) ) (c) @)

1.00 9.22 8.02 8.85

1,25 9.02 7.96 8,45

1.50 8.00 7.94 7,91
ke 7.62 7.48 7,51

2.00 7.10 6.80 7.08 7.09

2.50 6.37 5.98 6.35 6,26

3.00 5.68 5.10 5.50 5.56

3.50 5,26 4,54 4,95 5.07
4.00 4.82 4,50 4.50 4.65

4,50 4.46 4,40 4.16 4,28
5,00 4.15 4,23 3.85 4,00

5.50 3.96 3.92 3.64 3.75

6.00 3.80 3.60 3.44 3.54

6.50 3.68 3.44 3.22 3.30

7.00 3.53 3.27 3.03 3.08

7.50 3.35 3.05 2.75 2,90

8.00 8.11 2.78 2.71
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Stopping cross-sections for - CHg - are shown in table 6.2. These

are calculated by, (a) subtracting the experimental molecular stopping powers

of methyl alcoho! vapour (table 4.5) from the values for ethyl alcohol vapour

(table 4.6) (CpH5;0H - CH3OH), (b) subtracting ethyl alcoho! vapour values

from the values for propyl alcoho! vapour (able 4.7), (CHg),CHOH - C2 H50H

and (¢) subtracting methyl alcoho! vapour values from the values for propyl

alcohol vapour and dividing by two. —(CBite CHOW = CHAO The mean

values of (a), (b) and (c) have been taken as the - CH» - vapour stopping power.

Similar calculations have been made in the liquid phase from tables 4.5, 4.6

and 4.7 for each liquid stopping power measurement method (I and I) separately

and the mean values in all cases for different energies have been taken as

stopping power values for - CH - liquid. The stopping power values calculated

from vapour measurements for - CHp - are higher than those calculated from

liquid measurements by within 0-3% between 2 and 6.5 Mev. At higher energies

the vapour values are appreciably higher than those calculated from liquid

measurements, outside the estimated Limits of experimental error,
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Stopping cross-sections for - CHp - calculated from experimentalTable 6.2,

: - mo! },. Mev. m
ot

measurements using Bragg's aule {1

- CHy -

vapour

- CHoe -

liquid(Mev)

Energy

5.535.45- 00

4,42

4,14

3.88

3.78

4,30

4.05

1.75

2.00

2.25

2.50

2.75

3.00

3.25

3.50

3.75

4.00

4,25

4.50

4,75

3.79

3.81

3.45

3.21

519oO

2.71

2,67

2.62

2.52

2.30

2,25

2,21

2.19

2,15

2,80

2.70

2.62

2.50

2.33

2,28

2.19

2.16

2,14

00

°Ss

oo
96

1.86

1.81

aoe

1.63

6.50

6.75

7.00

1,95

1,89

1,82

1.75

+25

7.50

7.75

- 8.00
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6.1¢ Carbon -C-.

Stopping cross-sectioas for carboa are shown in table 6.3. These

are calculaied by subtracting hydrogen molecular cross-sections from the

values for - CHp - vapour and liquid (able 6.2.). The hydrogen values are

those of Hanke and Laursen1978. The results obtained are compared in

table 6.3 with recent measured stopping power values (Chu and Powers 1939

and Venkataraman et al 1975). The stopping power values calculated from

vapour measurements for carbon are higher than those calculated from liquid

measurements by between 1 and 4.5% below 3 Mev. At higher energies up

to 6.5 Mev they are in good agreement, but at energies above 7 Mev the

vapour values increase again relative to those calculated from the liquid

measurements.

The stopping cross-section values for carbon published by Chu and

Powers (obtained by carbon foil measurements) are higher than those calcu-

lated in this work from experimental measurements with vapours by between

1,5 and 14% at energies below 2 Mev, and the values presented by Venkataraman

et al (calculated stopping power of gaseous carbon from a knowledge of ethane

and hydrogen stopping powers by use of Bragg's Rule) are appreciably higher

than those calculated in this work for all energy regions.
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Table 6.3. Stopping cross-sections for - C - i.e. (CHp - Hg) calculated

using the Bragg Rule from experimental values for Hg presented

by Hanke and Laursen (1978) and (a) - CHp - vapour, (b)

; -24 2 “1
- CHp - liquid (Table 6.2) A0 Mev. m’, atom ). (c)

Shows the experimental carbon values by Chu and Powers

1969 and 4) shows the calculated carbon values by Venkataraman

et al 1975.

Energy
(Mev) (a) ) (c) a)

1.00 3.09 3.01 3.61 4.09

1,25 2.96 2,90 3.30

1.50 2.82 2.45 3.04 3.39

1.75 2.74 2.62 2.86

2.00 2.61 2.52 2.65 2.88

2.50 2.48 2.51 2.66

3,00 2.14 2.08 2.44

3.50 1.87 1.95 2.26

4,00 1.77 1.80 2.11

4,50 anitO 1.86 1.97

5.00 1.50 1.53 1.86

5.50 1.49 1.46 1.75

6.00 1.43 1,42 1.66

6.50 1.39 1.35

7,00 1.31 1,23

7.50 1.21 1.09

8.00 1.11 0.98
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6.1d Chlorine - Cl -.

Stopping cross-sections for chlorine are shown in table 6.4. These

are calculated by (a) subtracting the calculated stopping cross-sections of

- CHp - vapour (table 6.2) from the molecular stopping powers of dichlo-

romethane vapour (table 4.8) and dividing by two Se Be (b)

subtracting the hydrogen molecular cross-sections (Hanke and Laursen

1978) and calculated stopping cross-sections for carbon table (6.2) from

the experimental molecular stopping powers of trichloromethane vapour

CHClg -H-C
(table 4,9) and dividing by three 3 ), and (c) subtracting the

calculated stopping cross-sections for carbon (table 6.2) from the experi-

mental molecular stopping powers of carbontetrachloride vapour (table 4.10)

and dividing by four aes, The mean values of (a), (b), and (c) have

been taken for chlorine vapour stopping powers. Similar calculations have

been made for chlorine in the liquid phase by using method IT liquid experi-

mental measurements. The stopping power values calculated from vapour

measurements for chlorine are higher than those calculated from liquid

measurements by between 1 and 4,5% below 5.5. Mev. At energies above

6 Mev the liquid values are about 1% higher than those calculated from vapour

measurements,
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Table 6.4. Stopping cross-sections for - Cl - calculated from

experimen‘al measurements using Bragg's Rule

2. =

ao 24 urev. m°. atom a

Energy cl CL
(Mev) Vapour liquid

1,00 7.73 7.38

1,25 7.35 701

1.50 6.88 6.74

1,75 6,38 6.27

2.00 5.92 5.85

2.50 5.18 5.08

3.00 4,72 4,68

3.50 4,31 4,22

4,00 3.96 3.90

4.50 3.70 3,66

5.00 3.51 3.43

5.50 3,28 3.22 :
6.00 3.07 3.06

6.50 2.88 2,90

7.00 2.73 2.75

7.50 2.61 2,64

8.00 2,49 2.52
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The reliability of stopping cross-sections determined by using

Bragg's Rule has been investigated by number of workers (Tschalar and

Bichsel 1958, Bourland and Power 1971, Ladhi and Powers 1974 and Zeiss

et al 1977). These studies were based either on a comparison of different

experimental energy loss measurements or on a comparison of I (the mean

excitation energy) values obtained by fitting the Bethe formula to experi-

mental stopping cross sections with or without shell corrections.

Experimental measurements are subject to error, sometimes

systematic errors which are not always appreciated. Theoretical calcu-

lations, especiaily at low energies, are no‘ reliable since shell corrections,

the ze corrections and the value assumed for Z,es¢ may all be inaccurate,

This has been discussed in section 1,34.

It is important when comparing experimental results to choose

those which are, as far as possible, relating to the same conditions e.g.

comparison of stopping cross-sections of - CHp - should be in the same

phase material and, if possible derived from similar molecules. Provided

that this is adhered to. it would seem that it is valid in general to use the

Bragg Rule in molecular calculations over the energy range investigated to

the order of accuracy of the present experimental work.

In the stopping cross-section tables presented here, comparisoas

with other workers results are made where these are feit to be valid.

6.2. The ratio of the molecular stopping powers in the vapour and

liquid phases for water, methyl, ethyl and propyl alcohol, dichloromethane,

trichloromethane and carbontetrachloride for various alpha-particle energies
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are shown in tables 6.5 and 6.6. All molecules concerned contain hydrogen

except carbontetrachloride and it is noticeable that the higher stopping powers

in the vapour phase are more pronounced in the molecules which contain a

higher proportion of hydrogen. This would suggest that the phase effect can

be partly explained by the modificatioa of the outer electronic wave-functions

in the liquid phase since this would be most easily observed in hydrogenous

materials (Bichsel 1975, Matteson et al 1977 and Ziess et al 1977).

It can be seen from the experimental stopping powers that phase

effects occur clearly in the stopping of low energy alpha-particles in water

and alcohols, the stopping powers in the liquid states being lower than those

in the corresponding vapour states. Present results for dichloromethane

(above 2 Mev), trichloromethane and carbontetrachloride (tables 5.5, 5.6 and

5.7) indicate that the molecular stopping powers are not significantly diffe-

rent in the liquid and vapour phases over most of the energy range investi-

gated, and the slightly higher value in the vapour phase at the lower energies

could be within the limits of experimental uncertainty.

As discussed in section 1.3d, there is evidence from other workers

that the molecular stopping power of a material is different in different phases.

The reasons for these differences could be an increase in the mean excitation

potential I in liquid states, caused by the change in molecular structure, because

only the outer electrons are involved in the molecular bond, or it could be that

at lower energies, the value of the alpha-particle mean charge in the vapour

phase is likely to be a little nigher than that in the liquid medium, because the

probability of electron capture is greater when the elctron density is increased.
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Table 6.5. Ratio of experimental stopping powers in the ee phase to
those in the iiquid phase.

(1) Methyl aicoho! vapour and liquid (method 1)

(2) Methyl alcohol vapour and liquid (method 1)

@) Ethyl alcohol vapour and liquid (method 1)

(4) Ethyl alcoho! vapour and liquid (method q)

6) Propyl alcoho! vapour and liquid (method 1)

(6) | Propyl alcoho! vapour and liquid (method I)

Energy
(Mev) a) @) @) @) 6) 6)

1.00 1.04 1.08 1.03
1.25 1.03 1.08 1,02
1.50 1, 03 1.04 1.05
1.75 1. 03 1.02 1.03
2.00 1.02 1.01 1.05 1.05 1.02 1,02
2,25 1.01 1.01 1,04 1.03 1.01 1.02
2.50 1,03 1.00 1,02 1.02 1.01 1.03
2.75 1.02 1.00 1.03 1.04 1.01 1.01
3.00 1.04 1.00 1.03 1.04 1,01 1.02
3.25 1.05 1.00 1.03 1.03 1.01 1.01

3.50 1,05 1.00 1.03 1.03 1.00 1.00
3.75 1,05 1.00 1,03 1.04 0.99 1.01
4,00 1.05 1.00 1,03 1,04 1.00 1.62
4,25 1.04 1.01 1.03 1.05 1.00 1,02
4,50 1,02 1.01 1.04 1.08 1.00 1.02
4,75 1.01 1,01 1.05 1.07 0,98 0.99
5.00 1.01 1.01 1,03 1.08 0,99 1.01
5.25 0.99 1.01 1,09 1.11 0,99 1.02
5.50 0.99 1.02 tele 1.13 0.99 1.03
5.75 0.99 1.02 1,12 1.15 0.99 1,03
6.00 1,00 1,03 1.13 1.15 0,99 1,03
6.25 0.99 1.03 1,14 1.16 0,99 1,04
6.50 1.00 1.03 1.13 1.15 0.99 1.04
6.75 1.00 1.03 1,12 1.14 1,01 1,05

7.00 0.99 1.02 1,12 1,14 1.00 1.05
7.25 0.99 1,02 deat 1.13 1.00 1.07

7.50 0.99 1,03 1,12 1.144 1.00 1,08
v.75 1.00 1.03 1.11 Scie 1,01 1.09
8.00 1.01 1.04 1.10 1.18 1,02 1,09
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Table 6.6, Ratio of experimental stopping powers in the vapour phase to

those in the liquid phase.

@) Water vapour and iiquid water (method I).

(2) Dichloromethane vapour and liquid (method 1).

(8) Trichloromethane vapour and liquid (method 1).

(&) Carbontetrachloride vapour and liquid (method 71).

Energy
(Mev) @) @) 6) 4)

1.00 1.08 1,02 1.03
1,25 1,08 1,02 1,02
1,50 1.06 1.02 1.01
1.75 1.03 1.02 1.00
2,00 1508 1.02 1.02 1,01
2.25 1.03 1,01 1,03 1.01
2,50 1.05 1,01 1,02 1.01
2.75 1.09 1,01 1.01 1.01
3,00 1.08 1,01 1,02 1.01
3.25 1.10 1,02 1.02 1,01
3.50 1.10 1,02 1,02 1.00
8.75 1.03 1.02 1.01 1,01
4.00 1.08 1.01 1.01 1,01
4,25 2.08 1.02 1,01 1.00
4,50 1.01 1.01 1.01 1.01
4,7 “1.00 1,01 1,02 1.00
5,00 0.99 1,01 1,08 1,01
5,25 0.99 1.02 1.04 1,01
5.50 1.00 1.01 1,03 1.01
5,75 1.02 1.00 1,02 1.01
6.00 1.04 1.00 1.01 1.04
6.25 1.05 0.99 1.00 1,01
6.50 1.05 0.99 1.00 1.01
6.75 1.05 1.00 1.01 1.01
7.00 1.05 1,00 1.00 1.01
7,25 1.06 1.01 0.99 1.01
7.50 1.07 1.01 0.99 1.01

7.78 1.08 1.02 0.99 1.00
8.00 1.10 1.02 1.00 1.01
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6.3. Suggestions for further work.

It would be desirable for more accurate experimental work to be

carried out at lower energies especially with liquids, because calculated

molecular stopping powers obtained from the Bethe formula are unreliable

since there is no definite theory from which an accurate value of the effective

charge can be calculated at low energies.

Further measurements with vapours, especially water and che

alcohols under lower pressure conditions should be carried out. This

would eliminate uncertainties due to the possible association of the mole-

cules in the vapour phase. In order to investigate the full range-energy

relation in some of the vapours, it was necessary to use methal foils

of uniform thickness e.g. for water vapour measurement 3-42 4m

(ection 4,25), for ethyl alcohol vapour 6-18 //m Gection 4. 2d) of rolled

Aluminium foils have been used. There is some evidence (Sofield et al

1977) that the alpha-particle straggling in rolled Aluminium foils is con-

siderably higher than that in evaporated Aluminium foils of the same

thickness, presumably due to slight variations in thickness or density.

Greater accuracy in the vapour measurements could probably be obtained

if evaporated Aluminium foils were to be used instead of rolled foils.

In order to eliminate considerations of charge exchange effects

influencing the stopping power in liquids and vapours comparable measure-

ments with protons would also be of interest.
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6.4. Conclusion.

The experimental measurements presented indicate that there is,

in general, "difference in molecular stopping powers in liquids and their

corresponding vapours. This effect is most pronounced in molecules with

a high hydrogen content and is small, and sometimes insignificant in halo-

genated compounds, although there are indications that the effect is present

at low energies. Use of the Bragg Rule for calculating stopping powers of

substances from the constituent atoms would seem to be valid provided that

data is used from measurements derived from bound atoms in molecules of

the same phase. Use of atomic data derived from measurements on a material

in another phase may not be valid e.g. results from carbon foil measurements

may not be reiiable when used in molecular calculations, and this is parti-

cularly true at low energies.
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7, Appendix (1).

The listings of the programs used to calculate & with both

methods.

ere he Master Poly.

In the programme standard techniques are used <o fit a poly-

nominal of any required order to experimental points by the criterion of

least squares fit. The polynomials used were of 2nd, 3rd and 4th order

for the current experiments, and since only limited regions of the range-

energy curve were fitted each time e.g. between 2 and 5 Mev the quadratic

fit was usually considered to be the most appropriate. The number of points

fitted was usually between 30 and 50. The programme gave the coefficients

for the quadratic, cubic and 4th power curves. A subsidiary programme

differentiated {nese polynomials and hence gave the gradient a at stated
dx

energy intervals. Comparison of the values of e at the same energy for

the three polynomials gave some indication of reliability, It was observed

that values of = were. most consistent with all curves when taken near the

middle of the energy range of the experimental points i.e. at 34 Mev for the

2to5 Mev section.

Results from the cubic and 4th power curves were sometimes found

to be inconsistent due to a point of inflexion in the calculated curve. Such.

results were discarded, A mean value was taken of = values obtained

in this way and a measure of uncertainty could 2e estimated from the variations.

The listing of this program is as follows:
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Weds Program polynomial fit.

MASTER POLY

oIMENSTON TT LE (3) ZR (ZEN) PVE (250) W250) R250) ACS P22»
DEG (5) #RMSCS) CORR CS 65) 603,490) 2X40190) -V1(S6 140) @DIFF S110) 4
ox (14nd eV Cito

READ(C1/400) (TITLECK)s KEie3)

40% FORWAT(3A8)

READC1 +101) NO

404 FORVAT CIR)

MaNQ
READ CI P1N2) (VECKY ERROR) -KETEM)

402 FORWATCS OOF). 0)

1s THIS LARGE A REMEAY COUNT INTENDED AT ABOUT COLUMN 45¢ LINE 0048

CALL SORT(XR,YE,M)

URETECZ, OO CTITLE CK, -K2%,3) ,VECT) -VECM)

99 FORMAT CAT pa0X + 37HA LEAST#SQUARES POLYNOMIAL CURVE FIT, ,//,
431X%,3A8,15H ENERGIES FROM) F6.2,4H 70 1F6,2,4HMEV. 6 //)
WRITE(C 2,999)

900 FORMATCQH #) 2HDATA POINTS= 6 130/,8XegHErOXe THR)
WRITE C2, 4000) (YE CK) XRCKI Ket)

4000 FORMATCAH -2r10,2)

EPS +o

ePS2=35.0

20 usd

nO 4 Tet yNo

TECYECT) .Ge. EPS1 .AND. YECT) .LE. EPS2) Go TO 30
GU TO 1

30 Mahe

VOM) HVECT>

KUM) =EXR OT)

4 CONTINUE

p(1y e910

pi3y=1-0

p(4)21.0

p(sy=0.6

NHAysS

MNES ebMAyteened

pO 33 1rsi,NNAX

Ds A‘Ty) 20,0

URITEC2,09) (TITLECK: -K2743),EPS4 EPS2

WRITE(2,999) fh

wRIre(2,1000) CVC), 0d) 57D

nO 3 NN=lenMAX

CALL F4&CFORD! CMLNMAK «MM X eV RoW, BrP)
DEGCNNI=pP(1)

RUS (wh =pl23
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405

104

47

445

6)

DO & TstzNHAX

COER (NN, 1) Sq¢1)
CONT THUE

WRITEC 2,09) CTITLFCK, «Kei,5)-EPS1.EPS2

WRITECS, 105: °DEG CNY + NN ST MAX)
FORNATCQH 644X605 6OX, AHORD S06 6+1,6X)/)

WRITEC 2,106) (61, CCORFCNE:, 1) /NN=1,/NNAX) ¢ 121 ¢NMAX)
FORMATO (1H ,12,R8X,504X,F12. 80 bx))?
WRITEC2,407) (RMS ¢NN. .NN=1 6 NIAX)

FORMAPA ARO 24 ORNS ERROR=,5 (4X 0F12.8,4X))
t=

DO S Ks3,5

00 6 J=at,H

ECU, J) RCOEF (Ke 1) SCOR (CK, 2) #X Od) COER (Ke 3) HX CS) Here
ACOER CK GY*X CI) He RY CORFC KS) aX CS) HG

Lebe4

CONTINUE

WRITE(2,108)
FORMAT CAH 6 /7///.24X%+ 12HEXPERIMENTAL» 32X>

1 24HCALCULATEN POLYNOM;ALS,//)
WkITEC2,109)

FORMAT CAH 64 3X6 HRe POX HE +4 4Xe4 2HSECOND ORDERF AX?
VTIATHIRG ORDER RX eT QHFOURTH ORDER e//)

WRIPEC 2.4100 00K MeV 6d), CEC Ld) L2443) RT OMY)

FORNATC4H 45620, 8)
RIGyY=KINY

SNALLXEK ET)

STEp=(BIGX@sMALLX)/100.

nO 7 Ke205

XKSSMALLY
n0 7 Jst,100

X15) SXX

VICK I BCOER CK + FC EF CK 2X1 CIV ECOER (CK, 32 4X1 Cyd Ree
ACOERCK HAYEK) OS) wee SH MER Ke 5S) OX1 CLI eS

DTFECK A SYECOEF CK, 2) e 2" CoRR CK, ext Css
TB*CORF CK G)e¥T Cte ehHCMER K15) XT (s) *Hs

XASXX+STEP

WRIpe( 2,441)

FORMAT C4H4¢//+45X+ 35KTHEORETICAL VALUES OF RE AND DE/DR,//)

WRITEC2],112) COERS2,2)

FORMATOCQH s2RA,1OHD CEI) /ORE .F20.85///)

WRIPEC2,114)

FORMATCAH ¢1OXeHR, 4Xe2HE1,12X,2KE2,12x,2HF3,
192X,2HE4,11x,14H Dc E23/ DR *14H DCE3)/O0 ’

244H = 0CEA)/ np 2
WRITEC!S], 1959 6X11 90205) oe ¥1CS TI VIG) Oo VACS SD
ADIPECSr Jd e DI EF (i. d) MIF E CS ed) dete INN)

FORMATC 4H 23¢15. 8)

FPS1=EP5140_.6

EPS2sEPS220_5

TFleps2 .GT. YE NOY~n.5) GO TO 60
GU TO 26

sTUp

END
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Woes Fitl.

This programme fitted a curve of the form of mentioned in

section 3.3, to the compleve set of experimental results, and a subsi-

diary programme differentiated the curve and gave values of the gradient

of the curve over the full range of x so thar = could be noted for any

required energy value.

The sum of the squares of the deviations of the experimental

values from the curve was given, and points on the calculated curve

were printed out so that 2 comparison could he made with the experimental

values and the reliability of fit over various parts of the curve could be

ascertained,

If the fit was de2med to be unsatisfactory, modifications Fit 2

and Fit 8 were fitted to the experimental results. These were similar to

Fit 1 but used further variables to give more flexibility in the curve fitting.

TS: Comparison of methods.

The polynomial fit and the experiential fit methods were found

togive results which in most cases were in agreement with the limits

of uncertainty set by the experimental variations.
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7.2 Program FIT 1

STARTED

0010 MASTER CURVE
0011 DOUBLE PRECISION X(150),Y(150),C(7) sCT(7).
0012 1A(7,15) ,V(7)
0013 C(1)=0.5D0
0014 C(2)=0.064D0

0015 C(3)=0.04D0
0016 READ(1,150)NPTS

0017 150 FORMAT(10)
0018 READ (1,151) (Y(1) X(1) ,1=1 ,NPTS)
0019 151 FORMAT(2D0. ie
0020 CALL FIT(NPTS,X,Y,3,C ,CT,7,A,20,V51)
0021 CALL DIFF (NPTS,C,X)
0022 STOP

0023 END

END OF SEGMENT ,LENGTH 89, NAME CURVE

0024 DOUBLE PRECISION FUNCTION F(NC,C,X)
0025 DOUBLE PRECISION C(NC) ,X,P
0026 Ps ae ye C(2)*x)
0027 (6(1)#€(3)aX)(1- P)
0028 REW
0029 END

END OF SEGMENT,LENGTH 85, NAME F

0030 SUBROUTINE DERIV(NC,C,X M
0031 DOUBLE PRECISION CNC) ok P,V(NC)
0032 P=DEXP(-C(2)*X)
0033 v(i)=1-P
0034 V(2)=X*(C(1)4C(3)#X)*P
0035 V(3)=K*V(1)
0036 RETURN
0037 END

END OF SEGMENT, LENGTH 130, NAME DERIV

0038 SUBROUTINE DIFF(NPTS,C,X)
0039 DOUBLE PRECISION X(150) ,C(7),P.G
0040 DO 1 I=1,NPTS
0041 P=DEXP(-C(2)*X(I))
0042 G= =C(3) 401) ¥C(2) P+ (C(3)*(C(2)*X(1)- -1,0D0)*P)
0043 WRITE(2,150)X(I) ,G

0044 150 FORMAT(1H ,2D20.6)
0045 i CONTINUE
0046 RETURN
0047 END
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1.3 Program FIT 2

STARTED

0010 MASTER CURVE

0011 DOUBLE PRECISION X(150) ,Y(150) ,C(9) ,CT(9),
0012 1A(9,19) ,V(9)
0013 C(1)=0.5D0
0014 C(2)=0.064D0
0015 C(3)=0.04D0
0016 C(4)=1.0D0
0017 READ(1,150)NPTS
0018 150 FORMAT(10)
0019 READ(1,151)(Y(I) X(1) ,1=1 ,NPTS)
0020 151 FORMAT (2D0.0) :
0021 CALL FIT(NPTS ,X,Y,4,C,CT,9,A,20,V,1)
0022 CALL DIFF (NPTS,C,X)
0023 STOP
0024 END

END OF SEGMENT, LENGTH 100, NAME CURVE

0025 DOUBLE PRECISION FUNCTION F(NC,C,X)
0026 DOUBLE PRECISION C(NC) ,X,P
0027 P=DEXP(-C(2)xX)
0028 F=(C(1)+C(3)*X)*(1-C(4)«P)
0029 RETURN
0030 END

END.OF SEGMENT, LENGTH 89, NAME F

0031 SUBROUTINE DERIV(NC,C,X,V)
0032 DOUBLE PRECISION C(NC) ,X,P,V(NC)
0033 P=DEXP(-C(2)*X)
0034 V(1)=1-C(4)*P
0035 V(2)=X*C(4)*P*(C(1)+C(3)*X)
0036 v(3)=X#V(1)
0037 V(4)==(C(1)+C(3)*X) *P
0038 RETURN
0039 END

END OF SEGMENT, LENGTH 178, NAME DERIV

0040 SUBROUTINE DIFF (NPTS CX)
0041 DOUBLE PRECISION X(150) ,C(9),P.6
0042 D0 1 I=1,NPTS
0043 P=DEXP(-C(2)*X(I))
0044 G=C(3)#C(4)*(C(1)*C(2)-C(3)+C(2)*C(3)#X(I))*P
0045 WRITE(2,150)X(I) ,G
0046 150 FORMAT(IH 2020.6)
0047 1 CONTINUE
0048 RETURN
0049 END
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7.4 Program FIT 3

STARTED

0010 MASTER CURVE
0011 DOUBLE PRECISION X(150) ,¥(150),C(11),CT(11),
0012 1A(11,23) ,V(11)
0013 €(1)=0.800
0014 C(2)=0.16D0
0015 C(3)=0.1D0
0016 C(4)=1.0D0
0017 C(5)=0.1D0
0018 READ(1,150)NPTS
0019 150 FORMAT(10)
0020 READ (1,151) (Y(1) .X(1) 51=1,NPTS)
0021 151 FORMAT(2D0.0)
0022 CALL FIT(NPTS,X,Y,5,C,CT,11,A,20,V41)
0023 CALL DIFF(NPTS,C,X)
0024 STOP
0025 END

END OF SEGMENT, LENGTH 111, NAME CURVE

0026 DOUBLE PRECISION FUNCTION F(NC,C,X)
0027 DOUBLE PRECISION C(NC) ,X,P
0028 P=DEXP(~C(2)*X)
0029 F=(C(1)+C(3)*X+C (5) *X*X)*(1-C (4) xP)
0030 RETURN
0031 END

END OF SEGMENT, LENGTH 109, NAME F

0032 SUBROUTINE DERIV(NC,C,X,V)
0033 DOUBLE PRECISION C(NC) ,X,P4V(NC)
0034 P=DEXP(-(2) 4X)
0035 V(1)=1-C(4)«P
0036 V(2)=(C(1)}4C(3)*X4C(5) 4X )#X¥C (4) +P
0037 V(3)=X*V(1)
0038 V(a)==(C(1)+6(3)#X4C (5) aka)?
0039 V(5)=XexXeV (1)
0040 RETURN
0041 END

END OF SEGMENT, LEWGTH 241, NAME DERIV

0042 SUBROUTINE DIFF(NPTS,C,X)
0043 DOUBLE PRECISION X(150) ,C(11) ,P,G
0044 DO1 I=1,NPTS
0045 P=DEXP(-C(2)xX(1))
0046 G=(C(3)+2.0%C(5)4X(I))*(1. SOO ay)
0047 TANS Pes RIT) <C(2)0c( 8)?
0048 WRITE (2,150)X(1)0049 150 FORMAT(1H Mb20. 6)
0050 1 CONTINUE
0051 RETURN
0052 END
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