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ABSTRACT 

The development of suitable instrumentation and data acquisition 

systems for prompt nuclear microanalysis are presented. The reaction 

9 (p,ay)0.” has been used to determine the fluorine concentration in 

samples of microcracked chromium plate, using the charged particle 

beams of the 0.5 MV Aston Van de Graaff and the 3 MV Birmingham 

Radiation Centre Dynamitron. 

Disadvantages associated with the use of molecular hydrogen ion 

beams and the intrinsic variables of prompt nuclear analysis are 

considered in detail. 

The complementary techniques of convolution and deconvolution for 

the determination of concentration profiles from experimental data are 

compared and contrasted. 

The inherent difficulty of obtaining precise analytical 

information from charged particle induced resonance reaction data 

is established.
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Prompt Nuclear Analysis 

The study of physical and chemical phenomena taking place near the 

surface of solids requires the quantitative determination and 

localization in depth of very small isotopic or elemental concentrations. 

Such studies are fundamental to all fields where surface phenomena are 

of interest. Conventional analytical techniques are not always 

suitable especially when high sensitivity and good depth resolution 

are required. 

Activation analysis has been established as an analytical 

technique for over thirty years and has been the subject of intense 

investigation [burz et al.(1968) contains over 4,000 references to 

activation measurements by neutrons, gamma-rays and charged particles] . 

In the past decade considerable interest has been shown in the 

technique of prompt nuclear analysis. 

Prompt nuclear analysis may be defined as a method which uses 

the prompt radiation accompanying a nuclear reaction for determining 

isotopic or elemental concentrations. Such radiation is produced 

in a time which is characteristically jon seconds, or less, and 

this provides a distinction from activation analysis which relies on 

radioactive decay occurring on a longer time scale and is therefore 

restricted to reactions which yield radioactive product nuclei of 

suitable half-life. The number of possible reactions which may be 

employed in prompt analysis is considerable. The requirements of analytical 

work, however, such as sensitivity and selectivity, favour the use of 

the simpler and more prolific reactions. 

The techniques of analysis may be classified according to the



type of incident and emergent radiation used. Most applications 

involve the use of charged particles as the incident beam, but neutrons 

and gamma-rays have important advantages for some applications. For: 

each type of incident beam it is possible to measure scattered particles 

or reaction products which again may be charged particles, neutrons 

or gamma-rays. 

The principle of elastic charged particle scattering as applied 

to analysis has been described by RUBIN(1963) in some detail and more 

recently in reviews by MACKINTOSH and DAVIES (1969), KRIVAN (1972), 

NICOLET et al.(1972) and PIERCE (1971). In elastic scattering it is 

difficult to differentiate between particles scattered from a light 

nuclide near the surface of the sample and those scattered from a 

heavier nuclide deeper within the sample, Application of this technique 

to the analysis of complex samples therefore requires careful consideration 

of the number of different cases for which useful information can be 

obtained. The method is most usefully applied to the determination of a 

thin film of a heavy element present on a lighter substrate. COHEN 

and MOYER (1971) have obtained sensitivities of 1 ppm (under favourable 

conditions 1 ppb) in the analysis of thin-film impurities. Depth 

distributions may be obtained by comparison of observed and 

calculated spectra or by deconvolution of the observed spectrum, GYULAL 

et’al. (1971), POATE et al(1973), NICOLET et al.(1972), SIPPEL (1959) 

ZEIGLER and BAGLIN (1971), ECONOMOU et al. (1973), HABANEC et al.(1973), 

WILLIAMS (1975). Typical examples of the measurement of depth 

distributions are the diffusion of gold in copper, SIPPEL (1959), in 

which a depth resolution of 6.5 nm was achieved and the study of 

arsenic impurities in silicon, ZEIGLER and BAGLIN (1971), with a depth 

resolution of v 200 z. A compact analytical instrument based on the



elastic scattering of alpha-particles from a curium-242 source was 

used for instrumental lunar missions, PATTERSON et al. (1965) and 

subsequently operated successfully on the moon's surface, TURKEVITCH 

et al. (1968). 

Nuclear reactions inyolving charged particles as both incident 

and emergent radiation offer a wide range of possibilities. Because 

of the variety of reactions available analytical work usually 

concentrates on establishing conditions in which a reaction provides 

a specific measurement for one nuclide. The most frequently used 

reactions are (p,a), (d,p) and (d,a). Heavy-ion reactions are the 

subject 2f much current research but because of the higher energies 

that are usually required and the greater complexity of these 

reactions, they have been used less frequently for analytical purposes. 

The cross-section for the reaction of? (ue? a) ot® is approximately 

constant for incident energies close to 5 MeV and the reaction has 

been used to determine oxygen-17 to depths of 6 ym with a resolution 

of O.1 jim, OLLERHEAD et al.(1966),COX and ROY (1966). Carbon and 

oxygen-16 have been determined in various metals and oxides by 

SANDERS et al. (1972) with a sensitivity of 1 ppm using the (He?,p) 

reaction. The development of heavy ion techniques has made possible 

sensitive methods for detecting hydrogen by means of the reaction 

H Lni?, py) Be’, PADAWER and SCHNEID (1969), LEICH and TOMBRELLO (1973) 

and LEA et al. (1974) have made use of the reaction (Ft? ay) 01° to 

study the distribution of hydrogen implanted by solar winds in lunar 

soil and rock, at depths from 20 to 40 um with a resolution of 0.02 ym. 

Extensive use has been made of the (p,q) reaction for the



study of oxygen -18, AMSEL and SAMUEL (1967), AMSEL et al. (1969) 

GASS et al. (1973), NEILD et al. (1972), AMSEL et al- (1271) CALYERT 

et al.(1972), CHERKI and SIEJKA (1973), LINDSTROM and HEUER (1974). 

Although the Q-yalves for (p,a4) reactions on lithium-6, lithim-7. 

boren-11 nitrogen-15 and fluorine-19 are higher than for oxygen-18 

there has been less interest in the analysis of these isotopes, 

PRETORIUS (1972), PRETORIUS and COETZEE (1972), MONNIER et al. (1972), 

AMSEL et al. (1971). Typical sensitivities for (p,a) reactions are 

1 ppm, or less, with a depth resolution of the order of 2Q nm. For 

the oxygen-18 reaction a spatial resolution of 5Q pm has been 

achieved, PRICE and BIRD (1969), MAK et al. (1966). The use of 

special focussing techniques can provide a beam as small as 3 jim for 

use in surface scans [COOKSEN et al. (1972) ]. 

Deuterons with energies below 1 MeV are particularly suitable 

for studying carbon, nitrogen and oxygen. Experimental conditions can 

be optimized so that these nuclides may he studied with either (d,p) or 

(d,a) reactions. Other product particles may also be present and this 

has been used to advantage in a coincidence technique for the study of 

lithiun |PRETOREUS (1972) ues For deuteron energies from 1 MeV to 2 MeV 

the Coulomb barrier limits reactions with appreciable yields to light 

nuclei, but as the incident deuteron energy is increased more reactions 

are observed. Estimation of oxygen-16 in thickness layers of 2 nm has been 

been made using this reaction AMSEL et al. (1969). Oxygen has been 

the favourite nuclide studied by means of deuteron induced reactions but 

the detection of sulphur [WoLICKI and KNUDSON (1967) ] ; silicon, [ AMSEL 

et al. (1969) , CACHARD et al. (1971) , QUAGLIA et al. (1971) ] , carbon, 

[PIERCE et al. (1974) ] and metals from calcium to strontium [ OLIVER 

and PEISACH (1972) ] indicate the general sensitivity of the reaction



for many light and medium weight nuclei. PRONKO and PRONKO (1974) have 

recently used the reaction Hes (aie)rne to study the depth profile of 

hydrogen and helium isotopes implanted in niobium. 

The major adyantage of analytical techniques based on the detection 

of prompt particulate reaction products is that by suitable choice of 

experimental conditions particle groups can occur in a region of the 

spectrum where there is a very low background, and hence the sensitivity 

of the measurement is high. 

Prompt gamma emission accompanies most nuclear reactions and 

gamma-ray energies are often quite high. Because of the occurrence of 

resonances in many reaction cross-sections, it is possible to select 

a type and energy of incident particle which will favour one reaction and 

minimize others so as to reduce difficulties in interpreting the 

observed gamma-ray spectra. Gamma-ray detection has been one of the 

most common methods of nuclear analysis and almost all isotopes upto 

calcium and a number of medium and heavy isotopes have been studied by 

this method [SHABASON and COHEN (1973) ]. 

Most analytical applications have made use of sodium-iodide 

detectors, particularly for the study of light nuclei. The limited energy 

resolution is more than offset by the high detection efficiency and large 

solid angles attainable using large crystals which provide a very 

sensitive method of detecting nuclear reactions. Several workers have 

determined fluorine by the reaction F (pay) 01° counting the 6-7 MeV 

gamma-rays, B EWERS and FLACK (1969) , PADAWER (1970), MOLLER and STARFELT 

(1967), PORTE et al. (1973), THOMAS and GREA (1975). A sensitivity of 

0.01 ig-em has been demonstrated for the detection of fluorine by



this method. GOLICHEFF et al. (1972) have investigated the use of 

prompt gamma-ray detection for the study of the elements, lithium, boron, 

carbon, nitrogen, oxygen and fluorine. 

The improved resolution of Ge(Li) detectors, provides a more reliable 

allocation of each gamma-ray to a particular reaction. This increases 

the versatility of the method as it is possible to analyse for several 

nuclides at once, COOTE et al. (1972), SHABASON and COHEN (1973), 

DECONNINECK (1972), MACEY and GILBOYS (1971). Using the reaction 

ae (yee, LORENZEN (1974) has reported carbon concentration 

profiles in steel to depths of 20 um with a depth resolution between 

0.26 ym and 1.7 ym and a sensitivity of O.1 per cent. A sensitiyity of 

0.3 pg has been reported by ANTILLA and KEINONEN (1973), and 1 ppb by 

FIARMAN and SCHNEIDER (1972) for the detection of a number of light 

elements in evaporated solutions. The major disadvantage in the use 

of Ge(Li) detectors in analytical work is their low detection efficiency 

and small size which limits the sensitivity that can be achieved. 

For reactions which exhibit narrow resonances in the reaction 

cross-section it is necessary to perform a series of measurements for 

different incident particle energies to obtain a depth profile. When 

analysis is based on the detection of prompt gammanrays a knowledge of 

the stopping-power of the target medium for the incident beam is 

required to establish an absolute depth scale. Beam induced deposition 

of contaminants on the target surface is a serious problem as it is 

not possible to use the energy of emergent radiation as an additional 

parameter to determine the depth at which a reaction occurs. It is 

also possible for gamma-rays to reach the detector from surfaces 

within the vacuum system such as slits or apertures which are struck by



the incident beam. The sensitivity of analysis based on the detection 

of prompt gamma radiation is ultimately limited by background radiation. 

Neutron producing reactions have also been used in analytical 

work. Neutron counting has been applied to (a,n) reactions for the 

detection of elements upto sodium using radioactive nuclides as the 

source of alpha-particles, [ADLOF et al. (1966) ]. The (d,n) reaction 

has been used to study deuterium in surface layers of corroded 

zirconium at depths to 20 ym with a sensitivity of 5 ppm [BUTLER (1965)] 

The presence of competing nuclei introduces a major limitation to 

reactions of this type although reliability is greatly improved if 

neutron energies are also measured. The (d,n ) reaction has been used 

by MOLLER et al. (1967), together with time of flight techniques, to 

determine carbon, oxygen and nitrogen in steel samples with a sensitivity 

Of 052 Me cues and a depth resolution of 0.45 um. 

Neutron or photon induced reactions are most suitable for the 

analysis of bulk material, Because of their high penetrating power 

these radiations can initiate reactions over a relatively large sample 

volume and provide information on the average or bulk concentration 

of a particular nuclide. Charged particle techniques in contrast 

exploit low penetration to provide specific analytical information from 

a very limited thickness of sample. 

Neutron induced charged particle production can be employed 

for depth analysis of surface layers. The large thermal cross-section for 

(n,a) reactions in lithium-6 and boron-10 have been exploited to measure 

concentration profiles of these nuclides, ZIEGLER et al. (1972) determined



boron in aluminium using this reaction with a depth resolution of 20 nm 

and a sensitivity of 3 ppm. 

Prompt analysis employing charged particles as incident or emergent 

radiation has, in general, the following characteristics. Analysis is 

restricted to the first few microns of the sample unless high energy 

incident beams are available. Natural background is low or non-existent. 

High positive Q-values are frequently encountered and low energy 

particles lead to high yields for low Z nuclei. At low incident 

particle energies medium and high Z nuclei have small cross-sections for 

charged particle induced reactions permitting traces of low Z nuclei to 

be detected in heavier substrates. Nuclear reactions are specific and 

isotopes of the same element behave quite differently. The results are 

generally independent of the matrix in which the observed nucleus is 

embedded as the reaction depends only on the nuclear cross-section. The 

physical or chemical state of the target is unimportant provided the 

sample remains stable under bombardment. The method is quantitative, a 

precision of one per cent is easily achieved, and in general, is non- 

destructive. The sensitivity of the method can be high; ene g of 

matter may be determined in favourable cases, and concentration profiles 

can be obtained. The most serious limitation of the method is that 

only reasonably uniform samples may be examined as the lateral resolution 

is poor, 

The technique of prompt nuclear analysis has been applied by the 

author to the determination of fluorine on and below the surface of 

microcracked chromium plate. Bright chromium electro deposits may be 

obtained by the electrolysis of solutions containing chromic and



sulphuric acids, using an insoluble lead anode. The addition of 

fluorosilicates to the plating solution results in a microcracked 

deposit, The mechanism of the electrodeposition of microcracked 

chromium is not fully established, although it is known that the deposit 

is highly stressed, relief occurring through microcracking [DENNIS (1965)]. 

The role of fluorine in the production of microcracked chromium is 

at present being investigated in the Department of Metallurgy of the 

University of Aston in Birmingham. It is thus of interest to determine 

theamount of fluorine on the surface and its possible depth penetration. 

Analysis by means of the nuclear reaction Eo (pyayyone is a sensitive 

method by which such information can be obtained. A number of samples 

of microcracked chromium have been investigated to establish if a 

correlation exists between fluorine concentration and plating conditions. 

Sample homogeneity has been studied by repeated surface scans with a 

lateral resolution of 2 mm. Fluorine depth concentration profiles 

have been determined from measured counting rates by application of the 

technique of deconvolution. Formulae have been derived for the 

observed yield curve from samples of uniform concentration and for 

the intrinsic sensitivity of detection of a given element in a given 

matrix. The extrinsic sensitivity has been estimated for the 

detection of fluorine, lithium and aluminium, 

The use of charged particles as incident or emergent radiation 

requires an accurate knowledge of stopping-power and range data. The 

status of modern stopping-power theory has been considered and selected 

data compared for a series of nine target media covering a wide 

spectrum of the periodic table. 

Moiecular hydrogen-ion beams have found use in the calibration
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of accelerators | PARKINSON and BARDWICK (1970) ] and in extending 

the range of effective proton energies available. It is shown that 

possible advantages resulting from the use of molecular hydrogen-ion 

beams are gained at the expense of energy homogeneity. Difficulties 

associated with the use of molecular hydrogen-ion beams in nuclear 

microanalysis and the effect of beam energy dispersion have been 

considered,
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Instrumentation on the Aston Van de Graaff 
  

The air insulated electrostatic generator was originally 

constructed in 1933 to Van de Graaffs' specifications. In the early 

1950's it was used to supply the high voltage for an accelerator 

designed and built at the Associated Electrical Industries Research 

Laboratory at Aldermaston, Berkshire. The accelerator and generator 

were installed in the Physics Department of the University of Aston in 

1963. The machine has a nominal maximum terminal voltage of 0.5 MV 

and can deliver a proton current of 40 yA. A full description of the 

accelerator, its installation and calibration has been given by 

CRUMPTON (1967). 

The mixed-mass positive ion beam from the accelerator, obtained 

by applying an extractor potential to a THONEMANN (1948) radio-frequency 

ion-source, was mass analysed by a 90° magnetic deflector. The terminal 

potentialwas measured by a generating voltmeter and stabilized in the 

conventional manner by monitoring the current on the exit-slits of the 

mass-analyser. In practice the beam was found to sweep the exit-slits 

in an irregular manner making it difficult to determine the setting of 

the generating voltmeter. The main factors contributing to machine 

instability were beam profile distortion introduced by the mass-analysis 

and corona discharge from the accelerator resistor chain and generator 

belt. The transmitted beam was found to emerge from the analyser at a 

downward angle of approximately 4° to the horizontal. Re-design to correct 

these aberrations was not considered to be practical. The magnetic- 

deflector and beam transport system were fitted with gate-valves to 

allow the system to be maintained under vacuum when not in‘use and permit 

rapid changes of target during experiments.



The target assembly is illustrated in Figure 1 and Plate 1. 

The design allowed the detector to be placed close to the target for 

maximum efficiency and as far from the magnetic-analyser and diffusion 

pump heaters as possible to minimise their effect on the photomultiplier. 

The target holder formed a Faraday-cup to trap secondary electrons 

emitted from the target. A liquid nitrogen trap was situated close to 

the target to reduce the hydrocarbon vapour pressure in the vicinity 

of the target and minimisé carbon build-up. 

The gamma-ray spectra were measured using a 10.16 cm x 10.16 cm 

Nal(T1l) scintillation-crystal, optically coupled to an eleven-stage 

E.M.1. photomuliplier tube number 9030B, employing a 12.7 cm diameter 

photocathode and a venetian blind dynode structure. A mu-metal shield 

was used to minimise the effect of magnetic fields. The counting 

assembly was initially used by VILLAITHONG (1972) with a standard 

dynode chain employing all eleven stages and operated at 1100 volts. 

The system was found to introduce spectral distortion and to exhibit 

a non-linear response for gamma-rays of energy greater than 2.5 MeV 

as a result of space charge limitations, 

In the modified system only nine stages of the photomultiplier 

were used in conjunction with a non-linear chain operated at 940 volts, 

with the cathode earthed, the first stage zener stabilized, and 

capacitative decoupling of the last four diodes. Stages ten and eleven 

were connected directly to the anode. COATES (1973) has shown that 

shorting the later stages of the photomultiplier to the anode produces 

a negligible change in the electrical characteristics of the tube.
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The preamplifier was based on the Nuclear Enterprises Model NE 5285. 

Plate 2shows the pulse-height spectrum for gamma-rays from the 

yiy (peayy0. 3 reaction at 340 keV before and after dynode and preamplifier 

modifications. 

A block diagram of the data-acquisition system is shown in Figure 2. 

It is essentially a standard scintillation spectrometer and the 

operation of all units was controlled by monitoring the target current. 

The beam current was measured by means of an AERE Harwell unit 

type 3008, comprising head-unit type 1679A and control unit type 

2040A. This equipment integrates beam currents in the range Tom 4 to 

10 “A. The beam current is integrated over a period to obtain the 

total quantity of charge delivered to the target with an absolute 

accuracy of 3 per cent. After each charge integration 

constituting between 1007 and 10° coulombs a cycle-pulse is generated 

and converted in the control unit to an earthing contact which closes 

for 100 milli-seconds. The integrator was calibrated by connecting a 

precision low current source, O'CONNELL (1971),to the target assembly and 

counting the number of integrator cycle~pulses recorded in a known 

time. Calibration was performed before and after each set of 

measurements. 

The circuit diagram of the main control unit is shown in Figures 

3 and 4, When used in conjunction with a Nuclear Enterprises five- 

decade scaler, type NE 5097, it permitted data acquisition to be 

controlled by the target current monitor. Normally the total integrated 

charge was preset on the "count-limit" switches of the scaler and 

planned interruptions of a run carried out with the start/stop switch -



  

Photon pulse-height spectrum from the reaction 

F'9(p,ay) 018 at BE) = 340 keV, before dynode 
and preamplifier modifications NaI(T1) . 

  

Photon pulse-height spectrum from the reaction 

F)9 (pay) of® at E, = 340 keV, after dynode 

and preamplifier modifications NaI(Tl)- 

Plate 2
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When the switch, $1, was placed in the "start" position, the 

closing contact to ground caused the generation of pulses suitable 

for driving the "remote-start" inputs of all units, and their 

operation was coincident with the first closure of the contact, and 

protected against relay bounce, within a few milliseconds. When the 

preset count was reached the "remote-stop" signal from the scaler 

raised a latched inhibit level on the integrator input and stopped 

all units. The remote "set acquire" and"set display" outputs to the 

multichannel pulse-height analyser were also latched; that is they 

did not disappear on removal of the input. The multi-channel pulse- 

height analyser logic inputs were isolated, by reed-relays, to prevent 

damage in the event of malfunction of the main control unit, and 

protected against high frequency pick-up by low pass filters. It was 

found necessary to introduce low pass filters in the power-rails of 

the control unit and use adequate screening in order to operate the 

unit in the intense radio-frequency environment of the accelerator, At 

the end of a run the switch was placed in the "stop" position and all 

units reset. If, during a run, the switch was raised to "stop" the 

unit waited until the next integrator cycle-pulse before raising the 

inhibit level. When the switch was returned to "start" it would 

similarly remove the inhibit level on the next integrator cycle-pulse. 

As it was necessary to operate the accelerator controls during an 

experiment the main control unit was fitted with an audio-visual alarm 

to indicate the termination of a run, The alarm was set when the 

inhibit level was raised. 

The terminal potential was measured by a generating voltmeter, 

mounted close to the top terminal, the limit of approach being set
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by the electrical breakdown of air at 500 kV. Two sets of eight 

stator plates were exposed alternately by an eight vane rotor to 

the electrostatic field produced by the terminal potential. The 

resulting alternating voltage on the stator segments was proportional 

to the terminal voltage. CHURCHILL (1951) has shown that if a capacile(we 

load is employed the inducedvoltage is independent of the speed of 

the rotor, This was achieved by using a MILLAR (1957) feed-back 

circuit which produced an output voltage of approximately 1 volt per 

10 kV on the generator. Because of accelerator instabilities the 

meter reading fluctuated by one scale division or more (approximately 

6 per cent. at 340 kV) as the proton beam scanned the exit slits of 

the analyser. A method was therefore devised to "sample" the terminal 

voltage only when beam was transmitted through the analyser system to 

the target. 

The output voltage from the generating voltmeter circuit was 

observed on a SOLARTRON, four decade digital-voltmeter, type LM1604DC, 

with a remote sampling facility. Sampling of the terminal voltage 

was triggered by pulses arising from the detection of gamma-rays 

from proton induced reactions in the target. The output of a single 

channel pulse height analyser, "gated" across the full-energy peak 

of the pulse height spectrum, was used to trigger a monolithic 

timing circuit type MC1455, operated in the monostable mode. In 

this mode, once triggered by an input signal, the circuit cannot be 

re-triggered until a set timing period has been completed. The 

timing period is determined by an external R-C network which was 

adjusted to give a maximum operating rate of 25 Hz, the maximum 

sampling speed of the digital-voltmeter. The digital-voltmeter logic 

circuitry was isolated by a reed-relay to prevent possible damage.
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The circuit diagram of the unit is shown in Figure 5. 

The system was recalibrated, as described by CRUMPTON (1967) using 

the ro (rayon mit (ps) si2® and Teas) Bee reactions. 

Instrumentation on the Birmingham Radiation Centre Dynamitron 

The experimental programme was transferred to the Birmingham 

Radiation Centre when this facility became available. The move was 

stimulated, both by access to a greatly improved data acquisition 

system and the by the expansion of the work made possible by the 

increased energy range of the accelerator. The "Dynamitron" 

accelerator, manufactured by Radiation Dynamics Incorporated, is 

situated in the Birmingham Radiation Centre sited on the Edgbaston 

Campus of the University of Birmingham and serves both Universities 

in common, 

The accelerator is a variable energy, potential drop device which 

can operate at terminal potentials from 1 to 3 MV. It is powered 

by a 130 kHz R.F. oscillator. The power is fed to two large semi- 

circulard "dees" inside the pressure vessel which are capacitively 

coupled to semi-circular corona rings about the accelerator column. 

There are 64 corona rings separated by rectifier tubes; 

rectification of the R.F. produces'a D.C. potential on the terminal. The 

rectifier heaters are powered by transforming a portion of the 

R.F. between adjacent corona rings and this effectively sets the low 

energy limit of the machine at 1 MV. Below this value there is a
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possibility of tube failure causing voltage-breakdown in the machine. 

Both electron and positive ion beams can be accelerated. In 

the electron mode up to 10 mA(30 kW at 3 MV) can be obtained. In the 

positive mode ions are produced in a duoplasmatron ion source. The 

source is placed at an angle of 20 degrees to the accelerator column 

and the ions are bent into the line of the accelerator by a permanent 

magnet. Mass analysis is achieved by varying the extractor potential. 

Up to 2 mA of protons can be produced (6 kW at 3 Mv). A full 

description of the duoplasmatron ion-source may be found in HANDLEY 

and WELLS (1973). Further details of the accelerator may be found 

in the literature, CLELAND and FARRELL (1965) ,CLELAND (1968) and 

CLELAND et al.(1969). The Dynamitron is stabilized through the current 

drawn down a resistor chain from the top terminal in the machine. The 

total resistance of this chain is approximately Toso ohm. The 

standing current serves as input to a control circuit which provides 

a feed-back signal to the oscillator. Terminal potential is 

indicated by a digital voltmeter reading across a 500 ohm resistor at 

the base of the chain. 

To make full use of the limited machine time available it was 

considered necessary to construct a multiple target assembly with 

a remote sample change facility. The target chamber is shown 

dismantled in Plate 3. The target holder, a 6.25 cm hollow cylinder 

could accommodate six samples, held in place by grub-screws. It was 

mounted on an A.E.I. 5 cm linear drive type IM 50, with a clearance 

of 0.25 mm, The precision drive permitted lateral translation, over 

the full diameter of the sample, along the axis of the target holder.
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The target holder was rotated, to bring different samples into 

the beam, by means of an A,E.1. 360 degree rotary-drive type RM 2, 

carrying a sliding collet which located in the target holder. Efficient 

secondary electron suppression was achieved by using the whole target 

chamber as a Faraday cage. The beam entered the chamber through an 

end-plate with a 1 cm diameter aperture to reduce the possibility 

of secondary electrons leaving the chamber and giving a false 

indication of target current. No target cooling was provided as low 

beam currents were used, typically 1.0pA. 

A remote change facility was obtained by attaching a twelve 

position uniselector to the rotary drive through a P.T.F.E. insulating 

bush. Application of a slow (1 second) 25-30 volt pulse to the 

uniselector winding produced a 30 degree rotation of the sample 

holder. Target position was indicated by a 12-way single~pole 

waf er-switch, wired as a potential divider network, mounted on /’e 

uniselector drive-shaft. Between measurements the beam was "dumped" 

on the target holder in intermediate positions to reduce unnecessary 

target irradiation. 

A large surface area, baffled, liquid nitrogen cold trap was 

situated close to the target to minimise carbon build-up and reduce 

possible fluorine contamination of the beam transport system, Because 

of the poor thermal conductivity of stainless steel, copper was used for 

the trap and for the base of the liquid nitrogen reservoir. The trap 

also served to locate two tantalum foils for final beam collimation, 

Aperture sizes used ranged from 0.5 mm to 2.0 mn. The components 

of the trap are shown in Plate 4. A gate-valve and roughing port 

were introduced between the cold~trap and target chamber so that
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the latter could be isolated from the vacuum system to change samples. 

The target chamber and cold-trap assembly were electrically isolated 

by insulating vacuum seals. A perspex holder mounted on the target 

chamber served to locate the sodium-iodide crystal accurately and 

close to the target. 

For the detection of charged-particles a lithium drifted solid- 

state detector, type Ne 100-3, could be mounted in the target chamber 

at an angle of 155 degrees (beam direction zero degrees). It was 

electrically isolated from the target chamber and fitted with variable 

collimation and aluminium foils to exclude scattered protons. 

The complete assembly is shown in Plate 5 mounted on one of the Dynamitron 

beam-lines. A liquid nitrogen pump and level sensing device were used 

to maintain the level in the cold trap. 

A block diagram of the data acquisition system is shown in Figure 

6, together with the twin processor Hewlett-Packard computer system 

installed in the Radiation Centre. One processor, a type 2116 can 

operate three terminals. Each station has a teletype and display and 

one has a plotter. The analogue-to-digital converters are 8192 

channel devices with a 200MHz clock and can run in the multiparameter 

or multiplex modes. Approximately 6000 channels are available in the 

2116 computer for data storage, and this part of the system is known 

as the 5406B Nuclear Package. A link exists between the two processors 

so that the 5406B can pass information to the type 2100 computer to 

which are attached the input output peripherals, paper-tape reader, 

punch, line-printer and 7-track magnetic tape. This computer operates 

the real-time executive in which several levels of programme can exist 

at one time. The real time executive has a 3/4M word drum backing store,



 
 

 
 

Plate 5  
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Gamma-rays and charged particle pulse~height spectra could be 

accumulated simultaneously in two 1024 channel regions, using one 

analogue-to-digital converter in the multiplex mode. The spectra were 

stored on magnetic tape and analysed later. 

The target current-monitor was based on a Kitthley electrometer, 

a high-input imped nce current meter which produces a one volt output 

for full scale deflection on each range, with an accuracy of one 

per cent of full scale. The output of the Kiethley electrometer was 

fed to a voltage to frequency converter which produced a negative-going 

pulse chain of 10° Hz for a one volt input. The pulse chain was 

converted into positive-going, "NIM" compatible, pulses by a scaling 

unit which provided outputs from one to five decades slower in 

frequency, suitable for counting on a scaler. To accumulate spectra 

for a preset charge the inhibit level from the integrator total count 

scaler was used to gate the anticoincidence input of the analogue-to- 

digital converter. The high input impedence of the Kiethley electrometer 

was a contributary factor in the decision not to provide target 

cooling. Range selection is achieved by switching the impedénce 

(1 MQ for 1 pA F.S.D. 10 M2 for 0.1 pA F.S.D.). A water cooling 

circuit would introduce an impedance, of typically 10 M2, in parallel 

with the integrator input and lead to significant charge loss on the 

lower ranges. 

Targets were prepared on a backing of highly polished copper, in 

the form of 2.5 cm diameter discs of 3 mm thickness. Copper was chosen 

as the backing material as it has a very small cross-section for gamma~ 

ray production when irradiated with protons of energy less than 1 MeV, 
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HUNT et al.(1958). The discs were machined without the use of 

cutting oil to minimise possible contamination and mounted in thermo~ 

setting plastic to facilitate polishing. 

Microcracked chromium samples were prepared by electro plating the 

discs on a 5 cm x 5 cm copper cathode, using two anodes to reduce 

thickness inhomogenity. The constituents of the plating solution are 

shown in Table 1. Other samples and comparison standards were prepared 

by vacuum evaporation. 

Interferometric and polorimetry techniques were used to measure 

target thickness. A full description of the methods employed may be 

found in AGUADO-BOMBIN (1975). 

TABLE 1 

Constituents of the Plating Solution for the Production of Microcracked 

Chromium Plate, 

Chromic Acid 0.150 kg. iitre? 

Sulphuric Acid 0.00035 kg. litre7? 

Sodium Fluoride 0.003 kg. litre +



Chapter III 

The Form Factors of Charged Particle Induced Reactions
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The Form Factors of Charged Particle Induced Reactions 

The yield from a charged particle induced reaction is a function of 

the reaction cross-section, the thickness, composition and stopping 

power of the target medium, incident beam energy dispersion, Doppler 

broadening and straggling. Each of these factors will be considered 

in turn to determine their relative contribution to the shape of 

observed yield curves from resonance reactions. 

DOPPLER BROADENING 

Doppler broadening arises because the target nuclei have random 

thermal velocities and the effective reaction cross-section must be 

obtained by averaging over an appropriate distribution of relative 

velocities. If the target is a gas (a rather unusual situation) the 

distribution of particle energies about the mean incident proton 

energy, Ep, due to Doppler broadening may be represented by the 

Maxwellian distribution function 

N(E) = L exp [- (Zp - E) "1202 ] 

(2x)? o, 
  

The standard deviation, Tp» is given by 

o, = [ 2m zpxr/M J? 

with 

m = mass of incident particle 

M = mass of target nucleus 

T = absolute temperature 

K = Boltzmanns constant 
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For a solid target N(Z) is given, from Debye theory, by approximately 

the same function, with 

4 
oy = [(2m/M)EpET(L + a2/20r7) J Corea q) 

where, A, is the Debye temperature. The full-width at half-maximun, 

R, of the function N(E) is given by 

R= 2.350) 

We shall assume that the true reaction cross-section, o(E), is of the 

Breit-Wigner form, that is 

2 
eye T 74 

= 2a? 
C-E,) +r°/4 

where 

: E, = resonance energy 

T= resonance width 

G6, = cross-section at E = Ey 

In the absence of all other factors contributing to observed width, the 

experimentally observed function, I(E) is the correlation of the two 

functions N(E) and o(E), 

I(Z) = [ocrmcen aes weseeces so (2) 

00 
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The function I(E) cannot be expressed in terms of elementary functions. 

WILKINSON (1971) has investigated the analogous case of the function 

formed by the convolution of a Gaussian and a Breit-Wigner. The 

operations of convolution and correlation must normally be considered 

as distinct. However, the functions formed by the convolution or 

correlation of two centre symmetric functions are identical in shape, 

though not necessarily in position. It has been shown by WILKINSON 

(1971) that the FWHM,W (0.5) of the function formed by the convolution 

of a Gaussian and a Breit-Wigner, is given by the quadratic addition 

of [ and R, if the ratio T/R > 4. That is, 

w(o.5)? =r? +R? ane eT (3) 

If the ratio [/R<0.1, a Breit-Wigner and a Gaussian add linearly 

rather than quadratically, and W(0.5) is given by 

WQO.5) = R + 0.5323P eeevecssoees o. (4) 

The Doppler broadened widths of several prominent resonances in the 

EF (psctyOn” reaction cross-section have been calculated using equations 

(1) and (3). It was assumed that the Debye temperature is the same as 

the target temperature (T = 723°K) . The results are shown in Table 2 

together with the resonance energies and natural widths taken from 

GOLICHEFF et al.(1972). Apart from the resonance at 483 keV the 

error entailed by neglecting Doppler broadening is less than 0.2 per 

cent. Table 3 shows a similar calculation for a number of resonances 

in the Al Gpey)sic reaction cross-section. The Doppler broadened 

width were calculated using equations (1) and (4). The resonance 

energies and natural widths were taken from LYONS et al. (1969)and 

ENDT and VAN DER LEUN (1973). For very narrow resonances the observed 

width is almost exclusively due to Doppler broadening and such 

   



TABLE 2 

Doppler Widths for a Number of Prominent Resonances in the ¥!?(p,ay)0-° 
Reaction Cross-Section 

keV 

340.0 
483.0 
672.0 

872.0 
902.0 

935.0 
1140.0 
1189.0 
1283.0 
1348.0 
1735.0 

Doppler Widths for a Number 

keV 

P
R
 

r
F
P
U
O
 
F
U
 
O
U
 

D
O
N
 

S
H
O
C
O
D
H
U
 

O
O
H
 

w 

keV 

Reaction Cross-section. 

keV 

405.5 
612.1 
¥33. 7) 

1118.4 
1213.0 

1262.2 
1316.9 

r 

keV 

ty 5x10_7 

1.0x1074 
1.4510, 

1.0x10_5 

R 

keV 

0.1040 
0.1280 
0.141 
0.173 
0.180 
0.171 

0.188 

Tee 7200 

r/R w(0.5) | (W(0.5)-1) /T| .100 

keV 

2168 2.403 0.11 

6.6 0.910 Tg 
87.5 6.002 0.04 
24.7 4.504 0.08 
27.6 5.103 0.06 
45.7 8.602 0.02 
24.0 5.004 0.08, 

516.4 110.0002 . 1.9 x10_) 

86.0 19.001 6.8 x10 
24.8 5.605 0.81 
42.8 11.003 

TABLE 3 

of Prominent Resonances in the ai?’ (p,y)8i28 

T = 723° 

T/R 

K 

w.5) | Qu(@0.5)-r) /r| «100 

keV 

0.1041 96000.0 

0.1281 116300.0 
0.146 1360.0 
0.181 1146.0 
0.185 1753.0 
0.175 2039.0 
0.193 1833.0
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resonances are said to exhibit a pure Doppler shape. 

INCIDENT BEAM ENERGY DISPERSION 

The factors which contribute to a spread in the incident beam energy 

arise from the resolution of the analyser system and modulation of the 

incident beam due to power supply ripple and regulation. 

The terminal potential of the Dynamitron accelerator is 

developed by rectification of a 130 kHz R.F. signal. The power supply 

for the top terminal operates at a frequency of 629 Hz, and all 

other supplies at the mains frequency of 50 Hz. During acceleration 

the beam is modulated at these frequencies, and their harmonics, 

producing an energy ripple. A further ripple component is introduced 

by R.F. frequencies in the duoplasmatron ion-source. The terminal 

mass analyser and accelerator lens system also induce spatial 

modulation of the beam at frequencies of 130 kHz and 629 Hz. 

The trajectory of the emergent beam from the accelerator is 

defined by a 3 cm aperture, 2 m from the base of the accelerator and 

1m from the main analyser or "H" magnet, which deflects the beam 

through an angle of 45 degrees. The "H" magnet has a 1 cm entrance 

aperture, the exit aperture is unstopped. In the configuration 

used, the flight-path from the analyser to the final collimation and 

target assembly was 7 m. No beam steering or focussing were used 

between the analyser and target assembly. All active components 

built onto the beam-line were degaussed before a run to minimise’ beam 

steering caused by residual magnetic fields (v35 x fonle tesla on the 

pole-tips of the quadrapole lenses). Under these conditions beam 

energy dispersion at the target is limited by the stability of the
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analyser magnet and the size of the final collimator. The analyser 

magnet has a current stability of 2 parts in 10° and a total ripple 

of<5 mA at all currents. Ripple introduced by the analyser magnet 

is therefore small compared to that introduced by the accelerator. 

BASSETT (1975) has shown that for the configuration described, with a 

2 mm aperture 7 m from the analyser, the energy spread at the target 

is of the order of 2 to 3 keV. The precise shape of the energy 

distribution of protons at the target is unknown, but is considered 

to be described by a distribution intermediate in shape between a 

Gaussian and a slit-function, 

If all other factors are neglected and incident beam energy 

dispersion is represented by a unit~area slit-function, D(Z), given by 

D(E) ask <b nt i 
B
l
e
 

=0 a>E> b 

of width n = b - a, the observed function, o,©), is the correlation 

of D(E) with the reaction cross-section, o(£), that is 

© = | PEED) NGS SGD coeck enn ¥, (5) 
= 00 

Substituting for o(E) and integrating by parts 

2 Eb+n/2 
' (eb) = ro, dE 

4n (e'-B,)° + (1/2)? 
Eb-n/2 
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To 
ce ze -1 Eb + n/2 - Eo E. -1 Eb - n/2 - Eo 

oy (Eb) = Ta { tan T/2 tan Tz : CO) 

where Eb is the mean incident energy. The maximum value of 

Equation (6) occurs at Eb = Ey » and is given by 

Eee ot a 
$y (max) = =, (tan T See Met ac eee (7) 

The FWHM,S(0.5), of the correlate $, (Eb) is given by the quadratic 

addition of n and TI, that is 

Sto.s) en Te Leases (8) 

Equation (8) is valid for all values of n and T. 

If beam energy dispersion is represented by a pure Gaussian, 

Equation (5) may be redefined aa 

00 

-¢, ) = | o(E') G@ +E!) dE’ epoca noe @) 

where G(E) is the Gaussian 

G (E) = (1/0vm) «exp - (8/0)" 

of FWHM,R, given by 

R= 2(1n2)? 6 = 1.65516 

The general solution of Equation (9) is, (See Appendix 1) 

b> (2)=10/0%%) Reo( + a} eee PALS OD) 

where w(z) is the complex error function 

 



w(z) exp(-z")erfe (-iz) 

erfe ze = 1- erf z 

= 2 
erie. = 214% [ete )dt 

° 

The asymptotic approximations (T/R > 4 and 

T/R < 0.1) for the FWHM of the function b9 (E) have been 

considered (Equations (3) and (4) ). The intermediate region, 

0.1 <I/R< 4, has been parameterized by WILKINSON (1971) for 

the case in which W(0.5) (the FWHM of $5) ) and R are known 

and T is unknown, If Ty, is the width that would be deduced by 

a quadratic subtraction of the FWHM, R, of the Gaussian from 

the FWHM, W (0.5), of the function $,(B) 3 

r= w(o.5)? - R?)} ee eto ees UL) 

The true width of the Breit-Wigner, T, is 

TRS Ty/ a suerleesives eevenve) Cla) 

where 2 is given approximately by 

= 

In (9-1) = a) + a, In (T,/R) + al in(T,/8) J wear 1CE3) 

with 

28 
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BFS 0.774 ay =-1.652 a5 "> 0.153 

The parameterization reproduces the value of Q2 to better than one per 

cent in the range 0.1 < [/R<4. The maximum value of the correlate 

5 (E) is given by 

  . (max) = op Yn yu (iy)... eecuceh tA) 

with 

y = On 2)% T/R 

w (iy) = exp Ga) erfc y (See mote” } 

Experimental data, presented in a later section, for the 

19 16 i au i - F” (p,ay)O*° reaction at Eo = 340 kev, for which f = 2.4 kev, 

indicates that 3.3 + 0.5 is the minimum observable FWHM for the 

resonance in the experimental configuration described. A value of 

3.3 keV for the FWHM of the correlate will therefore be used as a 

basis for comparison of Equations (6) and (9). 

For the Gaussian smearing function the ratio [/Rv1.0 (R Vv 2 keV) 

is in the intermediate region parameterized in Equations (11) to (13). 

Equation (13) was adapted, by substitution from Equations (11) and 

(12) to yield an equation with R as the only unknown : 

* 
NOTE, In WILKINSON'S paper w (iy) is incorrectly given as 

w (iy) = exp (y) erfce y, due to a printing error. 
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rly 2 OO aie oD deh 
aa [ios R?) “| - — = R) ] 

T 

2 2 vay [n( oe? BT Lan 

Equation (15) was solved numerically for R (using the search and 

binary search methods) in the bound W (0.5) 7R 70. For W(0.5) = 3.3 keV 

and T = 2.4 keV the value of R obtained was 1.68 keV, The function 

$5 (2) was then determined by numerically correlating Equation (9) 

with a unit-area Gaussian of FWHM R = 1.68 keV and a Breit-Wigner with 

Ee 340 keV, o, = 102 mb and Tf = 2.4 keV. The numerical solution 

yielded a value of 81.93 mb for $5 (max) - The same value was obtained 

from Equation (14). 

For the slit-function case, substitution of T = 2.4 keV and 

$(0.5) = 3.3 keV in Equation (8) gives n = 2.265 keV. The function 

4 Eb) was then evaluated, for a unit-area slit-function, from the 

analytical solution (Equation (6) )with identical parameter values 

for the Breit-Wigner. From Equation (7) oy (max) was obtained as 

81.76 mb. 

The function oy) (Eb) and by (E) are shown in Figure 7. The 

curves for $) (Eb) and $y (2) are virtually indistinguishable and are 

shown as a single curve with a FWHM of 3.3 keV. For both types of 

smearing function the maximum values of the correlates, $, (max) and 

(max) respectively, agree to within 0.2 per cent. 
2: 

The correlates by (Eb) and $2 (E) are not equivalent 

mathematically but are very similar. Knowledge of the correlate,
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which is the only experimental observable, is not therefore sufficient 

to uniquely determine the form of the smearing function unless the 

correlate is known to high accuracy. To differentiate between the 

functions oy (Eb) and $y (E) from discrete (that is, point recorded) 

experimental data would require an absolute accuracy of better than 

0.1 per cent. Accuracy of this order must normally be considered 

unattainable. 

In practice a pure Gaussian distribution of particle energies 

cannot be transmitted through a finite beam transport system. The 

energy distribution at the target will therefore tend more to that 

of a slit-function. 

TARGET THICKNESS EFFECTS 

In the general case, if incident beam energy dispersion is 

neglected, the observed yield per incident proton, $4), is given 

by the convolution, 

$5 ) = [2el@)* « (E - E')dE! Went euiec me ClO) 

where o(E) is the reaction cross-section, C(E) is the concentration 

profile and dE/dx is the stopping power of the target medium. Only 

targets of uniform concentration will be considered. When the proton 

range is greater than the target thickness the concentration profile 

is represented by a slit-function; when the proton range is less than 

the target thickness, at all energies considered, the concentration 

profile is represented by a step-function. 

Consider a target of thickness, t, containing C reaction centres 
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per unit volume, and assume that the reaction cross-section, o (E), 

is of the Breit-Wigner form. If we make the further assumption that 

the stopping cross-section, e= (1/c). (dE/dx), of the target medium 

and the energy loss, — = Cte of the particle beam in the target are 

independent of energy in the vicinity of the resonance, Equation (16) 

may be integrated by parts to yield 

E 

¢, ©) = oe lee (E")aE! a tte eee 7) 

Substituting for o (E) and integrating gives 

ot ee = H- 2 -€ 
¢, () ee et ee (18)   

r/2 T/2 

For a given € Equation (18) has a maximum at E = Ey + €/2 given by 

ot 
$, max () == tan! & 

The FWHM, P(0.5), of the function 4 (E) is given by, 

1 
Gea es (ome ke Te 

We now reintroduce beam energy dispersion, represented by 

the slit-function D (,) defined previously. The observed yield. 

$5 (E), is now given by 

Eb + n/2 

o, ©) . | D (Ey) ,(E' + E,) dB, 

EY = Eb -n/2 
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Substituting and integrating by parts we obtain 

Eb + n/2 

ot EE, Pees ee EN 
$5 b)e=)=—— fe nee —.) -tan ‘ a5 a | a, 

2en r/2 r/2 

= Eb - n/2 

oa Se ey oe 4 ee 
2en = L 1/2 

2 
anf + (Eb + n/2 - 2,)°| - (Eb + n/2 - ce sean pee 

T/2 

e
l
y
 

al
n 

  

2 ha ns oak oe + (eben/2-8,-£)4)-(eb-n/2-8, tan"? / ae ) 

. T/2 

2: Eb-n/2- 

+t ref | + (ro-n/2-£,)7| + (b=n/2-E -€) tan” ( ae 

r r2 2 -F in {z + (Bb - n/2-E - €) | ee 1) 
4 S : 

For a given & the maximum of Equation (19) occurs at Eb = Ey + €/2 

and is given by 

or 

5 max (6) = E[ (6+ a) Pte: Y= (em) tan"? ( =) 
2en 
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Equation (19) has been used to generate a number of simulated 

thin target yield curves examples of which are shown in Figures 8 

and 9 for values of n = 2,265 keV and € = 0.1 keV. 

The FWHM, T(0.5), of the function $5 (Eb) is not, however, 

given by the quadratic addition of T, —€ and n, that is 

(0.5) # [9 eee a” ] , 

We have been unable to find a general parameterization for T(0.5) 

put can illustrate the deviation from quadratic addition by a 

number of examples. 

For a fixed value of n = 2.265 keV, T(0.5) was obtained, as a 

function of target thickness, for several values of T by numerical 

solution of Equations (19) and (20). The valuesobtained were 

compared with the FWHM given by quadratic addition for identical 

parameter values. Results for three fluorine resonances are shown 

in Figures 10 to 12. Quadratic addition overestimates the observed 

2 As the ratio ['/n'> @ FWHM and maximum error occurs when € = fac +. r) 

(or approximately [I/n > 17) the observed yield curve tends to the 

integral of a slit-function over a Breit-Wigner. This case has 

already been considered. As the ratio ['/n>0 (or approximately 

T/n < 0.01) the abserved yield curve tends to the integral of a slit- 

function over another slit function, which for n = € is a triangular 

function of FWHM n. Under the same conditions the FWHM predicted by 

quadratic addition is n/2 . The maximum percentage deviation from 

quadratic addition is therefore asymptotic to the value ~41,42 per 

cent as the ratio T/n +0. The situation is summarized in Figures 13 
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and 14 which show the maximum percentage deviation from quadratic 

addition as a function of the natural resonance width and incident 

beam energy dispersion respectively. 

Quadratic subtraction of n and [ from the FWHM of an experimental 

yield curve, therefore, leads to an underestimation of target thickness. 

For parameter values representative of the author's experimental data 

the maximum deviation from quadratic addition is less than five per 

cent. Under high resolution conditions, however, with beam energy 

dispersion and target thickness of the order of 0.5 keV and natural 

wsonance widths of 100 eV, or less, the maximum deviation from 

quadratic addition is of the order of 20 per cent. 

Figures 15 to 17 show the variation of T(0.5) and 5, max (2)as 

functions of target thickness. The curves were obtained by numerical 

solution of Equations (19) and (20) for the parameter values indicated. 

For a target thickness equivalent to approximately half the natural 

resonance, or less, T(0.5) is a slowly varying function, and $5, max (&) 

a rapidly varying function of target thickness. 

If we consider the thick target case, as — + » Equation (18) 

reduces to 

o,f [ a 
$5, (E) = ter tan 

  

And with beam energy dispersion 

Eb+n/2 
oT a 

i tan” 

2e 

w $7 &b) 

  

Eb-n/2 
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Integrating by parts we obtain 

of st Eb + n/2 = ES 

$7 (Eb) = — jes +n/2 - E,) tan ( ae 
2en T/2 

Eb - n/2 -E 
- (Eb - n/2 - E)) tani ( es ) 

r/2 

u r? 2 r r 2 as a + (ED +n/2-E ) ie i mle + (Eb -n/2 - E,) ] 
4 4 ¥ 4 * . 

+ ot | Somes ah aah (21) 
2 

where all terms have been defined previously. Examples of the type of 

curve generated by Equation (21) are shown in Figures 18 and 19. 

The energy a » at half the plateau yield,corresponds to the resonance 

energy E5: The interquartile width, Ryo rep = Ge + ry} 
‘ 4 

STRAGGLING EFFECTS 

The shape of experimental yield curves is also affected by 

straggling, that is, the discrete nature of the energy loss of the 

bombarding particles in the target medium. 

Several authors have pointed out that neglecting straggling leads 

to an underestimation of resonance energy and width as derived from 

experimental data. Observation of effects associated with straggling 

are normally considered to be restricted to high resolution beams 

(n < 200 eV) and sharp resonances (I < 1 keV). CUNHA and CORREA (1975) 
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have recently shown that the discrete nature of the energy loss of 

charged particles must be taken into account for a wide variety of 

beam energy dispersions and resonance widths. By considering a 

hypothetical resonance at ES = 1 MeV for the reaction aie ey) coe 

they have shown that the thin target maximum yield value, max (&), 

approaches asymptotically the value Ey + €/2 as n and Tr increase. For 

thick targets, however, the value E, = EL increases asymptotically 

to a maximum with increasing n and T. By extrapolation of their 

data for appropriate values of n and I we consider that the displacement 

of the thin target maxima is unlikely to exceed 0.1 keV for our 

experimental data. Similarly for thick targets Ey would be lower 

than Ey by less than 0.2 keV. Displacements of this order are 

considered negligible in comparison with the absolute accuracy of the 

calibration of the terminal potential of the accelerator. The 

phenomenon of charged particle straggling is considered in more 

detail in Appendix IV. 

COMPARISON WITH EXPERIMENTAL DATA 

We now examine if the yield curves predicted by Equation (19) and 

(21) represent a reasonable approximation to experimental yield curves 

obtained using an incident proton beam. 

The operational characteristics of the Dynamitron, discussed in 

an earlier section, did not normally permit the accelerator to run at 

terminal potentials below 1 MeV. A number of measurements were, 

however, obtained in the viscinity of the 872 keV and 935 keV resonances 

° ag, 16 * = 
in the F°’°(p,ay)0” reaction cross-section. At such low terminal 

potentials the stability of the accelerator is considerably poorer 

than under normal operating conditions, particularly when supplying 
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the small beam currents required (~ 0.1)A). 

Table 4 shows a summary of the data obtained. 

The maximum yield from the thickest target (— = 1.4 keV) in set A 

of Table 4 was normalized to curve B of Figure 16. The observed 

widths and normalized maximum yields are in good agreement with the 

predictions of Equations (19) and (20). A more serious discrepancy 

exists in the location of the maxima which occur some 5 keV higher 

than expected. The origin of the discrepancy is considered to be 

error in the calibration of the terminal potential. Comparison of 

Sets A and B of Table 4 indicates that the calibration error is time 

dependent. 

As it was not possible to use the location of the maxima as a 

test of the validity of the theoretical predictions, Equation(19) has 

been fitted to one of the experimental data sets. This was achieved 

by means of a general purpose fitting procedure developed by SALMON and 

BOOKER (1972). During preliminary fitting attempts using Equation (19) 

as the "model" it was found that experimental values were consistently 

higher than fitted values on the high energy side of the curve. Careful 

inspection of the data revealed that the yield curve is not quite 

symmetrical about the maximum value. The observed yield was therefore 

considered to consist of a thin target yield curve superimposed on a thick 

target yield curve of much lower intensity. A low intensity "thick 

target background" would arise from slight fluorine contamination 

of the beam transport system. A "better" fit to the experimental data 

was obtained by using a combination of Equations (19) and (21). 
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The experimental data and fitted curve are shown in Figure 20* . 

The value of chi-squared obtained was 28.89, which, for 28 degrees 

of freedom gives a relatively high value of 0.43 for P. A plot of 

residuals for this fit exhibited a U-shaped scatter, however, and 

there is a large uncertainty in the final estimate for n of 

2.4 + 0.3 keV. 

Only one thick target yield curve was obtained, using a proton 

beam, in the vicinity of the 872 keV, 902 keV and 935 keV resonances 

in the £9 (p,ay) oe reaction cross-section. The results are 

presented in Table 5. The data was fitted using a combination of 

equations of the same functional form as Equation (21). It was not 

possible to locate the position of the 902 keV resonance from the 

experimental data. The position of this resonance was not therefore 

used as a parameter of the fit but was assumed to occur at an energy 

30 keV above the lower resonance. The value of chi-squared obtained 

was 37.0, which, for 34 degrees of freedom gives a value of 0.33 for P. 

The final estimate for n was 3.4 + 0.3 keV. This value is 40 per cent 

greater than the value obtained from the fit to the thin target data. 

The experimental data and fitted curve are shown in Figure 21. 

A poor fit was obtained in the plateau region above the 935 keV 

resonance where the experimental data is 2 per cent higher than the 

* Note : The energy scales in Figures 20 and 21 

have been renormalized for presentation 

purposes. 

 



  

  

S
/
M
I
C
R
O
C
O
U
L
O
M
B
 

CO
UN
T 

____ PROTON 

PROTON THIN TART! 

  
  

  

Qo 3 

2 THEGRETICAL FIT TO 

Sr) EXPERIMENTAL BATS 
ao 

GAMM9-RAY YIELD AS A 

a FUNCTION OF THE INCIDENT 

Sl PROTON ENERGY IN THE 

° VICINITY OF THE 872KEV 

FLUORINE RESONANCE 

Qo 

= 1 EXPERIMENTAL BATA 

oO | - FITTED CURVE CFATSLI 

NORMALIZATION FSCTOR 2912.76 
2 3 3 
24 

a Ss Se 4 

o 
8 3 
3 | 

Ss 7 
a 24 

Qo 8 S| 
3 

Q y 

2 +, 
4 

BS + 
oes ee 
3 
oT T T T 7 

350 SHO 870 350 890 

  

Figure 20 

  

 



C
O
U
N
T
S
/
M
I
C
R
O
C
O
U
L
O
M
B
 

  
  

0.
70
0 

0.
80

0 
0.

90
0 

1.
00
0 

0.
60

0 
0.

50
0 

0.
20
0 

0.
30
0 

0.
40
0 

0.
10
0 

00
0 

0 5 If eae eee Seep 
880 

  
840 860 

PROTON ENERGY 

  

TICAE hat 1G: 

NTAL DATA    
GAMMA-RAY YIELD AS A 

TON OF THE INCIDENT 

ENERGY IN THE 

ICINITY OF THE 872KEV. 

902KEV AND S35KEV 

FLUORINE RESONANCES 

   

  

I EXPERI 

= Pate 

  

ENTAL DATA 

CURVE CFATALI 

NORMALIZATION FACTOR 106855.7 

  
econ y alia alee 
300 920 940 

Es 
960 

SEVIS 
Figure 21 

sep y 

980 1000   
 



40 

fitted curve. In fitting Equation (21) the variation of stopping 

power with energy was neglected. The proton stopping power in 

calcium fluoride in fact decreases by 5 per cent in the energy region 

872 keV to 935 keV and the yield is inversely proportional to the 

stopping power. 

It should be appreciated that even "successful" fitting of data 

to a model never proves the validity of that model. The computer 

programme used by the author bears the somewhat facetious acronym 

"FATAL" (fit anything to anything you like) to indicate that it is 

possible, after a fashion, to fit data to any empirical function. The 

fitting technique is one of the most widely used methods of analysis of 

prompt nuclear activation data. The parametersof the fit must, in 

general, include the concentration profile as an empirical function. 

Equations of the type derived are relatively insensitive with respect 

to the processes of correlation or convolution. That is, large changes 

in the coefficients (eg one of the functions) result in small changes 

in the solution. Such equations are said to be well conditioned 

with respect to these operations. It follows, therefore, that a 

degree of ambiguity is inherent in the determination of the 

concentration profile. A variety of empirical functions will, in 

general, result in a "satisfactory" fit within the accuracy of the 

experimental data, This point will be more rigorously established in 

a later section. 
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Reaction Form Factors Using Molecular Ion Beams 
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Reaction Form Factors Using Molecular Ion Beam: 

Analytical determination of fluorine by means of the 

FE 1(pydy)obo reaction using the proton beam of the Aston Van de 

Graaff was limited to measurements in the vicinity of the 340 keV 

resonance. When the experimental programme was transferred to the 

Birmingham Radiation Centre, the extended energy range of the 

Dynamitron accelerator offered the prospect of greater sensitivity by 

making use of more intense, higher energy, resonances in the 

F(pyay)0re reaction cross-section, To achieve maximum sensitivity 

the intense resonance at Ey = 872 keV (cy=661 mb,T= 4.5 keV) was 

considered most suitable, Measurements were continued in the 

vi cinity of the 340 keV eo ConayOne resonance so that data obtained 

on the Radiation Centre Dynamitron could be directly compared with 

similar data from the Aston Van de Graaff. 

The operational characteristics of the Dynamitron accelerator 

set a lower limit for the terminal voltage of 1 MV. It was, therefore, 

necessary to employ molecular hydrogen ion beams to study reactions 

induced by protons of energy less than 1 MeV. it was initially assumed 

that results obtained using molecular hydrogen ion beams could be 

explained in terms of the parameters of the proton beam. It became 

apparent, however, that anomalies in yield curves from molecular 

hydrogen ion beams could not be resolved by reference to the proton 

data. 

ANOMALOUS YIELD CURVES FROM MOLECULAR HYDROGEN ION BEAMS 

A discrepancy was first noticed in thick target yield curves for the 

340 keV  aeay)On resonance using a mass~three ay) molecular 
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hydrogen ion beam, A typical curve is shown in Figure 23 *, The curve 

exhibits a curious asymmetry on the leading edge. The shape of the 

curve was found to be very sensitive to target contamination as 

repeated measurements produced a distinct "rounding" in the region 

between the three-quarter yield point and the plateau. A more serious 

  

discrepancy, however, is the large interquartile width, E)-E}= 8.0+0.3 keV 

Quadratic subtraction of the natural resonance width (T= 2.4 keV) from 

the interquartile width yields a value of n = 7.6 + 0.3 keV for the 

"effective" energy dispersion per proton, If an approximately equal 

division of energy is assumed this would imply an energy dispersion 

of 23.0 keV in the incident By beam. BASSETT (1975), however, has shown 

that for the experimental configuration described, incident energy 

dispersion is of the order of 2 to 3 keV for mass-one co ), mass-two 

(Hp) and mass~three co) beams. 

Figure 24 shows a thin target yield curve for the ¥ Geno” 

reaction at 340 keV using a #5 incident beam. ‘The observed FWHM of 

the curve is 3.4 + 0.05 keV. The target thickness, obtained from 

polarimetry measurements (AGUADO BOMBIN (1975) ) was 40 + 15 Rg, 

equivalent to approximately 0.5 keV for 340 keV protons in calcium 

fluoride. The data was fitted using the theory developed previously. 

The value obtained for beam energy dispersion was 2.3 + 0.1 keV, in 

good agreement with thin target data for the proton beam. A modest 

increase in target thickness was found to produce a very significant 

increase in observed width. Figures 25 and 26 show similar thin 

* Note. All yield values for molecular hydrogen ion beams are 

shown renormalized to proton equivalent yields. 
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target yield curves for target thicknesses of 70 + R (% 0.75 kev 

at = = 340 keV) and 100 + 15 g (~ 1.0 keV at ED = 340 keV). The 

FWHM for these curves is 7.1 + 0.2 keV and 7.3 + 0.2 keV respectively. 

A summary of the data is presented in Table 6. 

The ratios of observed width to maximum yield are at variance 

with theoretical predictions for the proton beam. An increase in 

target thickness from 0.5 keV to 1.0 keV would be expected to produce 

only a 2 per cent change in observed width for an increase in 

maximum yield of 146 per cent. In practice the observed width was 

found to increase by 215 per cent, Figures 25 and 26 exhibit 

positive skewness which cannot be attributed to a thick target 

background as the effect is absent in Figure 24 . The anomalously 

large increase in observed width, as a function of target thickness, 

for incident molecular hydrogen ion beams must therefore be attributed 

to effects occurring within the target, Observation of these effects 

would appear to be strongly target thickness dependent, as they are 

not observed for very thin targets, and to be very sensitive to target 

contamination. Target oxidation might, in part, account for these 

anomalies, although oxidation effects would be considered to be more 

significant for the thinnest target. 

Figure 27 shows a set of three thin target yield curves in the 

vi cinity of the 872 keV ee Gaver: resonance, The data corresponds 

to measurements on a single target of thickness 100 + 15 R (0.7 kev 

for 872 keV protons in calcium fluoride), using ie HY and Hy 

incident beams. Owing to error in the calibration of the high voltage 

terminal it is doubtful if any significance can be attributed to the 

shift (~ 1.5 per cent) in the position of the resonance. The yield 

 



TABLE 6 

16 
Thin Target Data 340 keV F)? (p,ay)O 

FWHM g 

keV keV 

RPP SEO 63: + On 344 502051 79805) 

34S Ola tel, 2 OZ On, 

34152 £0.5 7-3) 920-2 9% 1.0 

Proton Equivalent Yield 

+ 
Resonance H Incident Beam 

3 

*Yield (fax 

Counts/jic 

70.0 = 0.5 

217.0 & 2.0 

388. £ 3.0 

Ee Normalized to Curve B of Figure 15 at € = 0.5 keV 

ee Fitted 

TABLE 7 

19 1 
Thin Target Data 872 keV F  (p,ay)O S 

Incident Beams 

E FWHM,T 
max 

Ion 

keV keV 

Hy *877.140.6 5.54 O.1 

+ Hy 870.0 0.7 8.54 0.2 

Hy 863.3 + 0.7 11.3 £ 0.2 

* Fitted 

+ 
Resonance Hi, H 

(@e aT?) 

keV 

Bal 20.05) 

Tedk: ad! 

LO.act Ong 

**Normalized 

Yield 

40+ 0.3 

123 

zen 

an 

=> LO 

= 2.0 

a Hy 

*Yield(E 

Counts/yc 

2924 + 90 

2210 2°55 

1807 + 70 

x) 
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curves for incident molecular hydrogen ion beams again exhibit positive 

skewness, which is particularly marked for the Hy beam. The observed 

FWHM of the curves are 5.5 + 0.1 keV a), 8.5 + 0.2 keV ap) and 

1123-2 50.2 ‘kev a) and the relative maximum yields 2924 + 90 a), 

2210 + 55 a) and 1807 + 70 a) respectively. For all three curves 

the total integrated yield (area under the curve) is constant to 

within 4.0 per cent. A summary of the data is present in Table 7. 

Figure 28 shows a similar thin target yield curve, for the same 

target, using an incident xy beam with an energy dispersion of 

approximately 0.5 keV. * The FWHM of the curve is 7.0 + 0.3 keV. As 

ae (0.25) is small compared to r (5.76) and & (1.0) the contribution 

of incident beam energy dispersion to observed width may be neglected 

to a first approximation . Under these conditions the observed FWHM 

would be expected to be approximately 2.6 keV. The large FWHM 

observed for incident molecular hydrogen ion beams must therefore 

result from an "effective" increase in target thickness or energy 

dispersion within the target. 

Effects similar to those observed for thin targets would occur 

if the stopping power of the target medium was significantly greater 

for molecular hydrogen ion beams than for a proton beam. A 400 per 

cent increase in stopping power for molecular hydrogen ion beams, 

relative to the proton stopping power would, however, produce only a 

30 per cent increase in observed width for a 20 per cent reduction 

in amplitude. 

* Note ; Attempts to use more finely collimated beams (less 

than 0.5 mm) were found to result in unuseable peak 

to background ratios. 
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A set of three thick target yield curves in the vicinity of the 

872 keV, 902 keV and 935 keV Fo? (p,ay) ot resonances is shown in 

Figure 29 , for Hy . Hy and Hy incident beams. A summary of the 

data is presented in Table 8. The energies, Ey corresponding to the 

half- plateau yields on the curve for the proton beam (taken as the 

resonance energies) yield values of 878.2 + 0.05 keV 

and 940.6 + 0.5 keV. These values are respectively 6.2 keV and 5.6 keV 

higher than accepted values and indicate error in the @libration of the 

high voltage terminal. The corresponding points on the curves for 

incident x and 13 ions yield slightly lower values; 876.4 + 1.0 keV 

939.7 + 2.0 keV(Hy), 874.6 + 1.0 keV and 937.4 + 2.0 keV (Hj). The 

Ry values for incident Hy ions are approximately 0.3 per cent lower 

than the By values for an incident proton beam. This value is 

appreciably smaller than the corresponding shift of 1.5 per cent 

in the location of the thin target maxima. Although the difference 

appears to be significant it might be attributable to a change in 

the calibration of the high voltage terminal (the thick and thin 

target data sets are separated in time by a period of five months). 

The interquartile widths, AE = (E, - Bi), are respectively; 
3 

Ey = 872 keV EO = 935 keV 

AE (keV) AE (kev) 

Hy 5.6 4 0.5 9.2 + 0.6 

Hy Coes ear 12.2£109 

HG 9.3 + 0.8 15.4 41.0 

The corresponding ratios a (Ht5) /08 CY) are 2.5. @, 872 keV) and 

4.0 G, = 935 keV). Above the resonance energies the curves for incident
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TABLE 8 

Thick target Data 672 key and 925 key EF. (p,ay)O.” Resonances 
at + t+ 
ee Ho and B3 Incident Beams 

4s 4% 

ION kev keV 

a * 
Hy 878.2 40.05 5.6 + 0.5 

Hy 876.4 41.0 8.2+ 0.7 

ES 874.6 +1.0 9.34 0.8 

q * 
Hy 940.6 40.5 9.24 0.6 

HS 939.7 +2.0 12.24 0.9 

HS 937.4 +2.0 isha to 

* Fitted 

TABLE 9 

Simulated Thin Target Data 872 kev Fl? (pay) or® 

+ ot + ‘ 
Hy Ho and Hy Incident Beams 

EeEy Neffective ts ae (8) 
rbitrary 

20, kev kev units 

i 
ay 5250. 3.0 573.3 

+ 
Hy 8.5 + 0.2 7.14 417.2 

+ 
HA d153 2.0.2 10.35 332.2 

* = 
Normalized to H, data 

1 

kev 

353 210-3 

6.82 026 

6.1 £ 0-7 

3.24 (052 

8.6 2056 

12.7 t 0.8 

Resonances 

* * 
Normalized Normalized 

$5 max (€) Yield (Eas) 

1.0 1.0 + 0.04 

0.73 O075 2 0v08 

0.56 0.62 + 0.03
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at +. : 
Ey and Hy ions are lower, by approximately 5 per cent, than the 

curve for the incident proton beam and gradually rise to a maximum 

yield which agrees approximately with the yield for the proton beam, 

The results presented above were considered to indicate 

conclusively that the phenomena observed in yield curves for incident 

molecular hydrogen ion beams are not instrumental in origin. They 

must, therefore,be attributed to properties associated with molecular 

ions. A review of the literature revealed that many of the effects 

observed are in fact well documented and have been studied by several 

groups of workers. 

Anomalous yield curves from molecular hydrogen ion beams were 

observed as early as 1940, by HAXBY et al. (1940), during the 

calibration of an electrostatic generator. The data of other workers 

exhibit similar phenomena which were largely ignored or attributed 

to instrumental effects, [HUNT et al.(1952), HERRING et al. (1955), 

ANDERSEN et al. (1958) ] Subsequent work,[BONDELID and KENNEDY (1958) 

and (1959), DAHL et al. (1960), WALTERS et al.(1961),PURSER et al. (1963)] 

established that effects observed with molecular hydrogen ion beams 

were not instrumental in origin. 

BONDELID and BUTLER (1963) found that the Ey point on the thick 

target yield curve from Hy ions, for the reaction ae vSio at 

Ey = 992 keV, was 0.05 per cent lower than that from a corresponding 

observation with a proton beam. The interquartile widths of thick 

target yield curves taken with Hy ions were considerably broader than 

those taken with protons and exhibited an asymmetry on the leading 
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edge. The energy shifts, broadening effects and peecnety of the 

“Lewis peak" were found to be very sensitive to target contamination. 

For extremely thin targets ( < 0.3 keV) the energy co-ordinates of 

the maxima of the curves from proton and Hy ion beams have agreed to 

within 0.01 per cent. The observed widths of moderately thin targets 

were found to increase much more rapidly for HS ion beams than for 

proton beams and showed no simple relationship between target 

thickness and observed width. The effects observed by BONDELID. and 

* Note : 

A peak on high resolution thick target yield curves was predicted by 

LEWIS (1961), due to the discrete nature of energy loss in the target. 

Charged particles lose energy in matter in a series of discrete steps. 

If some of the steps are larger than the natural width of a narrow 

resonance, some of the particles incident on the target at an energy 

well above the resonance energy, E,, will jump over the resonance. 

Particles incident at an energy Ey? all have, for a finite time, the 

correct energy to interact. The yield curve will therefore exhibit 

a peak near Ey: The criterion for the observation of the "Lewis 

effect" is that the total energy resolution of the experimental system 

(including the natural and Doppler widths of the resonance) should be 

much less than the maximum energy loss for the incident particle in 

a single collision.
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BUTLER for ci ion beams are very similar to those observed by the author 

+ + 
for Hy and Hy 

literature for incident HA ion beams is, however, extremely limited. 

jon beams. The amount of data available in the scientific 

The phenomena observed with molecular hydrogen ion beams may be 

understood by reference to the dissociation mechanism of molecular 

ions. Though molecular binding energies lie in the electron volt 

range molecular structure effects can produce energy spreads of 

several keV for beam energies in the MeV range. It is necessary to 

consider only diatomic molecules as more complex molecules can be 

dealt with by a two body approximation, particularly in view of the 

limited precision of available data. The kinetic energy of a proton, 

Eee produced during the dissociation of an Hy ion, with initial 

kinetic energy Ey, is given by the relationship, 

3 

Ee =F (,“EytB) + cos of E{E -E,) } 

where E is the total excess kinetic energy liberated in the centre of 

mass system and Eq is the excitation energy needed for dissociation, 

For the particular molecules which have their dissociation axes at 

© degrees and 180 degrees to the beam direction, the energies Ee and 

Ee of the dissociation products is given by, 

Wi 

i 
1 
1 gay + {ee x) | were ee sceces (22) 

It follows from Equation (22) that when Ej is in the keV or MeV 

range the minute excess energy liberated due to dissociation 

will be considerably amplified as variations of laboratory energy Eee 
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A closely related phenomenon is that of Aston~banding observed in 

mass spectrometers. If the pressure in a mass spectrometer is so 

high that many ions in the beam collide with residual gas molecules, 

broad bands are observed in the mass spectrum. The effect was first 

observed by ASTON (1920) who, in a subsequent paper [ASTON (1933)] 

wrote : "Attention is now drawn to the phenomenon again in the hope 

that research workers interested in the dynamics of molecular 

combination and dissocation may find in them a possible new line of 

attack", 

BACHER et al. (1972) have established that there are two main 

molecular phenomena to consider; the zero point vibrational energy of 

the molecule and the Coulomb interaction of the nucleons in the 

molecular ion when some of the binding electrons are removed. The 

first of these effects is independent of the nature of the target and 

depends only upon the structure of the molecular ion. The latter 

effect is, however, strongly influenced by the thickness, density and 

composition of the target material. 

In a simple two step model [ SWEETMAN (1960), WALTERS et al. 

(1961), PURSER et al.(1963)MORAN et al. (1969) ] collision produces 

excitation of the ion to an unbound electronic state followed by 

dissociation. The electronic transition is assumed to obey the 

Franck-Condon principle, [FRANCK (1925), CONDON (1928) ] in that the 

internuclear separation is constant throughout the collision and 

approximately that corresponding to the minimum of the Tau inter- 

nuclear potential curve of the Hy ion. The statistical distribution 

$ : és Lee +. a 
of internuclear spacings in the incident Hy ion, as affected by 
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the initial vibrational state, may be considered by characterising 

the incoming ion as a simple hormonic oscillator, McCLURE (1963), 

(1965). It is well established, GIBSON et al. (1968), VOGLER and 

SEIBT (1968), CAUDANO and DELFOSSE (1968), MORAN et al .(1969), 

BERKNER et al. (1966), CHENG et al.(1970), that in the case of high 

energy collisions of Hy ions in gas targets dissociation occurs 

principally by means of collision excitation to the repulsive 2p0,, 

state and to a lower extent by excitation to the 2pm and totally 

ionized states. The vertical transition lsog - 2p0,, is also the 

main dissociation process for 3 keV to 5 keV HS ion beams in gaseaus 

targets, DURUP et al. (1969). The energy level diagram is 

illustrated in Figure 30. 

According to DUNN and ZYL (1967) and WALTERS et al. (1961), 

Hy molecular ions occupy vibrational levels the mean value of which 

is slightly greater than v = 3. Observed cross sections are an 

average over separate cross sections for ions in each state and 

correspond approximately to those for v = 4 or v = 5, which are the 

two most heavily weighted levels for Franck-Condon transitions (See 

Figure 31). Both Hy and Hy ions are homonuclear. De-excitation 

of the vibrational states by electric dipole transition is therefore 

forbidden. Only relatively improbable quadrapole emission is 

allowed. If the life-times of some of the excited state levels are 

large compared to the flight time of ions from source to target it 

is possible that excited levels are still parti ally populated, 

A number of workers have observed variations in the dissociation 

cross-section with ion-source conditions, WILLIAMS and DUNBAR (1966), 

Mc CLURE (1963), CHAMBERS (1965), CAUDINO and DELFOSSE (1968), and
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have attributed these differences to varying vibrational distributions. 

Other workers have failed to detect this ion source effect, BARNETT 

and RAY (1963), RIVIERE and SWEETMAN (1961), GIBSON and LOS (1967). 

The relative population of the nineteen bounded vibrational levels of 

the Iso, electronic state of the xy ion, as a function of energy of 

the ionizing electrons, is illustrated in Figure 32. McGOWEN and 

KERWIN (1964) have established that the relative population of the 

vibrational levels is near saturation if the ionizing electron 

energy exceeds 24 eV.* It is not established that the experimental 

xy ion beam has a vibrational population distribution given by the 

Franck-Condon principle, even if it were formed with one in the 

source. MEGGITT et al. (1973) found that incident Hy ion beams in 

the energy region 60 keV to 300 keV, after mass analysis, consisted of 

approximately 96 per cent x, ions and 4 per cent H? and ae the latter 

produced by collision with residual gas molecules in the beam transport 

system. 

When molecular ions are incident on a target the binding electrons 

are stripped-off at, or close to, the surface of the target in a time 

period of approximately 102? seconds [BACHER et al. (1972) ] . Both 

Hy and Hy molecular ions have no dipole moment and the internuclear 

axes are therefore randomly orientated with respect to the beam 

* Note ; The electron energy in the ion source of the Radiation 

Centre Dynamitron is approximately 100 eV. Observed molecular beam 

phenomena should therefore be independent of ion source conditions. 
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direction. By a comparison of the dissociation time*, 

5 12 
«aio to 107¢*seconda), with the rotational time, (~10 ~* seconds), 

the internuclear axis may be assumed to maintain a constant inclination 

to the direction of motion during the dissociation process. The 

=e 14 
period’ of nuclear vibration of moleculor ions vary from v10 to 10. 

seconds . 

The short time of flight in solid targets and the large number of 

interactions inthis time are the main features differentiating 

dissociation induced in solid target from dissociation induced in a 

gaseous target. A 2 MeV incident Hy ion has approximately Tone seconds 

to dissociate in a 10 cm gas cell. An Hy ion of the same energy 

incident on a solid target a few hundred Angstroms in thickness has 

approximately 102° seconds before it, or the dissociation products, 

leave the target or lose too much energy to contribute significantly 

to the yield at bombarding energies close to the resonance energy**. 

The nuclear reaction samples only the time interval during which the 

protons are in the target. In this short time the Coulomb force can 

accelerate the protons to only a fraction of their ultimate terminal 

velocity and therefore only a small fraction of the maximum energy 

Note * The time for ninety per cent of the potential energy to 

be converted into kinetic energy. 

Note** In calcium fluoride a 1 MeV proton loses energy at the 

rate of approximately 770 eV per 10} seconds.
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dispersion is achieved. 

The relative contribution to effective energy dispersion of the 

vibrational energy of the incident molecular ion and the Coulomb 

interaction of the nucleons when the binding electrons are removed 

has been investigated by BACHER et al. (1972), for the c!2 (ppc? 

resonance at 14.2 MeV using Hs Ky and x5 incident beams. Near the 

surface of the target,or for very thin targets ( 0.013m of carbon, 

equivalent to approximately 90 eV at 14 MeV) the energy spread is 

dominated by the zero point motion. At intermediate distances into 

the target (0.013 pm to 0.066 pm of carbon equivalent approximately 

to 90 eV to 460 eV at 14 MeV) the contribution from the Coulomb 

explosion dominates. 

The products formed by the dissociation of molecular ions are in 

close spatial proximity (v1 &). HARRISON (1971) has shown that the 

dissociation fragments from 60 keV to 300 keV xy ion beams incident on a 

500 & carbon foil are scattered through only 0.5 degrees after passage 

through the foil. Their separation does not therefore exceed 10 & 

throughout their entire passage through the foil. In a 1 MeV proton 

beam of microampere intensity the average separation between protons is 

approximately 10? R . For Hy jon beams in the energy region 60 keV to 

300 keV. DETIMANN et al. (1974) observed a specific energy loss per 

nucleon thirty per cent greater than for protons of the same velocity. 

They concluded that the discrepancy was due to a spatial correlation 

effect. Their data for Hy joswas similar to that for Hy ions indicating 

that the triple correlation does not enhance the effect further 

[this conclusion has recently been modified, LUCAS (1975)]. 
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The transmission, scattering and channelling of Hy ion beams 

in aligned crystals have been investigated by several workers, 

POLZAT and REMILLEUX (1971), (1972), CAYWOOD et al.(1971), TOMBRELLO and 

CAYWOOD (1973), GEMMELL et al.(1975). Relatively little 

experimental data has been presented for i; ion beams. SCHWARTZ and 

SCHAAD (1967) have performed detailed variational calculations for 

both 45 and Hy molecular ions. The HG ion quantum-mechanical 

problem is sufficiently difficult to have remained unsolved for 

* 
many years . 

If the zero-point motion of the Hy ion is neglected and it assumed 

that dissociation takes place by prompt removal of the electron the 

potential energy function is then given by E = e*)ane x, where r is 

the internuclear separation. The classical differential equation 

which governs the motion of the protons is therefore 

2 

Ss = e7/4ne., m x? 
dt 2 

where a is the proton mass. The solution of this equation is 

* 
Note The Hy ion was quoted by EYRIN (1957) to be "the scandal of 

modern chemistry".
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where ty is the internuclear spacing of the protons in the molecular 

Lon. Le Te is taken as 18 then 90 per cent of the initial potential 

energy appears as kinetic energy of the protons when their separation 

is 10 8. From Equation (23) the dissociation time of the Hy ion is 

theretere MIs oc ION! seconds. Similarly 60 per cent of the zero- 

point potential energy would be converted into kinetic energy of the 

protons in approximately 5.6 x Oe? seconds (r = 2.5 &). 

ui msec! and loses A 1 MeV proton has a velocity of 1.38 x 10 

only 550 eV in traversing a 100 R calcium fluoride target. Its time 

of flight in the target is approximately 7 x ior” seconds. In the 

same target a 340 keV proton has a time of flight of approximately 

1.2 2100 seconds (v, = 8.06 x 10° meseci) and suffers an energy 

loss of 1.2 keV. At the energies considered the times of flight in 

thin targets are appreciably less than the classical dissociation 

: oe * 
time of the Hy ion. The relevant parameters for the thin target 

data obtained by the author are summarized below : 

 



Resonance F)9(p,ay)ot® 

Incident W (0.5) 
Beam (keV) 

a 3.440.5 

Hy 7.4 £ 0,2 
+ 

Hy Ged 20-2 

Resonance FE (p,ay)or° 

Incident W (0.5) 
Beam (keV) 

HT 5.54 0.1 

HS 8.5 £ 0.2 

Hy 11.3 + 0.2 

56 

at E=340 keV [=2.4 keV 

Target Thickness 

>) 
Time of Flight 

fans seconds) 

40 +15 5.0 + 1.2 

70 + 20 8.7 + 2.5 

100 + 15 12.4 41.2 

= 872 keV T=4.5 keV 

Target Thickness 

&) 
Time of Flight 

qolé seconas) 

100 + 15 Tod% Tee 

The large increase in effective energy dispersion for the target 

thickness given would not be expected on the basis of the calculated 

dissociation time for the Hy ion of 2x On seconds. For the 

measurements in the vicinity of the 340 keV Fee Geyy0.” resonance 

ep 
using the Hy incident beam only 2 to 6 per cent of the initial 

potential energy would be converted into kinetic energy of the 

protons during their time in the target. 

The lack of quantitative 

observation may arise because 

the dissociation time, or the 

arising from target oxidation 

agreement between prediction and 

the simple model chosen overestimates 

carry inert surface coatings targets 

or beam induced deposition. 
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From data not presented the maximum rate of beam induced carbon 

de position has been estimated as 7 x 10°? R per incident microcoulomb 

At the rate of deposition a 10 zg layer would be formed during the 

accumul ation of the thin target data. The rate of formation of oxide 

layers is difficult to estimate but their presence would be indicated 

by the location of the thin target maxima, For data from the 

F 7 (payor resonance at 340 keV using an Hy incident beam the 

relative shift observed was less than 1 keV, approximately half of which 

is attributed to target thickness. If oxide layers were present on the 

targets studied they could not therefore differ in thickness by more 

than 502. 

The simple model used for the dissociation process applies only 

to the x ion in the ground lso_ electronic state. No account was 

taken of the vibrational levels which would still be occupied after 

the transit time (a107® to 107 seconds) from source to target. The 

mode of operation of the Keithley electrometer used to measure beam 

current is such that full scale deflection on any range produces a 

(positive) autobias on the target of 1 volt. A potential difference 

of only 0,1 volt across the calcium fluoride targets would produce 

very high field strength (w107 volt. a) which may seriously perturb 

the dissociation process. 

The quantitative explanation of effects observed with incident 

molecular hydrogen ions is relatively simple. The yield curves from 

very thin targets using incident molecular hydrogen ion beams are 

essentially similar to equivalent proton induced data as only a small 

fraction of the dissociation energy of the ions is liberated during the 

time of flight of the beam in the target. As target thickness is
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increased the observed width increases rapidly as 40 to 60 per cent 

of the dissociation energy appears as kinetic energy of the protons 

in the target. The effective energy dispersion is a function of the 

time of flight, and therefore of the depth of penetration, of the 

incident beam in the target. Yield curves from moderately thin 

targets taken with molecular hydrogen ion beams should therefore 

exhibit positive skewness. When a thick target is irradiated with 

a molecular hydrogen ion beam of proton equivalent energy less than 

the resonance energy a significant portion of the beam is gaining 

energy from the dissociation process in the front layers of the 

target faster than it is losing energy through ordinary energy-loss 

interactions. Though essentially none of the protons in the incident 

beam have energies great enough to contribute significantly to the 

yield, some protons will gain enough net energy in the target to 

reach or exceed the resonance energy and thus contribute significantly 

to observed yield. It is this feature which gives the long slow 

xise observed on the leading edge of thick target yield curves 

taken with molecular hydrogen ion beams. For incident proton 

equivalent energies above the resonance energy the contribution to 

observed yield from "leading-protons" occurs after the dissociation 

process is essentially complete and they pass through the resonance 

energy zone at a normal rate of energy loss, A net yield loss 

arises, however, from the "trailing-protons" (those losing energy 

from the dissociation process) which pass through the resonance energy 

zone more rapidly than normal. The result is a slowly rising yield, 

as a function of incident energy, until all the trailing protons pass 

through the resonance energy zone at a normal rate . For the data 

obtained by the author a target thickness of 150 keV was insufficient 

to bring out the full shape of the curves from molecular hydrogen ion 
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beams. A "normal" rate of slowing down is not, therefore, achieved 

until the beam has penetrated to considerable depth, 

The most serious objection to the use of molecular hydrogen ion 

beams in analytical work is that their influence on obseryed yield is 

dependent on the very parameters such experiments seek to determine, 

A prior knowledge of target thickness and composition, or proton 

reference data, is required to determine the contribution to observed 

yield arising from molecular ion effects. In the absence of such 

knowledge analytical yield curves contain at least two unknown and 

variable contributions; the concentration profile of the nuclide of 

interest and the effective energy dispersion resulting from the 

dissociation of the molecular ions, The latter is a function of the 

type and energy of the incident molecular ion and and in trace 

analysis its contribution is essentially determined by the nature of 

the base matrix. 

As a first order approximation it was assumed that all 

contributions to observed width, other than natural resonance width 

and target thickness, could be grouped together as effective beam 

energy dispersion and be represented by a unit~-area slit function. 

Using the theory developed for incident proton beams simulated 

yield curves from molecular hydrogen ion beams were obtained and 

compared with experimental data. 

A set of synthesized thin target yield curves is shown in 

Figure 33. It was possible to reproduce the obseryed width of 

Ces ae . . 
yield curves taken with incident Hy and H’ ions and the relative 

3 

maximum yields, normalized to the proton curve, agree with
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experimental data to within 5 per cent. The asymmetry exhibited by 

experimental yield curves from molecular ion beams was not, however, 

reproduced as the theoretical formulation used generates symmetrical 

yield curves. A summary of the data used in the calculations is 

shown in Table 9. 

A set of simulated thick target yield curves is shown in 

Figure 34. The values for effective beam energy dispersion were taken 

from the thin target data. The interquartile width of the simulated 

yield curve for an incident Hy ion beam is in good agreement with 

experimental data; for the Hy ion beam it is 20 per cent greater 

than experimental data. In the present context this is not considered 

to be a serious problem. Thick target yield curves are required 

mainly as comparison standards for normalization, For curves from 

molecular ion beams yield points taken well above the resonance energy 

agree with proton induced yield curves to within 2 per cent. This 

is of comparable magnitude to experimental uncertainties. 

A conclusion of the work described is that it is undesirable to 

employ molecular hydrogen ion beams in analytical work until the 

phenomena associated with their use are more fully tabulated, so that 

quantitative, as distinct from qualitative, corrections can be 

applied to observed yield curves. 
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Charged Particle Stopping Power and Range 
  

In the analysis of charged particle experiments an essential 

requirement is comprehensive stopping power and range data. Although 

a considerable amount of data is generally available a wide disparity 

exists between published values for projectile particle energies in 

the region 0 to 10 MeV/amu. It was, therefore, considered appropriate 

to compare experimental data and theoretical formulations in this energy 

region to assess the validity of interpolation or computation of such 

data to less common target media for which information is sparse or 

non-existent . Discussion is largely restricted to proton data 

although the energy loss mechanisms of heavier ions are not fundamentally 

different. 

Charged particles traversing matter may lose energy by any one, or 

all of the following processes; inelastic collision with bound atomic 

electrons, elastic nuclear scattering, inelastic nuclear scattering 

and Bremsstrahlung. Atomic excitation and ionization are the dominant 

modes of energy loss for proton energies in the range 0.01 MeV to 2 GeV. 

Elastic nuclear scattering is an important mode of energy loss for 

heavy ions and must be considered for proton energies below 0.01 MeV. 

Inelastic nuclear collisions and photon emission are significant proton 

energy loss mechanisms only at very high energies. 

The theory of energy loss by fast charged particles due to atomic 

excitation and ionization was established by BOHR (1913), (1915) through 

a semiclassical procedure [ see also MOIT (1931), LIVINGSTON and BETHE 

(1937), BOHR (1948) ] .Purely quantum mechanical formulations were 
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presented by RETHE (1930), (1932) and BLOCH (1933), The most 

generally useful of the three theories is that due to Bethe which gives 

the stopping power in the form; - 

  

4 2 
See el ear eeret 2YS ue erence) 
dx 4 2 2 L I 

eS nv adj 

a . a1 a6 = & C./Z, - 6/2 |joule,m ape 4U25) 
192 2 

where 

m = electron rest mass 

v = projectile velocity 

* 
2 = effective charge of projectile ion 

apa atomic number of stopping medium 

N = atom density of stopping medium 

I_,. = adjusted ionization potential 
adj 

a c;/2, = sum of shell correction terms 

The low energy validity of the Bethe equation is given by the numerical 

value of the first logarithmic term which must generally be greater 

than zero. The kinetic energy, E, of the incident particle must 

satisfy the restriction 

  

The above inequality is always satisfied for 1 MeV protons. 
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Energy loss is reduced by perturbation of the field of the 

incident ion caused by electric polarization of the surrounding atoms. 

The polarization correction term, 6, is generally significant only 

for condensed matter of low atomic number at high projectile energies. 

The effect is negligible at the energies considered here and has been 

discussed in detail by several authors, FERMI (1940), HALPERN and HALL 

(1948), STERNHEIMER (1952) (1956), NEUFIELD and SYNDER (1957), ARMSTRONG 

and ALSMILLER (1970). 

The shell correction terms, } C/Z55 are required when the 

velocity of the incident particle is comparable to the velocities of 

the inner shell electrons in their normal bound states. Electrons 

in the inner shells cease to contribute to the stopping power in 

succession as projectile velocity decreases although shell cut-off 

is gradual. Correction terms which represent the non-participation 

of excitation-ionization levels in the slowing down process have been 

presented by several authors; BROWN (1950) and WALSKE (1952), the 

K-shell, WALSKE (1956), the L-shell, KHANDELWAL and MERZBACHER (1966), 

the M-shell, BICHSEL (1961), (1963), all shells higher than K and L. 

A polynomial representation of the shell corrections* has been given 

by BARKAS and BERGER (1964), and theoretical formulations have been 

presented by FANO (1963), FANO and TURNER (1964) and CHOI and 

HERZBACHER (1969). 

* The low energy validity of the Barkas and Berger polynomial 

representation for protons is 8 MeV.
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The quantity I, the mean excitation energy is a rigorous and 

well defined parameter of stopping power theory which represents the 

average least energy that can be transferred to an atomically bound 

electron. From its definition [FANO (1963)] I depends only upon the 

ground- excited-state wave functions of the stopping material, and 

is a property of that material, independent of the energy or type of 

the projectile particle. Theoretical evaluation of t is, however, 

very difficult and has been performed for only a few simple cases. 

It is directly related to ae the adjusted mean excitation energy, 

on the assumption of vanishing shell corrections in the extreme 

relativistic limit, 

f 
ln Ca = Int) 4 L3 c,/2| ae 

Parametric expressions due to BLOCH (1933) and BRANT (1956) (1958) 

predict the correct trend of Tad as a function of atomic number but 

do not give very accurate results. The most extensively used 

formulation is that presented by STERNHEIMER (1966), 

ed) 
I = 25 (9.76 + 58.825 ) eee cccee (25) 
adj 

Equation (25) has been found to give good agreement with experimental 

data when Zz is greater than 10. Values of pad used by several authors 

are presented in Figure 35, A departure from the general trend occurs 

for elements having atomic numbers between 20 and 42, GREEN et al. (1955) 

and BURKIG and MacKENZIE (1957) have observed deviations of Taj 

from a smooth dependence on atomic number. The elements calcium, 

vanadium, thorium and the noble gases appear to be anomalous. 

ANDERSIN et al.(1969)have suggested that the ratio between Taj and 

atomic number is not a monotonically increasing function of atomic 
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number but exhibits an oscillatory dependence. 

As a projectile ion slows down in matter and approaches velocities 

comparable to the orbital velocity of an orbital electron the 

probability of electron capture greatly exceeds the loss probability. 

For 8 > 0.04 23 the net charge of the particle is therefore less 

than the nuclear charge. The cross-sections for electron loss and 

capture have been determined by KANNER (1951) and HALL (1956). The 

effective charge of an ion at a given velocity may be obtained from 

the empirical relationship of BARKAS (1963), 

i -2/3 

2 = a 2 - exp (“12582 ) ] 

By inclusion of the shell correction terms and the concept of effective 

charge the Bethe formulation given in Equation (24) may be considered 
1/3 

to be valid for projectile velocities such that 6.7 0.0046 Zy and 

and is therefore applicable for proton energies in excess of 0.01 MeV. 

LINDHARD et al. (1961) (1963) have developed the only generally 

1/3 

1 » 
useful theory valid at low projectile velocities (O< 8 <0.0046Z 

The theory is expressed in dimensionless units and is based on a 

proposal first discussed by BOHR (1948) who suggested that the 

"electronic" and "nuclear" components of the stopping power may be 

calculated separately and then added together, The unit corresponding 

to distance is 
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with 

13, 2/3 =i 2 
2 ) 

ar 2 
a = 0.8853 ay (2, vA 

where a, is the first Bohr radius for hydrogen (5.29 . 107! n), AD 

Zz and R are the mass, charge and range of the projectile ion, 

respectively, Ay» 25 and N are the mass, charge and atom density of 

the stopping medium respectively. The unit corresponding to distance 

is 

  

€ 
ZZ Pie ee = oierene Ce a) 

: An 
@ = 1.84 . 1076 2, ( Ze) 

e 2 12 A, +A 

where e is the specific energy (joule. kee 

The electronic stopping power is given by 

de E- 1/2 
( #2) Tage 

e 

where K is a constant defined by 

sasha 1 fge ae K= 8.077 .107 § |—=——-~—____ ——— 
b)8 says 3/2 1/2 
cea) Ape) 

and Eis approximately Ze The nuclear component of the stopping 

power was not expressed in closed form by Lindhard et al., but was 

presented graphically in the dimensionless units of Equations (26) 

and (27) as a universal curve valid for all projectile ions and 

stopping media. An analytical expression for this curve has been 

obtained by STEWARD (1968), who presented the stopping power in the 
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dE dE dE 2 a 
R -(#) + (e) (joule.m ) 

where 

dE ~28 1.207 i 2/3mee aye 1/2, = 
Ga 7.794 x 10 eS 2, ze + a e / (joule.m ~) 

    

and 

az) s 1/2 - 50.277 : =1 
(z = c. € exp [ 3947.1 (c) e) | (joule.m ~) 

with 

2 3/2 1/2 -3/4 
A Zeke 

CG. = 4.365 x 10 7°N ( me ) ( eee ae + ae 
8 tena 2 A2 

and 

  

' BED Pe 2st ays Na Me c, -( ae) (4, +4) ( +25 ) 

When there is more than one atomic component to the stopping medium, 

as in mixtures and compounds, it is usual to assume that the stopping 

power of each component acts independently and is thus additive to 

that of the others (Bragg's Rule ). At low ion velocities the 

use of Bragg's rule may not be valid. As projectile velocity decreases 

the more tightly bound inner electron shells of the atoms of the 

stopping medium contribute less to the stopping precess than the more 

loosely bound valence shell. In chemical bonding the energy of the 

valence shell is modified and departure from strict additivity would 

therefore be expected primarily at low ion velocities, particularly, 

* F 
Note, Steward presented the equations in C.E.S, units. The 

conversion to M.K.S. units has been made by the author.
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for hydrogen compounds. Experimental studies by THOMPSON (1952) 

for high energy protons (200 MeV to 340 MeV) have shown that deviations 

from strict additivity are 2 per cent, or less, for low 2, compounds 

containing hydrogen. As Z,is increased the deviation decreases rapidly 

and is negligible above chlorine. B EWERS and FLACK (1968) found that 

for 1 MeV protons the stopping powers of sixteen different fluorine 

compounds (some containing hydrogen) deviated from Bragg's rule by 

less than 2 per cent. The validity of the additivity rate for gases 

has been established by REYNOLDS et al. (1953), for proton energies 

above 0.2 MeV, with the exception of nitrous oxide which had a stopping 

power approximately 4 per cent higher than expected assuming 

additivity. For mixtures of elements there are no binding effects and 

the additivity rule should be strictly correct. 

The mean pathlength may be obtained by numerical integration of the 

stopping power; 

Ei 
-1 

P (E;) ay, (dE/dx) dE 
° 

Unfortunately stopping power cross-sections have not been measured 

at low projectile velocities and there is some doubt as to the 

reliability with which they can be calculated, Published pathlength 

data therefore involves a normalization of the type 3 

E; 
1 

P (B,) =? @y) + [ (awax”! ae 
EN 

where P G;) is the total mean pathlength of ions of initial energy 

Es and P (Ey) is the pathlength at energy aT The mean pathlength 

at Ey is obtained from experimental data and the mean pathlength for 

all higher energies normalized to this value. The pathlength at high
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energy has a small dependence on the value selected at the 

normalization energy; at lower energies a significant error may be 

introduced, 

The range of an ion in an absorbing medium is somewhat shorter 

than the pathlength as measured from the original angle of incidence 

into the medium, because the ion undergoes multiple scattering. In 

general corrections for multiple scattering increase with Zy and, for a 

given ion, decrease with increasing energy. A discussion of the 

theory of multiple scattering is beyond the scope of the present work. 

Detailed descriptions of the corrections may be found in the literature, 

LEWIS (1950), YANG (1951), MATHER and SEGRE (1951), BICHSEL and UEHLING 

(1960), BARKAS and VON FRIESEN (1961), SCOTT (1963), BERGE (1963), 

BERGER and SELTZER (1964), JANNI (1966), TSCHALAR and BICHSEL (1967), 

(1968), EASTHAM (1975). 

Published stopping power and range data is legion. The author 

has concentrated on the more comprehensive data sets and compared them 

for a series of eight elements with atomic numbers from 2, = 4 to 

Zo = 79. Chromium and calcium fluoride data was included as these 

target media are of interest in the present work. Only a brief 

description of the procedures employed in the generation of the data 

sets is given as more detailed information can be obtained from the 

cited references. 

Stopping power data was calculated by the author using the Bethe 

formulation [Equation (24) ] but neglecting the shell correction, 

polarization effect and charge reduction terms. The inclusion of
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shell corrections was accomplished using the computer programme "KINK" 

developed by CLARKE (1974) who has derived inner shell correction 

terms by fitting functional equations to the data of FANO et al.(1964). 

The tabulation of WILLIAMSON et al.(1962) includes stopping power 

and range data for proton, deuteron, helium-3 and alpha particle 

projectile ions in thirty seven elemental target media with atomic 

numbers from Zo = 1 to Zo = 92, The tables cover the energy range 

0.05 MeV to 100 MeV and are based on an empirical modification of the 

Bethe formulation whichasymptotically approaches the Bethe form at 

high energy. 

A comprehensive tabulation for one hundred and three projectile 

ion types in twenty-four target media has been presented by NORTHCLIFFE 

and SCHILLING(1970), derived from a series of "master" curves for 

various ions in aluminium, Theoretical and empirical formulations and 

experimental data, were used to generate stopping power and range data 

for other target media and projectile ions relative to the aluminium 

master curves. The tables are limited to the specific energy region 

0.0125 MeV/amu to 12 MeV/amu. 

An extensive tabulation of proton stopping power, pathlength, 

range, multiple scattering and pathlength straggling in seventy-four 

target media has been produced by JANNI (1966). Values of energy loss 

between 0.1 MeV and 1.0 MeV were obtained by smoothing and interpolating 

experimental data. For energies from 1.0 MeV to 1000 MeV the Bethe 

formulation was usual. Pathlengths were obtained by numerical 

integration of the stopping power and norm ized to experimental data 

at 0.1 MeV. Multiple Coulomb scattering theory was used to calculate 

 



7 

ranges. 

STEWARD (1968) has developed a method for calculating stopping 

power and range data for any heavy ion of specific energy 

0,01 < E/A) < 500 MeV/amu incident on any nongaseous target medium. 

The method has been incorporated into a computer programie’. For 

projectile ions with Zz, < 10 at low energy (e€ <10 MeV/amu) the 

programme uses experimental data. For projectile ions with Z> 10 

the stopping power theory of Lindhard et al. is adjusted to fission 

product data at low energy; at intermediate energies charge-state 

data developed from argon range-energy data in aluminium is extended 

to other projectile ions and target media. The Bethe formulation is 

used in all cases for projectile velocities such that 1378>32). 

The experimental data of ANDERSEN et al. (1967), (1968), (1969) 

has been included in the comparison because of the high accuracy 

(0.3 per cent) claimed for the data set, Data obtained by GORODETSKY 

et al.(1967) was also considered as one of the most recent experimental 

determinations of proton stopping power in calcium fluoride. 

Stopping power data for cited authors is presented in Figures 36 

to 44. Between 1 MeV and 10 MeV the curves, in general, converge as 

all data sets essentially use the Bethe formulation in this energy 

region. Below 1 MeV, however, the data sets diverge, maximum 

divergence occurring at approximately 0.1 MeV. 

* : 
Note: Data presented here was produced by a version of Steward's 

programme modified by the author.
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The best overall agreement is found in the data for aluminium 

(Figure 38) which has long been established as a reference and 

normalization standard for stopping power data. 

The curves generated by the author illustrate the failure of the 

simplified Bethe formulation at low projectile velocities, particularly 

for elements with high atomic numbers. Essentially similar qualifications 

apply to the data produced by the computer programme "KINK". The 

anomalously high values obtained for chromium in the energy region 

1 MeV to 3 MeV (Figure 39) are not clearly understood. The 

discrepancy may in part be due to the use of Jannis' value for the 

adjusted ionization energy for chromium (224.4 eV) which is approximately 

13 per cent lower than the value used by other authors (256.9 eV). 

The data of WILLIAMSON et al. is generally lower than other 

data sets in the energy region 0.1 MeV to 1 MeV and higher than other 

data sets below 0.1 MeV. Their low energy data for silver (Figure 41) 

appears to be particularly in error. 

The data of Janni is in general agreement with other data sets for 

proton energies in excess of 0.5 MeV. For lower energies it gives 

high values of stopping power, particularly for chromium, silver and 

calcium fluoride (Figures 39,41 and 44 respectively), A discontinuity 

in the tantalum data at 1 MeV (Figure 42) indicates incorrect 

normalization of the high energy Bethe formulation to experimental 

data used at lower energies. 

The most consistent of the data sets investigated are those of 

Steward and Northcliffe and Schilling, as only for light elements does 
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any serious conflict arise. Steward's data includes both electronic 

and nuclear contributions to the total stopping power and is 

therefore higher at low energies than the purely electronic stopping 

power data of Northcliffe and Schilling. A slight inflection, at 0.5 MeV, 

may be seen in a number of the curves taken from Northcliffe and 

Schilling’. The tabulation was produced by fitting the energies above 

0.5 MeV and those below 0.5 MeV separately, using general second order 

polynomials, 0.5 MeV being used as an end point of both fits. The 

snooth curves presented here were obtained by fitting general cubic 

polynomials to the tabulated points. The inflection therefore indicates 

that Northcliffe and Schilling did not match the derivatives of the 

piecewise fit at the 0.5 MeV end point. Inflections were also observed 

in curves fitted to Steward's data for energies in the region 0.4 MeV and 

0.7 MeV. It is considered that this reflects a similar missmatch of 

derivative values or a normalization error in Steward's data in the 

transition region between the Lindhard et al. theory and the Bethe 

formulation. 

The experimental data of Gorodetsky et al. tends to follow the 

Janni tabulation. The accuracy of the data is not, however, sufficient 

to resolve differences among data sets. Within the resolution of the 

curves the data of Andersen et al. is in agreement with all data sets. 

The data of Northcliffe and Schilling has been selected as an 

1 ® 
Note : The more serious cases have been "smoothed". 
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arbitra ry comparison standard. Deviations from this standard have 

been expressed as percentage differences at common tabulated data points. 

The energy regions 0.1 MeV to 1 MeV and 1 MeV to 10 MeV have been 

considered separately in order to accommodate the wide scatter of 

results, As this mode of display necessarily produces a large number 

of similar curves they are presented in Appendix I]. The one per cent 

confidence interval for the Northcliffe and Schilling data is indicated 

on the figures by broken lines. Northcliffe and Schilling do not claim 

an overall accuracy of one per cent for their data and make no estimate 

of the reliability of their proton data * | Error bars associated with 

points in the percentage difference plots are a combination of the 

errors attributed by the authors of the individual data sets and a one 

per cent error assumed for the data of Northcliffe and Schilling. 

In the energy region 0.1 MeV to 1.0 MeV no clear or systematic 

differences are evident. The energy region 1 MeV to 10 MeV, however, 

reveals a number of significant features. In general, the data of 

Northcliffe and Schilling represent an average of all other data sets 

taken as a whole. The apparent exception of chromium (Figure 13, 

Appendix II) is not necessarily significant as data for chromium is 

not included in the Northcliffe and Schilling tabulation and has been 

generated by interpolation from their data for other elements. In 

the energy region of 5 MeV to 10 MeV data for the simple Bethe 

* tae 
Note : The one per cent level is possibly a lower limit as 

Northcliffe and Schilling claim to have fitted the aluminium master 

curves to within this accuracy.
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formulation oscillates in unison with all other data sets about the 

Northcliffe and Schilling values. In this energy region the Bethe 

formulation yields a simple monotonically decreasing function and the 

observed oscillation must therefore be a feature of the Northcliffe 

and Schilling data. It is also significant that, in the same energy 

region, mutual agreement among the data sets of Williamson et al., 

Janni and Andersen et al.sis much better than the agreement between 

any one of the data sets and the Northcliffe and Schilling tabulation. 

The range data has been treated in a similar manner and is 

presented in Appendix ITI. In cases where no data exists in the 

tabulation of Northcliffe and Schilling the data of Steward has been 

chosen as a comparison standard. 

In the energy region 0.1 MeV to 1 MeV the data of Steward and 

Northcliffe and Schilling generally agree to within 5 per cent. 

Beryllium and carbon (Figures 10 and 11, Appendix IT) are notable 

exceptions as the disparity in stopping power data for these two 

elements is reflected in the range data. For beryllium, Steward's 

data is greater than Northcliffe and Schilling by 31 per cent at 

0.1 MeV and 10 per cent at 1 MeV. The corresponding values for 

carbon are 7 per cent and 18 per cent, respectively. Janni and 

Williamson et al. ,deviate from Northcliffe and Schilling by 

approximately 12 per cent in the energy region 0.5 MeV to 1.0 MeV 

but yield substantially shorter ranges at lower energies (approximately 

15 to 35 per cent shorter at 0.1 MeV ). 

In the energy region 1 MeV to 10 MeV Steward and Northcliffe 

and Schilling are in general agreement to within 2 per cent. The



by 
emndtaz 

 
 

  

       

1 

N
O
S
K
E
I
T
I
I
A
 

A 

A
x
z
1
3
0
0
9
0
9
 

1 

INNEr 

GuvnaiS 
S 

SQTYON 
14 

WALD 
Iwo 

NI 
SNOLOYd 

Y¥Os 
SYSMOd 

9 | 
v Nidd 

0 LS 

OE 

ZxXWI/HO/ABN INO ONT ddOLS 

OOr 00S 

  

003  



76 

poor agreement between the sets for beryllium and carbon is still 

apparent, however, at the lower end of the interval. Janni and 

Williamson et al., are generally within 4 per cent of the Northcliffe 

and Schilling values except at 1 MeV for silver (Figure 24, Appendix 

TTI) where the Williamson et al data is high by approximately 15 

per cent and gold (Figure 26, Appendix III) where the data of Janni is 

low by approximately 9 per cent, For aluminium (Figure 21, Appendix 

Id) all data sets are consistent to within 1.5 per cent. 

Since the above comparison was undertaken a very comprehensive 

method of calculating stopping power and range data has been made 

available. This is the FORTRAN IV computer programme "SPAR" 

developed by ARMSTRONG and CHADLER (1973), (1974) at the Oak Ridge 

National Laboratory. 

SPAR is designed to calculate stopping powers and ranges for heavy 

ions in any nongaseous medium at energies from zero to several hundred 

GeV. Different computational procedures are used for each of the three 

212) (8,24) regions. At high energies (8 > 0.072, the Bethe theory 

with shell and density effect corrections is employed. At intermediate 

1/3 2/3. 
energies (0.0046 a B ¢ 0.072, ), an empirical expression due 

to BARKAS (1963) is used, and at low energies (0 < 8 < 0.0046 a 

the theory of Lindhard et al. . In all cases stopping powers are 

computed using the continuous slowing down approximation and ranges are 

zi . x 
obtained by numerical integration of the stopping power. 

Stopping power data from the SPAR code is presented in Figures 

45 to 53. The data of Northcliffe and Schilling is included for 

*Note : The SPAR code has not been extensively tested by Armstrong 

and Chadler.
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comparison. The main differences between the data sets occur for 

energies of approximately 0.1 MeV, particularly for beryllium, 

chromium and silver. Corresponding percentage difference plots are 

presented in Appendix IV and are limited to the energy interval 

0.1 MeV to 10 MeV. 

Compared to Northcliffe and Schilling the Spar data is, in 

general, low (by 1 to 6 per cent) at 0.1 MeV and high (by 2 to 6 per 

cent) at 1 MeV. The data sets differ by 21 per cent at 0.1 MeV for 

silver (Figure 6, Appendix TV) and by 19 per cent at 0.5 MeV for 

carbon (Figure 2 Appendix IW). 

In the energy range 1 MeV to 10 MeV agreement taken between the 

data sets is within 6 per cent. A discontinuity in the Spar stopping 

power data ss at 8 MeV is considered to arise from a change in the 

shell correction terms at this energy. For proton energies from 

1 keV to 8 MeV shell correction terms in the Spar code were chosen to 

match the ICRU(1970) stopping powers. For proton energies in excess 

of 8 MeV the shell correction was computed using an expression given 

by BARKAS and BERGER (1964). 

Range data from the Spar code is presented in Appendix ¥. No 

systematic deviation from the Northcliffe and Schilling data was 

observed. Agreement is typically of the order of 10 per cent in the 

energy region 0.1 MeV to 1 MeV except for carbon (approximately 25 per 

cent), and approximately 4 per cent in the energy region 1 MeV to 10 MeV 

* 
Note: See Appendix IV, Figures 10 to 17.
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except for carbon (5 to 12 per cent) and silver (0 to 9 per cent). 

Together with data not presented for the elements calcium, iron, 

copper and lead approximately 30 per cent of the Williamson et al. proton 

data has been considered = and approximately 16 per cent of the Janni 

tabulation. For approximately half the target media considered both 

data sets give stopping power and range values well outside the 

general consensus of opinion for proton energies below 1 MeV. 

Fifty per cent of the Northcliffe and Schilling data has been 

considered for protons incident on non gaseous target media. 

Comparisons of th type are obviously meaningless for the computer 

codes due to Steward and Armstrong and Chadler (2, < 92 on 2, « 92). 

The most serious discrepancies among these data sets occur for proton 

energies in the vi cinity of 0.1 MeV particularly for the lighter 

elements. The closest overall agreement was found between data from 

the Steward and Spar computer codes. 

Stopping power and range data is very limited for projectile 

specific energies less than 0.01 MeV/amu, CASWELL and BERGER (1972) 

have extended the Northcliffe and Schilling tabulation to specific 

energies of 1 keV/amu and the ICRU (1970) report provides some 

* 
Note : Approximately 6 per cent of their total data for five 

incident ion types. 

we 
Note: A universal range energy curve presented by BAROUCH (1968) 

is claimed to reproduce the range data of Williamson et al, over the 

whole range Z) = 2 to 82 inclusive to within an accuracy of 15 per cent.
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information for specific energies of 10 eV/amu. The Spar code is, 

however, the only general source of low energy data. 

There is no anodyne panacea for problems associated with 

stopping power and range data. For a particular projectile ion 

and target medium reference to all available data is the safest course. 

Generalized tabulations or computational procedures should be 

employed with some caution especially when used as a basis for 

parametric fitting or interpolation.



 



Analytical Applications 

In the context of a study of the possibilities of employing 

proton induced prompt photon emission for depth analysis preliminary 

investigations have been made to determine the extrinsic sensitivity for 

the detection of lithium, aluminium and fluorine. 

There are two principal features on which identification and 

measurement of a nuclide in a given sample can be based, the resonance 

energy and the photon eee erna The main resonance characteristics 

for the elements investigated are shown in Table 10. Smoothed 

[SAVITZKY and GOLAY (1964)] photon pulse-height spectra for these 

reactions, obtained using NaI(T1l) and Ge(Li) detectors are presented 

in Plates 6 to 8. Because of the ease with which the spectra may be 

identified and the absence of competing nuclear reactions producing 

photons in an equivalent energy band, the high detection efficiency 

of the NaI(T1l) detector has been utilized in preference to the 

superior energy resolution but lower detection efficiency of the 

Ge(Li) detector. The integrated count rate over gated regions 

of the pulse-height spectrum was used as a measure of the reaction 

rate. For lithium the region of the pulse-height spectrum 

corresponding to photon energies between 14 and 18 MeV was used. 

For aluminium only the peak at approximately 10.8 MeV due to the 992 keV 

resonance was considered. For fluorine the analyser was set to accept 

the full energy and first and second escape peaks from the 6 to 7 MeV 

photons. Thick target yield curves in the vi cinity of the 441 keV 

Li' @ Be” resonance and the 992 keV Ae Ge Sine resonance are 

shown in Figures 54 and 55, Examples of similar yield curves for



  

Photon pulse-height spectrum from the reaction 
1 z és 

F (pa, y) 0 6 at E, = 340 keV Ge(Li) 

[Expanded scale]. 

  

Photon pulse-height spectrum from the reaction 
19 16 

F(p,ay) 0 at Ey = 872 keV, Ge(Li). 

Plate 6



  

Photon pulse height spectrum from the reaction 

F!9(p,ay) of at E = 935 keV, Nal(T1). 

  

Photon pulse-height spectrum from the reaction 

19 F “(p,ay) of at E, = 1348 kev, Nal(T1). 

Plate7



  

Photon pulse-height spectrum from the reaction 
A 8 
Tip Be at Ey = 441 keV, NalI(T1). 

  

Photon pulse-height spectrum from the reaction 
7 2 

Al” (p,y) si7® at E, = 992 keV, Nal(T1). 

Plate 8



TABLE 10 

The Main Resonance Characteristics of the Nuclides Studied 

Elewent Reaction E o Et E Percentage 

a aa kev me Relative 
Intensity 

Lithium Li’ (p,y)Be® 441 6 12 14.75 37.0 
17.65 63.0 

Aluminium A177 (p,ysi?® 992 Oleiese 1.0 
ae 44.0 

2.30 1.0 
2.84 2.6 
3.10 1.0 
4.50 203 
4.62 2.3 
4.75 4.6 
5.70 0.7 
6.02 3.0 
6.30 0.7 
7.95 2.0 
9.50 <1.0 
10.30 0.7 
10.78 33.0 

Fluorine Fp ay) 0t® 340 102 24 7g 3.0 
Gage 0.5 
Ge 96.5 

872 661 4.5 7.12 8.0 
6.72 24.0 
6.13 68.0 

935 180 B16 7.12 21.0 
G02 3.0 
6.13 76.0 

1348 89 HG) Ge 31.0 
6.72 14.0 
6.13 55.0
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prominent ee (p,ay)or® resonances have already been presented. 

For a reaction from an isolated resonance on a standard thick 

target containing Cc. AE of a given nuclide, assume that Rg (Eb) 

is the integrated count per microcoulomb in an appropriate region 

of the characteristic photon spectrum for a mean incident proton 

energy Eb. If Ry (Eb) is the equivalent count rate from a given matrix 

containing Cyatons «n° of the same nuclide then, from Equation (21), 

Cy is given 

Ry (Eb) (dE/dx), 
Cy =   —. SiGe aielare\etoete) (28) 

R, (Eb) (dE/dx) . 

where the stopping powers are taken at the resonance energy. The detection 

limit for a beam intensity IyA may be arbitrarily defined as the amount of 

the nuclide, assumed to be homogeneously distributed in the sample, which 

gives a count rate equal to the background recorded by the detector in the 

corresponding energy band. If the background in this region is B counts 

per second the limiting integrated count per incident microcoulomb for the 

sample is equal to B/I, It is usual to quote detection limits with 

respect to a base matrix with a stopping power equal to that of aluminium. 

This conversion may be accomplished by multiplying Equation (28) by ane 

ratio (dE/dx) ,,/ (dE/dx), Detection limits for the experimental 

configuration used in the present work are given below, normalized to an 

aluminium base matrix. 

ELEMENT RESONANCE ENERGY DETECTION LIMIT 

(keV) (ppm) 
Lithium 441 25 

Aluminium 991 2050 

Fluorine 340 80
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For the reaction #! (p,ay)or° at Ey = 340 keV the photon emission 

yield is isotropic [KESZTHELYI et al.(1962) ]. By equating the 

observed thick target yield for this reaction with the theoretical 

prediction of Equation (21) the absolute counting efficiency of the 

system for primary photon energies from 6 to 7 MeV has been 

established as 2 per cent. 

The techniques described have been applied to the determination 

of fluorine in microcracked chromium plate. In order to reduce the 

number of possible variables all samples were plated for a constant 

total charge derived from the empirical optimum conditions for the 

production of microcracked chromium plate, which are a current 

density of 2045.14 Memeo and a plating time of thirty minutes. 

Current density was varied about the optimum value and the plating 

time adjusted to maintain a constant product. Typical observed 

yield curves are shown in Figures 56 and 57 taken using incident 

Hy and iH, ion beams respectively. The data indicates a high fluorine 

concentration in the surface region of the sample and a lower 

homogeneous distribution at depth. 

For the purpose of analysis the yield curve is assumed to consist 

of a thick target component, arising from a homogeneous fluorine 

concentration throughout the sample, on which is superimposed a thin 

target component arising from an additional fluorine concentration in 

a surface region of effective thickness & . For the model chosen the 

observed yield curve is a function of the variables Eo T, n and & and 

the bulk to surface component intensity ratio Th: Analytical 

determinations are usually performed in the vi cinity of a given 

resonance with a given incident beam energy dispersion, It is
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normally sufficient therefore to consider the variation of observed 

yield as a function of the variables & and TR for fixed values of 

Eo T and n. Simulated yield curves are presented in Figures 58 and 

59 for € = 0.5 keV and € = 5.0 keV respectively, ES = 340 keV, 

T = 2.4 keV, n = 2.3 keV and I, values from 0,25 to 1.0. The most 

significant feature of the curves is the enhancement of the surface 

yield due to the thick target substrate. For given values of €,!, Ey 

and n the surface yield enhancement may be expressed, in terms of 

experimental observables, as a function of the ratio of maximum 

surface yield to the bulk yield at an arbitrarily defined energy. 

Enhancement factors for several values of — are presented in Figure 60 

for values of EQ? and n as given above and a bulk normalization 

energy of 380 keV. 

In the evaluation of analytical thin target data the effective 

target thickness € must be known in order to determine the 

concentration. The only criterion generally available for the estimation 

of Eis the FWHM of the observed yield curve. When ~ is large 

compared to I and n, and therefore dominates the observed FWHM, this 

presents no real difficulty. A non-trivial problem arises, however, 

when € is small compared to T and n. Under these conditions, as 

established in Chapter III, the observed FWHM is insensitive with 

respect to effective target thickness. This insensitivity is 

reflected in a large relative uncertainty in the evaluation of & 

obtained by data fitting techniques or from parametric curves of the 

type shown in Figures 15 and 16. For the assumed model and for Ih 

ratios of approximately 0.1 the FWHM of the surface peak may be 

obtained to within an accuracy of two per cent by reflection of the 

low energy data about the maximum yield the location of which is 

relatively insensitive to the presence of the substrate, I, ratios of
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this order are typical of those observed in the present work. For 

larger I, ratios, however, this procedure over estimates the FWHM 

by as much as 20 per cent. Once € has been established the maximum 

integrated count per incident microcouiomb for the surface region may 

be corrected for substrate enhancement and used to evaluate the 

surface number density of the relevant nuclide. 

TE Ry max (&) is the maximum integrated count per microcoulomb in an 

appropriate region of the characteristic photon spectrum for a surface 

region of effective thickness — corrected for substrate enhancement, 

and R, (Eb) is the corresponding integrated count from a standard 

thick target at a mean incident proton energy Eb, 

R, b) 67d) 
  

Ry max (6) 4, max (&) 

where $s, max (§) and 4, (Eb) are defined by Equations (20) and (21) 

respectively and may be partially evaluated for a given T, n and & . 

The surface number density cy is given by the expression 

  

' max (&) (dE/dx) K Rss a ole eS ele ust. (29 ) 
. (dB /ax) , Ky 5 

where K, and &y are constants for a given I, n and & and all other 

terms have been defined previously, 

The corresponding bulk yield enhancement due to the presence of 

the surface region has been treated in a similar manner and is presented 

in Figure 61. It is considerably less significant than surface yield 

enhancement and may generally be neglected except for large values of
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& and small values of Ie The bulk fluorine concentration may, 

therefore, be obtained from Equation (28). 

The need to consider only relative stopping power in the evaluation of 

Equation (28) and (29) was found to be particularly advantageous for the 

case of a chromium base matrix and a calcium fluoride standard. Although 

absolute stopping power data for these target media is at variance by 

approximately 10 to 30 per cent in the energy region considered, 

relative stopping power data is consistent to within 2 per cent. The 

relative stopping powers used in the evaluation of the data from 

chromium plate samples are given below. 

R3u0 = 1,60 + 0.03 

derived from a weighted average of BADER et al(1956), WILLIAMSON et al. 

(1966) and the computer codes due to STEWARD (1966) and ARMSTRONG and 

CHADLER (1973). 

Req0* 1.68 + 0.03 

derived from a weighted average of WILLIAMSON et al.(1966) and the 

computer codes due to STEWARD and ARMSTRONG and CHADLER (1973). 

Analytical determinations were performed using molecular hydrogen 

, 2 19 16 3 
ion beams because the resonances in the F (p,ay)O reaction 

cross-section considered most suitable were not within the mass~one 

capabilities of the Dynamitron accelerator, The large effective 

energy dispersion of molecular hydrogen ion beams renders them 

unsuitable for analytical work on thin targets although their use to 

measure bulk concentrations presents no serious difficulty. The 

only resonances in the #? Geary) Oe” reaction cross-section appropriate



86 

for analytical investigation of targets of small effective width that 

could be observed using the proton beam of the Radiation Centre 

Dynamitron occur at E, = 1090 keV (T=0.7 keV, a 13m b) and Ey = 1140 keV 

(T= 2.5 kev, c= 15 mb). The greatly reduced cross-sections for 

these resonances were found to require prohibitively long counting 

periods, however, under conditions of relatively high non-sample 

fluorine yield due to contamination of the beam transport system. 

Limited proton reference data for microcracked chromium plate 

samples was obtained in the viscinity of the 872 keV resonance after 

conversion of the Dynamitron accelerator to solid state rectifiers 

and established the width of the surface region as (70 + 40). 10° “im, 

equivalent to 0.7 + 0.4 keV at 872 keV and 1.1 + 0.6 keV at 340 keV. 

For incident HS ion beams the average value for the (symmetrical) 

FWHM of the surface peak in the vi cinity of the 872 keV F9(p,ay)ol® 

resonance was 6.6 + 0.3 keV. The corresponding value in the vicinity 

of the 340 keV resonance using an incident Hy ion beam was 10.8 + 0.6 keV. 

By comparison with the data obtained for standard thin targets using 

incident i and Hy molecular hydrogen ion beams, discussed in 

Chapter IV, the data obtained for microcracked chromium plate samples 

under similar conditions is considered to be consistent with a value 

of (70 + 40).10° “ym for the width of the surface region. 

The corrected surface yield for all samples was found to be 

constant to within 5 per cent in the vicinity of a given resonance, 

independent of plating conditions or lateral position on the sample, 

This is taken to indicate that the effective width of the surface 

region for all samples studied (approximately forty) is constant to 

within 5 per cent. The large uncertainty in the value for the



87 

effective width of the surface region however introduces a large 

uncertainty in the evaluation of the concentration. Under the 

conditions of measurement the maximum thin target yield, and hence 

the value of the constant Ky in Equation (29), is very sensitive 

with respect to & In contrast, the constant K, in the same 

equation is approximately independent of beam energy dispersion when 

evaluated at an energy well above the resonance energy. Thus although 

the relative yield for the surface region is known to within 5 per cent 

and the stopping power ratio to within 2 per cent the value of the 

normalizing contant K, cannot be determined to better than 30 per 

cent. The absolute surface fluorine concentration has been evaluated on 

the assumption that the width of the surface region is (70 + 40) .107 “um 

and that all contributions to observed width other than € and IT may 

be attributed to effective beam energy dispersion. The results are 

summarized below. 

INCIDENT FLUORINE NUMBER DENSITY 
PEaM (1027 ame 

td wy Sit bet 

ss af uy 3.0 + 0.9 

Hy 2.8 + 1.0 

Conditions are considerably more favourable for the evaluation 

of the bulk concentration from Equation (28 ) as no normalizing 

constants are required. The bulk fluorine concentration is presented 

in Table 11 and Figure 62 as a function of the inverse current 

density. A direct proportionality was observed independent of lateral 

position on the sample. Microcracking is normally considered to 

: Bie . =o 2 ark 
occur only for inverse current densities in the range 4.4,10 © m A



TABLE 11 

Averaged Bulk Fluorine Concentration 

in Microcracked Chromium Plate 

Inverse Current Bulk Fluorine 

Density Concentration 

(m2 .a7}) .1074 ppm 

1.63 207 + 41 

2.4 299° 4512 

3-26 370 £13 

369 489 +17 

4.37 570 + 35 

4.89 §99' & 12) 

Dbe56 685 + 11 

6.52 828 + 27 

8.15 931 +14 

* Two Data Points Rejected
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to Sho 10me m Ag Ls The data of Figure 62 covers essentially the 

entire range of inverse current densities for which it is possible to 

electrodeposit chromium onto a copper backing. We conclude, therefore, 

that the bulk fluorine concentration of microcracked chromium plate is 

independent of the presence or quality of microcracking and is simply 

inversely proportional to the rate of electrodeposition of chromium, 

DATA FROM THE ASTON VAN DE GRAAFF 

Microcracked chromium plate samples were investigated in the 

vicinity of the 340 keV  (piayOr” resonance using the proton beam 

of the 0.5 MV Aston van de Graaff. Insulation breakdown restricted 

the maximum incident energy to approximately 420 keV. 

Figure 63 shows a yield curve obtained using the accelerator 

control system described by CRUMPTON (1967) and the target assembly 

described by VILLAITHONG(1971). A similar yield curve obtained using 

the control system and target assembly described in Chapter TI is 

shown in Figure 64. Despite a notable improvement the energy 

resolution of the modified system was not sufficient to permit accurate 

analysis of the surface region and the observed maximum yield was 

found to vary by as much as 60 per cent for samples prepared under 

similar conditions. 

A typical thick target yield curve from a calcium fluoride standard 

is shown in Figure 65 and exhibits a high plateau slope of 

approximately 10 per cent. Spectral displacement due to photomultiplier 

gain shift was eliminated as a significant cause of the high plateau 

slope by fitting the prominent first-escape and full-energy peaks of the
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characteristic photon pulse-height spectrum, Fitting was accomplished 

using the computer programme "DOGS" [GRIFFITHS (1973) ] which employs 

the procedures developed by MARISCOTTI (1967). All yield curves taken 

with the NaI(T1) detector were found to exhibit the same high plateau 

shape independent of the orientation of the principe! axis of the 

detector with respect to the mass~analyser. A high plateau slope was 

not, however, a feature of yield curves taken using a Ge(Li) detector. 

A typical example is shown in Figure 66 and conforms closely to the 

expected form. The phenomenon was not investigated further as the 

experimental programme was transferred to the Radiation Centre 

Dynamitron. 

Data for both thin and thick standard targets indicated that 

beam energy dispersion at the target was a function of accelerator 

conditions but was typically in the region of 4 to 5 keV. The 

average value for the FWHM of the surface peak from microcracked 

chromium plate samples of 5.6 + 0.3 keV is therefore considered to 

be consistent with data obtained on the Radiation Centre Dynamitron. 

The bulk fluorine concentration of microcracked chromium samples 

derived from data obtained on the Aston Van de Graaff is in agreement 

with that obtained on the Radiation Centre Dynamitron to within 4 

per cent,
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The Deconvolution of Analytical Yield Curves 

The objective of prompt nuclear analysis is the determination of 

an unknown but desired concentration profile from an experimentally 

observed yield curve for a known reaction cross-section. The interaction 

of these three distributions is a superposition problem [ SPENCER (1939), 

(1949) ] involving the yield profile, h(s), as the convolution of the 

concentration profile, g(s), and the reaction cross-section, f(s). In 

terms of the auxiliary variable u, the conyolution of two integratable 

functions is defined by 

T(5) Perret On gen fi | £(s-u) g(u) du 

i | £(u) g(s-n) du seesgeecese (30) 

where it is assumed that the base domain of integration is the whole 

of s- space.* Assuming a knowledge of the other two functions the 

determination of the concentration profile is a mathematical problem 

involving the solution of the integral equation relating them. 

In resonance reaction studies the conditions of measurement impose 

the constraint that the observed yield curve is discrete rather than 

continuous. For any point, Y(Eb), on the observed yield curve the 

integrated count over an appropriate region of the characteristic photon 

* If s is a one dimensional variable, Equation (30) is termed folding 

and h(s) is said to be the fold of f(s) with g(s).
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pulse-height spectrum from a reaction on a given nuclide induced by a 

charged particle beam of mean incident energy Eb, may be rigorously 

defined by the expression, 

= EL, © 

Yb) = a, oT * / j g(Hb,E,) £08, E,x) 0 (E,0 ) C(x) aRAE, dx, . (31) 

=o E=0 BE, = ee oo 

where 

C(x) = the concentration profile of the nuclide 

g(&b ,E,) dE, = the probability of a particle in the incident 

beam of mean energy Eb having an energy in the 

interval E, to E, + dey 

£(E, ,E,x) de = the probability of a particle incident at an 

energy E) haying an energy in the interyal 

E to E + dE at a depth x in the target 

o(E,0 ) = the reaction cross-section at an energy E with 

the emission of photon radiation in the direction 9 

t = the total pathlength of the incident beam 

J = the number of incident particles 

By = the detection efficiency 

2 = the geometrical efficiency 

ap = the attenuation factor for the incident particle 

determined by the probability of scattering, or 

reaction, before the pathlength t is reached 

In order to consider the solution of this equation the effects of 

incident beam energy dispersion and charged particle straggling will 

be ignored, as will the attenuation of the incident beam and the 

difference between range and pathlength. It is further assumed that
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the observed yields are normalized to comparison standards for unit 

incident charge so that J,T ,2 and the differential form of the reaction 

cross-section need not be known. Under these approximations Equation (31) 

may be expressed as an integral equation of the Volterra form 

Ep 
y(Bp) = K [owes (2) Gite) an “ndccalele meee ee ed 

° Ss 

where Ep is the incident particle energy and K is a normalizing constant. 

Two methods of approach are possible for the solution of equations of 

this form, convolution and deconyolution. 

In the analysis of prompt nuclear reaction data convolution is the 

more popular of the two methods and has been used extensively [PALMER 

(1965), OLLERHEAD et al.(1966), DERRY et al. (1971) , CHEMIN et al.(1971), 

BARNES et al.(1973),PRONKO AND PRONKO (1973), CALVERT et al. (1974), 

WISE et al. (1974) is An interesting application of successive 

convolution has been developed by ERGUN (1967) for the analysis of 

X-ray data. 

The technique of deconyolution has not, however, been extensively 

applied to the analysis of prompt nuclear reaction studies. The 

advent of the fast Fourier transform algorithm [coonEy and TUKEY (1965), 

COOLEY et al. (1969) ] has greatly extended the implementation of 

Fourier methods on digital computers and has led to a resurgence of 

interest in the use of harmonic analysis [STOKES (1948) , PATERSON 

(1950), DAVIS and HERD (1969), INOUYE et al. (1969) ] for the deconvolution 

of charged particle pulse-height spectra [ztEGLER and BAGLIN (1970), 

ZIEGLER et al. (1972) J . Relatively little information has been 

published on the application of deconvolution techniques to nuclear
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analysis based on the detection of prompt photon emission [MSLLER and 

STARFELT (1967) ,PORTE et al. (1973), THOMAS and GREA (1975) ] . 

The resolution of Equation (32) for different incident particle 

energies E,, E, teseeeee ED is possible only for discrete summation 

with, for example, at an energy EB) 

¥(E,) =K [ 1 (2) Cc (2) & + | owl ax), (B) db + ccreeeeee 

AE AB, 

() Sete a? «| o(e)\Se/ ¢ () az | 

a 

AE. 
n 

such that 

n 
AE, =% AE 
pee 

For the elaboration of such a system it is assumed that all elements 

AE are equal and that C(E) and (dx/dE) are close enough to constant 

on any element, therefore 

¥(E)) = K[ cay, + Capa t oceeeee + a 

I 

—
 

Q ES S X . aQ
 

ni » “ S e “2 
a
e
 i v 3 a
e
 

Y(E,) = K 

ey me «(oa acoso) ee = C.45n| 

with 

dx 
a -(&) / o(E) dE 

z ae AE,
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ox in matrix notation 

Y = KAC vemjnais soa (O30) 

where A represents a square matrix of order n and Y and C vectors of 

order n. Expression (33) is a set of n linear equations in n unknowns 

(the concentrations, Cyr = 1,n) and may be solved by the methods 

of linear algebra. 

The major component of the Breit-Wigner function is strongly 

localized in the vicinity of the resonance energy. An adequate 

description of the Volterra integral equation containing this function 

is therefore possible in discretized form only for small incremental 

elements AE. If the limits of integration are represented by the full 

range of the incident particle the use of small energy increments 

soe the solution of a high order system of equations (n ~ 200). 

A system of this order must be considered prohibitively expensive in 

terms of both data acquisition and computer time required for its 

solution. For the reaction F)? (p,ay)or® at E, = 340 kev (used as a 

basis for an investigation of the technique of deconvolution) 95.3 per 

cent of the total integrated cross-section is contained within the 

energy interval 340 +t 16 keV. A maximum of error of less than 5 per 

cent is therefore entailed by neglecting the contribution to observed 

yield for proton energies outside this energy interval. Under this 

approximation the system order may be reduced to n % 20. 

It has been established (Chapter III) that the convolution 

integral of a Breit-Wigner is well conditioned with respect to the 

form of the convoluting: function. It follows, therefore, that such 

integrals are ill-conditioned with respect to the reverse process of
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deconvolution, It is characteristic of ill-conditioned equations that 

small percentage changes in the coefficients may lead to large 

percentage errors in the solution. A direct consequence of this. property 

is that Equations (33) produce wildly oscillating solutions for 

arbitrary incident particle energies. The subject of ill-conditioning 

must therefore be considered in some detail. 

In the error analysis of matrix computations the use of matrix and 

vector norms (either implicitly or explicitly) is unavoidable. For 

the general n x n system of equations denoted by 

Ax = b 

the L(2) or Euclidean norms of the vectors x and b are defined by 

pea =[atat?] 
i 

[ zh, |? i i 

" [el 

and are consistent with the Shur or Frobinius matrix norm defined by 

Wate=[2 la, 12] 7 
13 

If the exact solution of Ax = b is denoted by Xe then for perturbations 

6b in the right hand side 

A(x, + 6x) = b+ 6b , 8x = An} 6b 

For any consistent matrix and vector norms 

Hb] < Wall W xgll : ll sx) <|fa7l lebll 

eT at pial) cy bil Zbl) -e-eeese-» ta) 
Ix, |
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giving an upper bound for the relative change in xX in terms of the 

relative change in b. The effect of perturbations in A is more 

complex as it is possible for A + 6A to be singular. If A + 6A 

is non-singular it may be shown [WILKINSON (1966)] that 

-1 
Ilex I , [avd Tabctsa 17 [la Ib wee (35) 
    

Ix. [2- AL Wall Ciealiz ally 

giving an upper bound for the relative change in x in terms of the 

relative change in A. The quantity lan? || lA || as called the 

condition number of A with respect to the norm involved. For the 

Shur or Frobinius norm this quantity is known as the spectral condition 

number of A se is usually denoted by k(A). When « is ‘large these 

will always be specific 6b and 6A for which Equations (34) and (35) 

are severe overestimates (the so-called"global" uncertainty) . 

The ill-conditioning of Equations (33) arises from the discretization 

of the Volterra integral equation and not from the presence of the 

stocastic in the recorded data. We are, therefore, concerned principally 

with the degree of ill~ conditioning of the coefficient matrix. A 

convenient measure of matrix ill-conditioning has been given by TURING 

(1948). The Turing condition numbers are defined by 

  

N(A) = k(A) 
n 

and 

2 il 
M(A) = n oF | a,,| "a | ay; ! 

=1 
with n, the system order and max|a - | the largest 

+ ij 

terms in the A and A Zo matrices respectively. Turing has shown 
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that matrices formed from coefficients chosen from a random normal 

population are only slightly ill-conditioned and have N-condition 

numbers of Yn and M -condition numbers of/n In (n). The application 

of these condition numbers may be illustrated by the trivial set of 

equations 

lox + 9y = 19 

9x + By 17 

which have the exact solution x 

( 9 ) 

Oso 

has an N - condition number of /63.0 and an M-condition number of 200.0 

y = 1.0. The coefficient matrix 

compared with average values of “Yn = 1.4 and Yn In (n) = 0.98 for random 

matrices of the same order. The condition numbers reflect the fact 

that if the coefficientsin the original matrix had been 

( 10.1 =] 

9 8 

the "exact" solution would be x = 5.0, y = -3.5, so that al per cent 

change in one coefficient has altered the solutions appreciably. This 

may be considered a satisfactory example cf the application of the 

definition of ill-conditioning. It should be observed that the condition 

numbers are applicable only to inversion of a matrix, and not to 

solution of the equations by elimination. It is difficult to determine 

the accuracy of the solution of a set of equations without inverting 

the coefficient matrix. 

It is generally true that ill-conditioned matrices are ones which 

have small determinants, that is, small compared to the magnitudes of 

the coefficients. An additional test for ill-conditioning is to compute
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the determinant of the normalized matrix. 

a, 
ij 

Se a5 = ae (i = 1,n; j = 1,n) 
2 

Bla) } 
j 

If the determinant is small compared with +1, the matrix is ill- 

conditioned. The determinant of the normalized matrix may, however, 

differ greatly from the condition numbers defined above as a measure 

of ill-conditioning and is a less reliable indicator. 

Initial attempts at the solution of Equations (33) for a system 

order n = 21 yielded concentration factors * oscillating in the range 

= 1.0l= 10°. These totally useless solutions are not surprising in 

view of the condition numbers of the coefficient matrix; M(A)= 11.2 x 10” 

(average value 13.95), N(A) = 18.6 x 10! (averace value 4,58), 

det(a) = 3.16 x 10 7°. A number of other methods of discretization of 

the Volterra integral equation were investigated including the 

generation of empirical yield data outside the range of measurement, 

polynomial approximation of the integral and the use of the differential 

form of Equation (32). As no satisfactory reformulation of the problem 

could be devised which mitigated the basic ill-conditioning of the 

system it is necessary to consider what steps can be taken to improve 

*Note. The term "concentration factor" will be used to indicate 

solutions obtained ignoring the noramlising constant K in Equation 

(33). For the sake of clarity normalising constants will be omitted 

from all future equations.
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the conditioning of the coefficient matrix. 

Essentially two possibilities exist, careful preconditioning of 

the original equations in order to preserve the diagonal dominance of 

the coefficient matrix and symmetrical (and severe) truncation of the 

Breit-Wigner function about its maximum value to elliminate the near 

singularity of the coefficient matrix due to the almost linear 

dependence of some of its rows. In the particular application 

considered the system order was reduced to n = 13 to facilitate 

preconditioning and the Breit-Wigner function cut at ee + 2 kev 

(T = 2.4 keV. These measures result in a dramatic improvement in 

the conditioning of the coefficient matrix. After two or three trials 

a coefficient matrix was evolved with the condition numbers ; 

M(A) = 32.5 (average value 9.25), N(A) = 1.74 (average value 3.6), 

det (a) = 0.17. Although, in general, there is substantial agreement 

between the two measures of conditioning the M-condition number tends 

to be larger especially for diagonal or nearly diagonal matrices of 

the type pertinent to the present problem. The conditioning of the 

coefficient matrix may therefore be considered to be very good as the 

best conditioned matrices are the orthogonal ones, which have N-condition 

numbers of 1.0. 

For the above coefficient matrix the solution of Equations (33) 

presents no problem. The analytical solution may be obtained by 

premultiplying the yield vector by the inverse coefficient matrix, 

that is, 

Car Ar ey 
A typical output from the author's computer programme RANDE 1 ("Ridge 

or Analytical Deconvolution, Mark 1") is shown in Figures 67 and 68
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corresponding to an analysis of fluorine in a sample of microcracked chromium 

plate. A concentration profile for the same data is illustrated in 

Figure 69, and conforms closely to that of the model discussed in 

Chapter Vl. The bulk fluorine concentration (% 930 ppm) is in very 

good agreement with that obtained by other methods of solution (plating 

conditions 8.15 x 10 a n’.A aie The surface concentration, however, 

is low by a factor of approximately seven, a point considered in a 

later section. The enhanced values of the concentration factors for 

the first and last elements arise from the measures taken to improve 

the condition:ny of the coefficient matrix. To maintain diagonal 

dominance for the first and last rows of coefficient matrix it is 

necessary to ignore approximately one-third of the assumed cross-section 

which leads to inflated values for cy and Cus The solutions illustrated 

were derived from smoothed values [savrrzky and GOLAY (1964) ] for 

observed yield. The presence of the stocastic does not, however, 

significantly alter the solutions as indicated by the broken lines in 

Figure. 69 corresponding to solutions obtained using “raw" yield data. 

INCIDENT BEAM ENERGY DISPERSION 

The effects of incident beam energy dispersions may be considered 

by replacing the Breit-Wigner cross-section in Equation (32) with an 

"effective" reaction cross-section similar to that defined by Equation (19). 

If incident beam energy dispersion is represented by the unit-area slit- 

function, D @), (defined in Chapter ITI) the basic formulation of the 

problem is unaltered but the elements of the coefficient matrix are now 

given by 

255 -(% ; | / D(E,) o(E) dE dE 

aE, ay
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The inclusion of incident beam energy dispersion does, however, modify 

the conditioning of the coefficient matrix as indicated below. 

Beam Energy Condition Numbers 
Dispersion 

(kev) ‘ N(A) M(A) det (a) 

2.0 2.058 37.62 0.108 

4.0 5.004 89.31 1.9 x 107 

8.0 17.5 240.5 i. len om 

For 2 keV beam energy dispersion the conditioningof the coefficient 

matrix is sufficiently good to permit solution by the methods previously 

described. For 4 keV beam energy dispersion the analytical solution 

is rather poor, however, and for 8 keV beam energy dispersion* totally 

useless. The ill-conditioning could be alleviated by preconditioning 

the equations for wider energy increments, AE, and a reduced system 

Aer an In order to investigate how much useful information can be 

extracted under particularly unfavourable conditions we will consider 

alternative methods of solution of Equations (33). 

Computationally a better method of approach is to determine the 

unknown concentrations c5 (j = 1,n) from the differentiated form 

ef Equations (33) invoking the criterion of least-squares. Ina 

least squares sense the best solution is considered to be that which 

*Note. It is necessary to consider large values of beam energy 

dispersion as the data corresponds to measurements taken using an 

oe 
incident HA molecular hydrogen ion beam.
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minimizes the sum of the squared residuals defined by 

s=f Wire el Mela gC ) wre cecceeesecees cocncet se (36) 
ga\ ? ya 199 

The minimum value of S occurs when the n partial derivatives of S with 

respect to the parameters C, simultaneously vanish, that is when 
j 

S 22 f wt ac) Geo (37) 56, ate, ha ag yo ees Del 

The constraints imposed by Equations (37) form a system of n independent 

equations, known as the normal equations, which are linear in the 

parameters S and are defined by 

Zz = BC woes eee e eect ec eens sec ee ce «ee (38) 

where the elements of the column vector Z are given by 

n 

2 S12 a oo) (j = 1) 
3 et oe 

and the elements of the normal matrix B by 

n 

oS aoe (yg) + (3) ee eee 

The solution of Equations (38) is a set of parameter values 

C5 (j = 1, n) that minimizes the sum of the squared residuals, S. 

A major difficulty in the application of least squares techniques 

to the solution of ill-conditioned multivariate problems is that 

within the accuracy of the computation there is a wide range of 

coefficient values which yield essentially the same residual error S.
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A least squares solution of the Volterra equation with 8 keV beam 

energy dispersion is shown in Figures 70 to 72 and exhibits marked 

oscillation and negative concentration factors. 

The unstable solutions arise from the application of a first-degree 

measure to a high- degree quantity, namely volume and its multidimensional 

generalization. Multivariable problems have a structure entirely 

different from that of a single variable one. The difficulties 

engendered by these differences have been referred to by several 

authors as "the curse of d imensionality. Thus even if it is possible 

to reduce a multidimensional volume of uncertainty to a fixed fraction, 

this fraction would have to be extremely small before the ranges of the 

individual variables are significantly reduced. Determining a true 

set of optimum conditions in n-dimensional hyperspace is extremely 

difficult. A close practical approximation to the optimum may, however, 

be obtained using the technique of ridge analysis. 

RIDGE ANALYSIS 

Ridge analysis has been discussed in detail by HOERL (1959), (1962), 

WILDE (1964) and WILDE and BEIGHTLER (1967). Its application to the 

enhancement of electron probe resolution has been considered by 

RAPPERPORT (1969). The technique has not been previously applied to 

the problem under investigation. The basis of ridge analysis is the 

inclusion of an additional constraint to the least-squares solution, 

as proposed by LEVENBERG (1944), which determines how stable the 

solution is and simultaneously shows the best compromise if it is 

unstable,
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In the application of ridge analysis it is necessary to be able 

to define distances in hyperspace, To avoid dimensional inhomogeneity 

it is necessary to apply suitable transformations to the independent 

variables to remove their physical units. In the following discussion 

it will be assumed that this transformation has been made by dividing 

by a unit constant of the appropriate dimensions. 

For a problem in n variables it is possible to characterize all 

values of the residual error, S, in n-dimensional hyperspace. For 

given values of the dependent variable, S, all possible values of the 

independent variables, Sip are defined by hypercontours in the 

given hyperspace. Ridge analysis investigates the maximum and minimum 

values of S on n-dimensional spheres of various radii centred on the 

origin, These maximum and minimum values when plotted against their 

distance from the origin define the so-called ridges of the function. 

The distance from the origin is known as the radius of interest, R, and 

is given by the root sum of squares of the coefficients, that is, 

= 2 R= fic Save One ones «es Swe sst wan Cle) 
j=1C 3 

It has been established [HOERL (1959)] that simultaneous minimization 

of S and R produces the most stable solution to ill-conditioned problems. 

Computationally the ridge values are determined from Equations (38) 

by introducing the dummy parameter A, 

Zo = (Be AG oe eee eee ee (40) 

In this respect it is necessary to introduce the concept of eigenvalue 

[ WILKINSON (1965)]. By definition an eigenvalue is a value of which
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makes the determinant of a matrix equal to zero, that is, 

|(-an| =o pace hal)    

where I is an identity matrix of the same order as B. Equation (41) 

is known as the characteristic equation of B and is of degree n in A. 

A maximum likelihood solution for ridge analysis has not been 

theoretically derived. It has been established, however, [ HOERL (1959) ] 

that the minimum ridge is defined by a } value less than the minimum 

eigenvalue of the normal matrix. The ridge solution corresponds to 

the point on the curve of residual error against radius where the 

residual error is increasing rapidly. 

In the practical application of ridge analysis a preliminary 

investigation is made to determine the eigenvalues of the normal matrix 

using Equation (41). ‘The normal matrix is then augmented by a i 

value less than the minimum eigenvalue and the solutions, Cyr determined 

by premultiplying the vector Z by the inverse augmented normal matrix. 

Once the solutions have been determined S and R may be calculated from 

Equations (36) and (39). The process is repeated for different assumed 

values of A(less than the minimum eigenvalue) until the optimum solution 

is located. This may be obtained either visually, from a plot of 

residual error against radius, or by computing the maximum of the 

second derivative of the root sum of squares error, s%, with respect 

to the radius, R, by successive evaluation for various values of i, 

using the expression given by HOERL (1962), 

a? (s¥) a Pp - (ar)2/s 
2 ¥ 3; 

dR s
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where 

2 
. * = Rm = + is 

Cc (B - AI) “C 

B = the normal matrix 

(B- ye = the inverse of the normal matrix augmented 

by the A value selected 

cr 

= the transpose (a row vector) of the column 

vector of solution values 

and all other terms have been defined previously. 

The shape of the ridge determines how sensitive the solution is 

relative to the available data and therefore determines the number of 

iterations required to locate the optimum solutions. A considerable 

saving in computation time can often be achieved by the use of 

efficient and rapidly convergent search techniques such as the "Fibonacci 

Search" or "Search by the Golden Ratio" which are discussed in detail 

by WILDE(1964). Search techniques should, however, be applied with 

some caution as many problems give rise to "dangerous ridges"[ WILDE 

(1964) ] for which most search techniques break-down completely or 

fail to converge to the correct value. It is generally advisable to 

investigate secondary ridges for S in order to guarantee the correct 

optimum. 

The ridge solution for the c se of 8 key incident beam energy 

dispersion is shown in Figures 73 and 74 and aithough far from perfect 

it is appreciably better than the corresponding least squares solution 

(Figure 72). The failure of the ridge solution (in common with all
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the methods investigated) to reproduce the surface concentration 

arises from the limited validity of the equations on which the 

solutions are based. It has been established (Chapter WI) that the 

effective width of the surface region in samples of microcracked 

chromium plate is approximately 1 keV whereas the resolution of the 

solutions discussed is approximately 4 keV. An accurate representation 

of the surface region is therefore possible only by decreasing the 

energy increment AE either by increasing the system order or reducing 

the maximum incident particle energy used in the solution. 

Although deconvolution is inherently more difficult to apply than 

the analogous technique of convolution it does offer a number of 

distinct advantages. In cases where the analytical or least squares 

solutionsare valid, once a satisfactory system of equations has been 

evolved any number of corresponding yield curves may be analysed by 

applying the same inverse matrix to each of the yield vectors. 

Deconvolution does not require a priori knowledge of the functional 

form of the concentration profile and is therefore very general in 

application. These advantages are gained, however, at the expense of 

the greater complexity of the mathematical and computational methods 

required to obtain satisfactory solutions. 

We have estabiished that difficulties encountered in the 

deconvolution of analytical yield data from prompt nuclear resonance 

reactions arise from the nature of the Breit-Wigner reaction 

cross-section and the discretization of the Volterra integral equation. 

Computational techniques have been described which alleviate the 

basic ill-conditioning of integral equations of the Volterra form and 

permit the attainment of stable solutions.
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Conclusions 

The phenomena associated with molecular hydrogen ion beams would, 

in general, render them unsuitable for the analysis of regions of small 

effective width. The marked changes in the shape of observed yield 

curves taken with molecular hydrogen ion beams due to the presence of 

beam induced contaminants could, however, be exploited to provide a 

very sensitive analy/itcal technique for the investigation of surface 

regions. 

The comparison of proton stopping power and range data has revealed 

a-‘significant lack of agreement among established data sets particularly 

for low energy protons incident on low-Z target media. The two most 

widely used data sets in analytical applications,the tabulations of 

JANNI (1966) and WILLIAMSON et al.(1966), yield stopping power and 

range data well outside the general concensus of opinion for proton 

energies of less than 1 MeV. There is, therefore, considerable scope 

for an extended and comprehensive comparison of stopping power and range 

data. 

The investigation of fluorine in samples of microcracked chromium 

plate has established a fluorine concentration of approximately 3.0 x tor! 

Scene restricted to a surface xegion of approximately 6 nm. ‘The 

surface concentration was found to be independent of plating conditions. 

The lower and homogeneous bulk fluorine concentration of the samples 

was observed to be inversely proportioned to plating current density 

but independent of the presence or quality of microcracking.
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It has been established that the convolution integral of the 

Breit-Wigner is well conditioned with respect to the form of the 

convoluting function. As a consequence of this property the technique 

of convolution does not permit a unique determination of an unknown 

concentration profile. A variety of empirical convoluting functions 

will, in general, result in a satisfactory "fit" within the accuracy 

of experimental data. 

The study of the complementary technique of deconvolution has 

established the necessary conditions for the solution of the Volterra 

integral equation, The procedures developed have general application 

to the large class of problems which yield integral equations of this 

form. A considerable extension of the present work is possible by the 

inclusion of "straggling effects" which have not been considered ‘in 

the solutions described. Alternative methods of discretization 

could also be investigated.



Appendix I 

The Convolution of a Gaussian and a Breit-Wigner



The Convolution of a Gaussian and a Breit-Wigner 

If the incident beam energy dispersion is represented by the pure 

Gaussian 

c(t) = (/en!) . exp {-cro?} 

and the reaction cross-section is of the Breit-Wigner form 

ib 
o(E) = 55 ay ee 

EB + (r/2)° 

the observed function is given by the convolution 

I(E) 2s G(E')o(E-E") dE" 

o 2 

= (2/26 ma | aiget a « exp cae) | dE 

eB (P72) : 

= (r/2en!*).t 

let 

x= (BE - E')/e 

dx= -E'/o 

therefore 

2 
T= (1h) i Sexpice:) Be ee ae 

<e yes jo 18/260" 

Making the further substitution a = E/@ , b = 1/26



and rearranging 

  

a 2 
bet = | eee. ae qa) 

2 Carex) 5 

The integral in Equation (1) is of a standard form| ABROWITZ and STEGUN 

(1965) | 

2: 

in zen Ce) dt =m Re w(x + iy) 

Get)” + y 
So 

where w(Z) is the complex error function. 

Hence using this result and substituting back for a, b and x 

: E t) T= (2n/T) . Re ( + ig 

‘therefore 

1(e) = (1/on4), Rew @ ea 1) 
8 20 

where 

w (Z) = exp (-2) . erfc (-i2Z) 

erfceZ = 1- erf Z 

1) [? 2 erf Z = (2/1?) exp (-t*) dt 
lo
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Charged Particle Straggling 

Charged particle beams are slowed down in matter by a series of 

random collisions so that the spatial and temporal distribution of 

particles can be described only in statistical terms. At any point 

in an absorber there is a distribution of particle energy values and 

a corresponding distribution of probable energy loss in the next portion 

of the beam path, a phenomenon known as "straggling". P P 

There are several theoretical formulations of energy straggling 

each of which has a limited range of validity. The fundamental physical 

event which is basic to each of these theories is the single discrete 

Coulombic collision between an energetic charged particle and an 

atomic electron. It is convenient to describe the region of validity 

of each formulation in terms of a parameter, k, indicative of the 

ratio of the mean energy loss, &, on the pathlength considered, to the 

largest energy transfer possible in a single collision, fnax? The 

following definition is taken from SELTZER and BERGER (1964) 

K-= 0.30058: a — ie s/ = Ble 
€ max 

8 vs max 

where ea is the rest mass of the electron, s the pathlength, 

Bc the velocity of the particle and Z, and Ay the charge and mass of 
2 

the absorbing medium respectively. The largest energy transfer 

possible in a single collision between a particle of mass M and a 

free electron is given by



Lae 

At the beginning of its penetration when k< 0.01, the energy 

straggling of a particle beam is described by the LANDAU (1944) 

distribution. In such cases the distribution of total energy-loss is 

extremely asymmetric, with a broad peak around the most probable 

energy-loss and a long tail corresponding to higher energy-losses. 

The FWHM of the distribution is given by 

(EWEM) | = 3.985 

The most probable energy-loss is significantly less than the average 

energy-loss. The Landau distribution is generally valid for very thin 

absorbers in which the energy~loss is small compared to the initial 

kinetic energy. 

The transport equation describing the energy-loss of heavy 

charged particles in thin absorbers has been solved rigorously by 

VAVILOV (1957) whose distribution is a generalization of the Landau 

distribution, and is valid in the region 0.01< x <10. Evaluation of 

the Vavilov distribution is made difficult by the fact that it is 

expressed as an integral over rather complicated functions, so that 

numerical quadrature is required except in the limiting cases. 

Numerical evaluation yields a family of curves with the dimensionless 

parameters k and 8° which effect a smooth transition from the Landau 

distribution and include it as a special case. Vavilov's solution has 

been tabulated by SELTZER and BERGER (1964), and a computer programme 

for calculating the distribution has been presented by BADHWAR (1973). 

The difference between the most probable and average energy- loss has



been given in graphical and functional form by SELLERS and HANSER (1972). 

When « >10 the Vavilov solution effects a smooth transition to 

the BOHR (1915) distribution which holds through the end of the thin 

absorber region and into the beginning of the thick absorber region. 

Bohr's distribution , £,(4),is Gaussian, with 

= 2)-4 eRe 2 
£,(4) = (2103) ex | (A-A) 1208 | 

and 

Ay a) toe 

A = T— 

where A is the energy-loss for a particle at any point in the 

absorber, ZS is the initial kinetic energy and T the residual 

kinetic energy. A is the average energy-loss. The variance of the 

distribution is given by 

= gic, 
oR = 0.157 ps Zy 21d, 

where ps is the absorber thickness and Z, the charge of the projectile 

ion. 

At greater depths of penetration, the width and variance of the 

energy distribution continue to increase. The lower energy particles 

in the distribution have a higher stopping-power and therefore lose, 

on average, more energy than the higher energy particles. This 

effect causes an additional broadening of the energy spectrum. 

SYMON(1948) improved on Bohr's solution for these cases and gave an 

approximate solution to the thin absorber case. While Bohr's variance 

increases directly with absorber thickness Symon adds a term to 

account for the variation of the stopping-power over the distribution,



leading to a variance which increases faster than absorber thickness. 

TSCHALAR (1967) pointed out that Symon neglected a term which 

contributes strongly to the skewness of the distribution, and thus 

Symon's distribution erroneously remain practically Gaussian upto 

very large energy-losses. Techalar has numerically evaluated the 

corrected equations and tabulated the distributions and their 

properties. In general, as the penetration increases, a non-Gaussian 

low-energy tail begins to reappear. TSCHALAR (1968) has also shown 

that when a heavy particle beam has penetrated to such a depth that 

particles start to be lost by complete stopping the distribution must 

be propagated numerically. 

PAYNE (1969) has given a solution to the problem of predicting 

energy distributions in thick absorbers by working backwards from the 

distribution of residual ranges, which remains practically Gaussian 

throughout the whole depth of penetration. Payne's distributions are 

similar to those given by Techalar! Multiple scattering corrections 

have been included in the Techaldr theory by TSCHALAR and BICHSEL (1968) 

and the result tabulated. A graphical presentation has been given by 

CLARKE (1971). 

Many aspects of the theories have been verified experimentally, 

Work at isolated values of « [IGo et al. (1953), GOLDING and EISBERG 

(1957) ] and a systematic survey of the Landau transition region 

(x >0.1) [MACCABEE and RAJU (1965), MACCABEE et al. (1968)] have 

shown good agreement between the predictions of Vavilov or Symon 

and experiment. The data of others workers [rscHaLAR and MACCABEE 

" 
(1970) ,PENKROT et al. (1971), NANN and SCHAFER ] and a_ survey of



the Gaussian transition region (k >1) [ KOLATA et al. (1968) ] have 

established the validity of the TSCHALAR theory for large energy 

loss. Discrepancies have been observed between measured and theoretical 

straggling distributions for low energy protons [CHILTON et al. (1954), 

SKOFRONICK et al.(1964), NOSELL (1964) L alpha-particles [FARBI et al. 

(1967), SYKES and HARRIS (1972) } and heavy ions [ANDETCHIKOV et al. 

(1974) ] although such data is generally outside the region of strict 

validity of the analytic theories.
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