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ABSTRACT 

The accurate determination of mean lives of atomic 

levels from beam-foil decay curves has been hampered by the 

effects of cascade repopulation of the levels. Curve-

fitting techniques have been marginally successful due to 

their sensitivity to statistical fluctuations in the data. 

Techniques based on the alignment of magnetic sublevels have 

not proven to be very useful. Threshold excitation is 

limited to low-lying levels. The application of coincidence 

techniques to the measurement of mean lives is proposed. 

The theory of transition probabilities, the defini

tions of commonly used Einstein coefficients and oscillator 

strengths and their inter-relationships are presented. 

These are related to the mean lives which control the 

dynamics of level populations. 

Expressions for the count rates observed in the 

separate channels are given for simple coincidence experi

ments. From these the signal strength, background to chance 

rate, and signal-to-noise ratio are derived. The signal-to-

noise ratio is found to be independent of the beam current, 

inversely proportional to the time resolution of the circuit, 

proportional to the square roots of the running time and 

detection efficiencies and is decreased by fluctuations in 

xi 
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the beam current. The analysis is extended to a system 

using a time-to-amplitude converter and pulse-height ana

lyzer. The multichannel output conveniently provides data 

for determining the background. Expressions for the pulse-

height distribution are developed in order that experimental 

parameters might be optimized. 

The failures of initial efforts to detect 

correlated signals are attributed to poor time resolution 

and/or low efficiencies for detecting photons. The time 

resolution was increased by the use of constant fraction 

of pulse-height time-pickoff units. The first correlated 

signals were observed using a 1/4 m Ebert monochromator 

and an interference filter to isolate the 3p' ^F° ^418.5 nm 

711 2^ A 4 2 S • 5 nm • r- • 2**0. • , « • n T T 3d' G 4f' H transitions m 0 II. 

The signal-to-noise ratio was increased by the use 

of a two-axicon optical system with intereference filters 

for spectral isolation and baffles to protect the optical 

elements. Using this system, correlated signals with 

statistical uncertainties of 5% were obtained in 2 to 10 

2 hours of accelerator time. The mean life of the 3d1 G 

level of 0 II was determined to be 3.95 ± 0.2 nsec (error = 

one standard deviation). This result is in excellent 

agreement with the theoretical value and is significantly 
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lower than that obtained in other beam foil measurements. 

Corrections for premature termination of the conversion 

cycles by random stops, dark counts in the upstream detection 

system, and the scattering of ions out of the downstream 

detector by the beam-foil interaction were made. A change 

in the charge-state distribution and an increase in the 

beam scattering are correlated to a thickening of the foil 

during its lifetime. The two-axicon system was also used 

to study the 3d 2D X560,1 nm 4p 2P° x452-9 nm 4^ 2q 

transitions of A1 III. The measured mean life of the 

4p ^P°3/2 level was 2.8 ± 0.5 nsec. 

The correlation technique was used to separate a 

component of the A500.5 nm blend in N II and to study 

excitation in a gas cell. In both cases, the signal-to-

noise ratios were too low to justify extensive runs. 

? 
The probability of detecting an ion in the 3d' G 

level of 0 II was determined to be 4.9 x 10_lt, and the 

population of that level for a particular set of experi

mental parameters was obtained. 

Finally the possibility of using the coincidence 

technique to determine the charge state of an emitter is 

explored. The necessity of detecting approximately 1012 

individual events per second makes such a technique 

impractical at present. 



CHAPTER 1 

INTRODUCTION 

In this dissertation project the photon-photon 

coincidence technique was used to measure cascade-free mean 

2 lives of the 3d1 G level in single ionized oxygen and the 

2 0 
4p P level of doubly ionized aluminum. The mean lives of 

4 nsec and 2.8 nsec, respectively are significantly shorter 

than those obtained using the conventional beam-foil method. 

In addition, techniques to obtain correlated signals with 

gas-cell excitation, to separate blended spectral lines, and 

to calibrate a detector and determine absolute populations 

of a level were demonstrated. 

Knowledge of atomic mean lives and the associated 

oscillator strengths is fundamental to our understanding of 

many physical systems. Their accurate measurement provides 

checks on the theories upon which our understanding is based 

as well as adding to the pool of data used in applied fields. 

The mean lives of metastable levels are important in laser 

calculations while the oscillator strengths are fundamental 

parameters in doing trace element analysis for environmental 

monitoring, diagnostics to determine element abundances in 

1 



stellar atmospheres, and in plasma temperatures in controlled-

fusion research. However, until recently, accurate data have 

been lacking for most transitions of interest. 

The Beam-Foil Technique: Perspective 

In the 1960's the technique of using fast ion beams 

to determine mean lives of excited atomic levels was devel

oped and is now well documented (Bashkin 1968; Martinson, 

Bromander and Berry 1970; Bashkin 1973). A beam of ions is 

extracted from an accelerator and passed through an analyzing 

magnet which deflects the species of interest into a target 

chamber. In the target chamber the ions undergo multiple 

collisions during passage through a thin carbon foil 

(5-10 jjgm/cm2) and emerge downstream in highly excited atomic 

levels. The light emitted as the ions decay to lower states 

is spectroscopically analyzed. By plotting the intensity of 

the spectral lines against the distance downstream from the 

foil and using the time-of-flight relationship, decay curves 

for the observed levels are obtained. If a level is not 

repopulated by cascades from higher lying levels, its decay 

is purely exponential and the mean life is easily calculated 

from the data (Bickel 1968). 

The beam-foil method has several advantages over 

previous techniques used to measure mean lives. Perhaps the 

most obvious is its ability to produce steady, well 

controlled beams with high ionization states (Bashkin, 
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Heroux and Shaw 1964, Schmieder and Marrus 1971). Fast elec

tronic timing is not necessary since the time between 

excitation and downstream observation is well defined by the 

spatial separation of the two regions and the beam velocity. 

This velocity is easily calculated from the particles' mass 

and energy which in turn can be determined by calibrating the 

accelerator using known nuclear resonances (Marion 1966) and 

making appropriate corrections for energy losses in the foil 

(Northcliffe 1963) . The ions in the beam have a mean free 

path which is typically about 50 meters, so collisional 

de-excitation is rare. Since the beam is optically thin, 

radiation trapping (self-absorption) is not present. Many 

other problems encountered in earlier sources such as free-

burning arcs (Terpstra and Smit 1958) and wall-stabilized 

arcs (Richter 1961, Roder 1962) are not present. These 

include demixing of the various ionic species due to large 

temperature gradients, absence of local thermodynamic 

equilibrium and contamination from vessel walls, all of which 

according to de Zafra and Marshall (1968) contributed to 

uncertainties as large as a factor of two or three in the 

oscillator strengths listed in early tables such as those of 

Corliss and Bozman (1962). The experiments listed immedi

ately above require the measurement of absolute intensities 

of the emitted radiation in order to determine level 
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populations. The necessary calibration of the detection 

system is difficult and can lead to large experimental uncer

tainties. Furthermore, these sources were limited to low 

ionization states. 

In the beam-foil technique an analyzing magnet 

between the accelerator and the target chamber selects a beam 

with a unique charge-to-mass ratio from the many species 

present. Even so, small amounts of impurities have been 

observed in beams (Oona and Bickel 1970). These may come 

from atoms that are ionized along the length of the accel

erator column and which have a continuum of energies at the 

analyzing magnet (Barker 1974). Although such contamination 

can lead to misidentification of weak lines in the beam-foil 

source, it does not affect the mean-life measurements or 

subsequent oscillator strength calculations which are based 

on the time dependence of the radiation from known transi

tions. In order to measure this time dependence, one needs 

only to determine relative intensities of the radiation at 

a given wavelength and avoids the necessity of calibrating 

the detection system. 

There are now other light sources available which are 

capable of producing very high ionization states. These 

include vacuum and low-inductance sparks, contained plasma 

and plasm-focus devices derived from controlled-fusion 

research and more recently laser-generated plasmas (Gabriel 
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1970). These sources are useful in spectral line identifi

cation, but for many of the same reasons given above pertain

ing to free-burning and wall-stabilized arcs, they are of 

limited use for the determination of oscillator strengths. 

The Cascade Problem 

It was recognized quite early (Bickel and Goodman 

1966) that cascade transitions posed problems when doing 

mean-life measurements, although the problems are by no 

means restricted to the beam-foil techniques. The inter

actions which give rise to the observed high ionization 

states also create large populations of higher-lying levels 

within any particular ionic species. Thus one often finds 

spectral lines associated with the transitions which 

repopulate the levels being studied. As first reported by 

Bickel and Goodman (1966) the decay curves for many levels 

are not simple exponentials, indicating that two or more 

components with different decay constants must be present. 

Such instances could also be due to the presence of blends 

of spectral lines originating from different excited levels, 

each with a different mean life. Indeed blends are occasion

ally seen, but they are far less frequent than are the 

observed complex decay curves. 

Further evidence as to the influence of cascades 

comes from recent studies by Wiese (1970) and Smith, Martin 

and Wiese (1973) on the systematic trends of oscillator 
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strengths along isoelectronic sequences. They show that 

where beam-foil data overlap with what they consider the very 

accurate experimental phase-shift technique (Lawrence and 

Savage 1966) and the best theoretical values obtained using 

self-consistent field calculations including effects of 

configuration interaction (Weiss 1969, Westhaus and Sinanoglu 

1969 a,b), the beam-foil values are consistently low, i.e., 

the mean lives from which they are derived are too long. 

This is consistent with the interpretation that the levels 

under investigation are being repopulated downstream by 

cascade transitions. Even though attempts have been made by 

the various experimenters to correct the beam-foil data for 

cascades, residual effects may remain. 

Solution by Data Analysis 

In many cases cascade corrections have been attempted 

by curve fitting. Raw data are subjected to least-squares 

fits to the background and two or more exponentials with 

variable coefficients and mean lives. Often the results 

appear to be satisfactory. In his paper from the Lysekil 

conference, Wiese (1970) described an example worked out by 

Lanczos (1956, pp. 276-79) where a set of data generated by 

the sum of three different exponentials could just as well 

have been fit with two exponentials with very different decay 

constants. It was pointed out that least-squares fits are 
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sensitive to very small changes in the data, e.g., noise, and 

can not be corrected by extensive statistical analysis. 

In spite of the above observation, various techniques 

for data analysis have been developed which attempt to 

minimize the uncertainties due to cascades in the beam-foil, 

mean-life measurements. One such method developed by Curtis 

and reported by the Stockholm group (Buchta et al. 1971) is 

still basically a curve-fitting technique where the experimen

tally observed decay curve is both integrated and differen

tiated to emphasize respectively the long- and short-lived 

components. The technique seems to have merit in cases 

where the decay constants are different by nearly an order of 

magnitude and where for theoretical reasons one would expect 

only a single dominant cascade transition. It has the 

advantage that the cascade transition need not be directly 

observed. However, it does not appear to be very useful 

where there are two or more decay constants involved which 

are of the same order of magnitude. 

Another useful technique is the ANDC (arbitrarily 

normalized decay curve) cascade analysis also developed by 

Curtis and the Stockholm group (Curtis, Berry and Bromander 

1971, Berry, Bromander et al. 1971). The analysis is exact 

if transitions out of all levels, which directly cascade into 

the level under study, are observed. A set of parametric 

equations is obtained which when graphically solved yields 
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the mean lives and the normalization constants for the vari

ous decay curves. Although considerable effort is required 

to carry out the complete analysis, it is fortunately 

unnecessary to make either absolute intensity measurements 

or direct observation of all the repopulating cascade transi

tions. Since all decay branches from the same upper level 

have the same shape and the normalization is arbitrary, it 

suffices to observe any transition from a particular upper 

level which contributes to the cascade repopulation. The 

technique has drawbacks. For an exact analysis all the upper 

levels which directly feed the level being studied must also 

be observed and measured. This is very seldom accomplished. 

Furthermore, it is time-consuming to make all the necessary 

observations with significant statistical accuracy, and 

although the normalization for the various decays is 

arbitrary, an internally consistent set of constants is 

found only when the relative populations of all the levels 

involved do not change during the data gathering process. 

In light of recent results concerning differences in foils 

and foil aging (see page 126), it appears that the relative 

populations may indeed vary in practice. Also, as the 

number of cascades included increases so does the number of 

fitting parameters. Their simultaneous optimization becomes 

difficult even for a computer, and the results become more 

sensitive to small statistical fluctuations in the data. 

Lastly, when one cascade appears to be dominant so that 



others are presumed to be ignorable and the parametric 

equation is solvable by simple graphical means, there are 

still a substantial number of numerical integrations of both 

decay curves required which are more easily done on a 

computer. Under these conditions it is questionable whether 

the ANDC cascade analysis would provide significant improve

ment over a least squares fit of the observed decay with a 

simple exponential plus the appropriately-normalized 

experimental cascade decay curve. 

Other Experimental Methods 

Several experimental techniques have been recently 

advanced that eliminate or reduce the cascade problem in 

certain instances. The most important of these is threshold 

excitation by absorption of resonant laser radiation. As in 

the beam-foil case, the use of an accelerator to provide 

particles with known energy and the localization of the 

excitation region premit the time resolution necessary for 

measuring decay curves. Andra et al. (1973) extracted a Ba+ 

beam directly from an accelerator and populated the 

2 0 
6p P 2 level by using the Doppler effect to tune the 

X 455.4 nm radiation from an argon laser to resonance with 

the transition from the ground state. He then obtained a 

cascade-free decay curve by observing the light emitted down 

stream from the interaction region. With the introduction 

of high power, tunable dye lasers, such excitation will 



probably become quite common for low-lying levels. Higher-

lying levels can sometimes be populated by stepwise excita

tion of the beam using two or more tunable lasers (Gornik 

et al. 1973). By placing a foil far upstream from the 

excitation region and using it as a stripper, beams of 

multiply ionized atoms can be produced (Schmieder and Marrus 

1971). However for high ionization states, even the 

resonance transitions are often in the vacuum ultra-violet 

where tunable sources of intense radiation are hard to 

obtain. Also, high-power pulsed laser systems are the only 

ones presently available which produce useful population 

densities of high-lying levels. 

In another technique reported at the Third Inter

national Conference on Beam-Foil Spectroscopy (Bradbury 

4 + 
et al. 1973) a beam of N obtained by placing an analyzing 

magnet downstream from a gas stripping cell was excited by 

electron impact. Cross sections for ionization and excita

tion to the 2p level were obtained. Since the bombarding 

electrons came from a partially dismantled 6L6 beam-power 

amplifier tube, their energies could be carefully controlled. 

However, in a similar experiment Bennett (1961, p. 41) ob

served cascade effects even when electron energies were held 

near threshold for exciting the level under observation. 

This was attributed to a high energy tail in the electron 
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distribution and would probably be present in most experi

ments unless an electrostatis or magnetic selector were 

included. 

A technique to reduce cascade effects by observing 

the spatial decay of quantum beats in the decay of aligned 

levels has been reported (Liu and Church 1972). Alignment of 

approximately four percent is produced coherently, i.e., at 

the instant the ions pass through the foil. The coherence of 

this population is maintained as the ions travel downstream 

in an external magnetic field and gives rise to beats in the 

intensity of emitted radiation. The spatial separation of 

maxima in the emitted intensity depends upon the magnetic 

field strength. Since in time these ions decay to lower 

levels the amplitude of the beats decreases. Mean lives are 

calculated in terms of the Lande g factors, separation of 

maxima and the external magnetic field strength. Quoting 

from their paper (p. 1209): "An essential requirement for 

the appearance of the quantum beats is that the states in

volved be excited at the same instant of time; this occurs at 

the foil. However, cascade repopulation takes place without 

meeting that requirement. Therefore, those states which are 

populated by cascades do not contribute to the beat signal, 

[but only to] incoherent background." The method is limited 

to levels with J > i, a restriction necessary for alignment. 

If cascade repopulation is really the reason for the longer 



mean lives obtained by the customary measurements and if the 

method of Liu and Church does eliminate this problem, then 

one would expect their data to yield consistently shorter 

mean lives than those of other experimenters. However, 

their experimental results to date are consistent with the 

beam-foil measurements obtained in the customary way. The 

reasons for this are unknown. Systematic errors could 

arise from inhomogenities in the magnetic fields. 

A technique similar to that of Liu and Church was 

reported by Berry, Curtis and Subtil (1972). They observed 

light polarized perpendicular to and parallel to the beam 

axis in order to separate the aligned initial population of 

the level from the unaligned population of the level. They 

maintain, as do Liu and Church, that ions which enter the 

level being studied via the cascade process exhibit no 

alignment. Hence, the decay in intensity of the polarized 

light should yield the decay of just the initially aligned 

population. Such measurements can be reliably made only if 

the instrumental polarization at the wavelength of interest 

is well known. The principal difficulties are the calibra

tion of the instrumental polarization and-poor signal-to-

noise ratio arising from the small percentage of the beam 

which is aligned. It is also restricted to levels where 
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As mentioned previously, the electron beam phase-

shift measurements are considered to yield quite accurate 

mean-life data. However, in the case where non-threshold 

excitation is used, they are by no means cascade-free. As 

discussed previously (p. 10) cascade effects can even be 

present when near-threshold excitation is used. In addition 

it was pointed out by Smith (1970) that under certain 

conditions an apparently cascade-free experimental curve can 

be obtained which, however, yields the mean life associated 

with the cascade transition instead of the primary transition 

under investigation. Exactly the same problem exists for 

beam-foil mean-life measurements. In less severe cases a 

cascade component is often present which must be accounted 

for by curve-fitting techniques. It is not apparent that 

such analysis is superior to that now applied to decay curves 

obtained by beam-foil methods. In light of this it may be 

that excessive confidence is placed on the phase-shift 

results. On the other hand it is true that excitation can 

often be held close to threshold, thereby reducing the 

cascades from higher levels, and as would be expected under 

these conditions the measured mean lives are systematically 

shorter than those obtained by beam-foil methods. 

In summary, the present situation concerning mean-

life measurements is that the problem of cascade repopulation 

is still evident and has not been satisfactorily resolved. 
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A method to measure truly cascade-free mean lives is still 

desirable. Such a method is available in the photon-photon 

coincidence technique which is the subject of the remainder 

of this dissertation. 

The Coincidence Method 

Coincidence techniques have been used since the 

early 1930's for the measurement of mean lives of excited 

nuclei. A good review of these methods can be found in an 

article by Bell (1966) and the included references. The 

form appropriate for the elimination of errors due to 

cascades is the photon-photon technique and is best described 

with the aid of Figure 1. Since the beam-foil interaction 

produces primarily ionic species, the terms atom and atomic, 

which are frequently used in this dissertation, should also 

be taken to mean ion and ionic respectively. An atom 

intially excited to some upper level k decays to the 

intermediate level 3 by emitting a photon of wavelength 

which is detected at time t^ . Detection of this photon 

in channel 1 of an appropriate system gives a pulse which 

signals the production of an atom in the excited level j 

that is being studied. The atom subsequently decays to the 

lower level i by emitting a photon of wavelength X2 

which is detected at a leter time t2 • This subsequent 

detection of the ^ photon in channel 2 of the system 

yields, after electronic processing, a signal which is 
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upper level k 

cascade transition 

intermediate level j 

primary transition 

lower level i 

Fig. 1. Three-Level Atomic System Showing the 
Origin of Correlated Pairs of Photons. 

related to the time difference, t = t£ ~ between the 

two transitions. Since t is just the lifetime of that 

particular atom in level j , the average of this quantity 

over many such observations gives the mean life of that 

level. Whereas cascade repopulation is undesirable in the 

customary mean-life measurements, it is necessary for the 

success of the coincidence technique. In fact the larger 

the fraction of the population of level j which comes from 

the observed cascade, the better. The beam-foil interaction 

which produces large populations of high-lying levels is 

desirable in this respect. 
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Mean-Life Measurements 

Mean lives of several atomic levels have been 

successfully measured using photon-photon coincidence 

methods. The first was by Brannen et al. (1955) for the 

3 7s level in Hg I . Subsequent measurements were made 

3 on the metastable 6p P-^ level also in Hg I by Kaul 

(1966), and Nussbaum and Pipkin (1967). The major problem 

encountered was a high background rate due to chance 

coincidences, i.e., photons of wavelengths A-^ and X2 

which come from different atoms. This severely reduced the 

signal-to-noise ratio and necessitated long running times 

of 10 to 20 hours to get acceptable statistics. The problem 

is severe since the population of the intermediate level 

remains high due to continued direct excitation of the ions 

in the observation region. This increases the uncorrelated 

signal and reduces the ratio of the correlated signal to the 

noise. Again the beam-foil source holds a distinct advantage 

since the geometry may be arranged so that many atoms which 

are excited to the intermediate level at the instant they 

pass through the foil, have decayed out of this level by the 

time the two correlated photons occur. The reduced popula

tion of the intermediate level reduces the probability of a 

chance coincidence, enabling one to obtain better signal-to-

noise ratios and extend measurements to longer t . 
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The above experiments were carried out using inter

ference filters to isolate the spectral lines and electron 

beams to excite the atoms. A slightly different approach 

was used by Junge (1965) and Mode (1965) at Kiel. They 

excited the atoms in a hollow cathode discharge and optically 

coupled the emitted radiation to a 2.5 m Ebert spectrometer 

by using a Schmidt camera. Detection was ivith photomulti-

plier tubes placed behind slits in the film plane of the 

spectrometer. Using this technique they were able to deter-

2 mine, with marginal success, the mean lives of the 4p' 

level in Ar II and the z ^F^° and z ^D-^0 levels in 

Fe I . Again a major problem was the high background 

together with short observing times of an hour due to 

deterioration of the hollow-cathode source. They had addi

tional problems maintaining the source at a sufficiently 

low intensity so that a volume large enough to keep the atom 

in the field of view for at least one mean life could be 

used together with high collection efficiencies and still 

not saturate their electronics with excessive count rates. 

The beam-foil source also fills this requirement well 

because of the low density in the beam (10s ions per cm3) 

and the stable operation of the accelerator. Furthermore, 

pressure-dependent collisional de-excitation, which occurs 

in other experiments and requires extrapolation to zero 

pressure is not present in the excited beam. 

t 
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Other Applications 

Coincidence techniques have other applications 

besides mean-life measurements. For instance, polarization 

correlation of photons emitted in cascade has been observed 

in a calcium beam by Kocher and Commins (1967). Possibil

ities of angular correlation studies, elimination of 

Doppler broadening, and tests for quantum mechanical hidden 

variables have all been reported in the literature (Fry 

1973 and references therein). Once the necessary experi

mental expertise and equipment are developed, studies of 

this nature might be worthwhile using foil excitation. One 

possibility that appears worthwhile is to isolate photons 

which come from a particular component of an observed 

blended spectral line. This spectral selection would be 

achieved by correlation of cascade transitions into the 

component under study with photons emitted in the blend. 

There is presently work being carried out in this 

laboratory by J. Davidson and W. S. Bickel to measure the 

absolute intensity of radiation emitted in transitions from 

the foil-excited beam (Bickel 1973). The end-result of such 

experiments would be to measure populations of excited 

levels in order to study excitation processes and perhaps to 

establish a secondary standard source for beam-foil labora

tories. Since coincidence techniques can also be used to 

determine the absolute efficiency of a detection system 
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(Cristofori et al. 1963), it too can give absolute popula

tions. This would tie in with the work of Davidson and 

Bickel and provide them with valuable cross checks and 

calibration points. 

As will be seen later (p. 43), the background or 

chance coincidence rate is reduced by improving the time 

resolution of the coincidence circuit. Modern solid state 

electronics have increased this time resolution to about one 

nanosecond. The reduction in background is desirable in any 

experiment. However, exceptionally good time resolution is 

not necessary in order to measure short mean lives when 

using the beam-foil source, since the required resolution 

can be obtained from the time of flight and the distance 

between the detection regions for the two transitions. Mean 

lives can be measured which are actually shorter than the 

resolving time of the electronics. 

The advantages of the beam-foil source over previous 

sources used in photon-photon coincidence experiments makes 

the method very attractive for obtaining cascade-free mean 

lives of selected, excited levels. Such measurements would 

also help clarify the extent of the cascade problem which is 

evident in the results of the conventional beam-foil, mean-

life determinations. Finally, once developed, the technique 

would be useful for other types of correlation experiments 

and in determining absolute populations for a few levels of 

interest. 



CHAPTER 2 

THEORY 

A brief review of the theory of transition probabil

ities will be given before the relationship between experi

mentally observed quantities and the various parameters on 

which they depend are derived. 

Transition Probabilities 

A convenient starting point is provided by the 

following general relationship which has a wide range of 

applicability for quantum mechanical systems, and which 

because of its importance was called the "Golden Rule No. 2" 

by Fermi (1950, p. 142). The analytical expression is 

Wba " T l<»l*intlB>l' PE W 

where W^a is the probability per unit time for a transi

tion from an initial state a to a final state b , 

<b |3C. . |a> is the matrix element written in Dirac's bra-ket 1 mt1 

notation and which connects the initial and final states of 

the system via the interaction Hamiltonian » and 

Pg is the density of final states for the system. Equation 

(1) is obtained by using time dependent perturbation theory 

to calculate the probability amplitude associated with 
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finding the system which was initially in state a subse

quently in state b upon being perturbed by some interac

tion. The details of its derivation can be found in the 

reference above, Eisberg (1961), and most texts on quantum 

mechanics. 

while considering both the atom and electromagnetic field 

to be quantized. This is the proper system to use when 

studying the emission of photons from excited atoms since 

as will be seen later (p. 26), it leads to terms for both 

spontaneous and stimulated emission. The initial state for 

such a system can be written as |j>|n> in Dirac notation 

with the |j> vector referring to the eigenstate of the 

excited atom and \n> being the state of the electromagnetic 

field as written in the occupation number representation. 

The Hamiltonian for a particle of charge q and 

mass jj = mc2 in an electromagnetic field is given by 

where p is c times the particle's classical momentum 

tively. The Hamiltonian readily splits into two parts 

Heitler (1954, p. 140) obtains the same expression 

= 2^ (P " 2 + > ( 2 )  

and it and <J> are the vector and scalar potentials respec-

(3) 



where the expression contained in the first set of paren

theses gives the stationary solutions or eigenstates 

associated with . The expression in the second set of 

parentheses corresponds to the interaction which perturbs 

the system. For electric-dipole radiation the A2 term, 

which is associated with two-photon processes, turns out to 

be negligible when compared to the contribution from the 

p»^ terms (Davydov 1967, p. 298). Using the simplified 

interaction Hamiltonian, it can be shown that the vector 

potential, when written in terms of creation and annilation 

operators, operates on the normalized photon states to give 

a matrix element of the form 

<2?'3fint'a> = <i\<n+1\ ̂  l»>|j> 

= q 
i \ 

-I (« + l) exp[ii<*r]|j> 

(4) 

where u is a unit vector in the direction of polarization 

and is perpendicular to the direction defined by the 

propagation vector < (Heitler 1954, p. 176). 

Further reduction of the matrix element is possible. 

When the wavelength of the radiation is long compared to the 

dimension of the atom over which the wave functions corre

sponding to |i> or |j> are significant, the dipole 

approximation can be used, i.e., exp[iic*r] » 1 . In 
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addition, the commutation relations (Powell and Crasemann 

1961, p. 182) in the notation above yields the following 

operator equation: 

->• , 

£  =  73? 1^ >r] =  ~  ( X  r - r ) . (5) y c n L o , J c f i v - o  o  J  

Substitution in the matrix element of Eq. (4) yields 

<i|u»2. exp[ii<«r] |j> = ~ sin 0 <i|3Cor - rfCQ|j> 

= 5^ sin 6 (Ei - Ej)<i|r|j> 

= | sin 0 wjj <i |r|j> , (6) 

where the angle between the vector r and k is taken to 

be 0 and to— = (E^ - E^)/h . Since the unit polarization 

vector u is perpendicular to the direction of propagation 

(transverse waves), u • r = r cos(ir/2 - 0) = r sin 0 . 

Combining Eqs. (1), (4), and (6), one finds the 

transition probability per unit time for a transition from 

atomic level j to atomic level i to be 

2TT • f 2irfi2c2) sin20 2 I^«I i i 2 W i j  1"T J (n+1 )  w i j l  l r l^ I  PE 

= q2 (2ir) 2 (n+1) sin20 | <i | r | j> | 2 p£ (7) 
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in Heitler's notation where k = -fito . The quantity n is 

the average number of light quanta per field oscillator, 

which were present before the transition, with a propagation 

vector k . 

Remaining is the computation of the density of final 

states for the system. Assuming the final atomic wave-

function is nondegenerate, one finds that there is only one 

final atomic state consistent with the transition. However, 

the photon is emitted into the continuum of electromagnetic 

field states. In order to determine the density of these 

states, it is customary to enumerate the normal modes of 

oscillation in a cubical box of dimension L . Using the 

traveling-wave boundary conditions, i.e.,the wave is 

periodic in length L , the values of wavelength X are 

restricted to 

nX = L (8) 

where n takes only integral values. Hence the modes are 

spaced L/X apart along the axes of a three-dimensional 

n-space. The density of states in n-space, pn , times the 

differential interval dn is just the number of modes 

contained in an interval from n to n + dn , i.e., the 

number in a spherical shell of radius n and thickness dn . 

Hence 

PN dn = 4-rrn2 dn . (9) 
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Expressing Eq. (9) in terms of energy is straightforward 

since 

E = -ftu) = -ft ̂  . (10) 

Using Eq. (8) and solving for n , one finds 

n - liKS E . 

and 

A r\ ~ 

2TT41C 
dn = ̂  dE . (12) 

Substituting Eqs. (11) and (12) into Eq. (9) one finds 

Pg dE = 4ir L 3 

2irlic E2 dE . (13) 

Thus the density of states per unit volume (V = L3) per 

solid angle (with direction of propagation within dft) with 

the same polarization and which all have the same energy is 

given by 

_ E2 m2 p _ (14) 
(2ir-hc) 3 fi(2irc) 3 

where the second form is expressed in terms of the frequency 

w . In order to obtain the total transition probability, 

Eq. (7) must be integrated over all solid angles. The only 

angular dependence is in the sin2 0 term so the integral 

becomes 

| sin2 0 dn = | | sin3 0 d0 d<j> = . (15) 

n oo 
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Finally, substitution of Eqs. (14) and (15) into Eq. (7) 

gives the total transition probability 

In computing the density of final states above, the final 

atomic state was taken to be nondegenerate. If this is not 

so, the number of final states for the system must be 

multiplied by the degeneracy. For an atomic state with 

angular momentum J , the degeneracy or statistical weight 

g is given by 

Under these conditions Eq. (16) becomes 

W.. = (n + 1) " q 4 g. ||r|j>|2 . (18) 
1J 3«c3 1 

The factor (n+1) which occurs in Eq. (18) splits 

the total transition probability into two parts. One part 

is proportional to n , i.e.,the intensity of the existing 

radiation field. In the familiar notation of Einstein 

(1917), this corresponds to the B coefficient for absorption 

and stimulated emission. However, even if n = 0 (no 

photons present), is nonzero. Transitions that occur 

under this condition are referred to as spontaneous emission 

and are associated with the Einstein A coefficient. In fact, 

_ 4 oj? . q2 
(n + 1) U | <•£ | r | j> | 2 

3ftc3 
(16) 

g = 2J + 1 (17) 

(19) 
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Einstein obtained the relationship between the A and 

B coefficients by balancing the rate of transitions from 

level i to level j with the rate of transitions back from 

level j to level i in order to maintain thermodynamic 

equilibrium. Hence 

Ni Bj i u(toj = Nj (Ai;j + B^ u(w)) , (20) 

where is the number of atoms in level i and u(w) 

is the energy density of the radiation at the frequency u) 

which is resonant with the transition. Using the Boltzmann 

distribution for the ratio N./N. and Planck's radiation 
i  J  

law, one obtains 

c3ir2 

and 

gi B.. = — B.. . (22) 
J1 gj 1J J 

Oscillator Strengths 

A convenient concept which facilitates the compari

son of various transition probabilities is that of a 

dimensionless absorption oscillator strength f.^ . One 

can imagine it as the ratio of the power Pq absorbed from 

an electro-magnetic field by a quantum mechanical oscillator 

to the power P^ absorbed by a similar classical oscillator, 

Then by definition 
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£ji " VPc ' (23) 

The power absorbed by a classical oscillator (Garbuny 1965, 

p. 97) is 

P = iM = Iilal uM (24) 
C mc v ^ m K J 

where the radiation flux I(w) = c u(w) . The power 

absorbed by the quantum mechanical oscillator is 

PQ = Bj;. u(o>) (25) 

giving 

f. . = *lh)m B. . (26) 
1J 27r2q2 1J 

Combining Eqs. (19), (21) and (26), one finds 

fij " qj l<J'l rK> la  • (27) 

In a similar manner the power radiated by a dipole 

quantum-mechanical oscillator can be compared to the power 

radiated from its classical counterpart and the emission 

oscillator strength f^j identified. Only a slight 

difference from Eq. (27) exists. For absorption the 

degeneracy of the upper level enters into the density of 

final states while for emission the degeneracy of the lower 

level is the one that is associated with the final state of 

the system. Therefore 
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gi f. . = — f.. . (28) 
ij gj Ji K J 

To clarify the notation, note that the first subscript of 

any such oscillator strength or transition probability 

indicates the final atomic level while the second subscript 

refers to the initial level, i.e., f.. is associated with 
' 13 

a transition from \j> to \i> . Also for consistency in 

this dissertation |j> will always be taken to lie above 

|i> in energy and \k> will always lie above |j> . 

Using the concept of oscillator strengths and the 

definitions above, the Einstein coefficients can be written 

in much simplified forms: 

ZV2 gi A.. = —- — f.. (29) 
13 c gj jl J 

2irr c2 

Bji = -s5- £ji (3°) 

gi B.. = -i B.. (31) 
13 gj 31 v J 

where rQ = q2/mc2 and is called the classical radius of 

the electron. These definitions are consistent with the 

derivations found in Garbuny (1965) with spectral energy 

densities written in terms of angular frequencies. Other 

authors differ in their definitions of units and interpre

tations of what should constitute the existing 
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electromagnetic field energy leading to slightly different 

coefficients in the expression for . 

In order to obtain numerical values from the transi

tion probabilities and oscillator strengths as given above, 

it is necessary to evaluate the matrix element <i|r|j> 

To proceed further in this direction is beyond the scope of 

this dissertation. Griem (1964) is a good basic reference 

on the subject summarizing much of the extensive material 

devoted to this problem. Condon and Shortly (1964) and 

Levinson and Nikitin (1965) are also valuable references in 

this area. Griem has extensive lists of oscillator 

strengths, Stark broadening coefficients, Coulomb-

approximation matrix elements and Racah coefficients. The 

other two references have useful tables of relative strengths 

for lines within various multiplets. More recent papers 

which discuss in detail the various aspects and approxima

tions involved in such calculations can be traced through 

references by Dalgarno (1973), Sinanoglu (1973) and Smith, 

Martin and Wiese (1973). 

Population Dynamics 

An excited level j in a plasma light source can be 

depopulated by spontaneous emission of a photon, stimulated 

emission of a photon, transition to a higher level by 

absorption of a photon, or collisional de-excitation. Due 

to the low particle densities and resulting weak radiation 
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densities in the beam-foil source, spontaneous emission so 

dominates the process that to a first approximation the 

other mechanisms can be ignored. Under these circumstances, 

the differential equation which describes the changes in 

the population of the level is 

dN. j -1 00 

Tt = " ^ Aii Ni + I Aik Nk ' (32) 
dt i=0 1J ^ k=j+l JK K 

where the sum over i includes all possible transitions out 

of level j to lower levels and the sum over k gives all 

possible transitions from higher levels which repopulate the 

level j . To the extent that absorption and stimulated 

emission have been ignored, the repopulation term only 

couples the level j to higher lying levels. Consequently 

the set of equations which describes the entire system of 

atomic level populations can be solved by starting at the 

uppermost level and working downward through the sequence. 

This is, however, a laborious task and is of little practical 

interest for this experiment. 

It is instructive to consider two special cases. 

First, if there is no repopulation of level j from higher 

lying levels, then Eq. (32) reduces to 

dN. j-1 
—4 = - I A. . N. (33) 
dt i=0 13 3 



which has the well-known solution 

32 

Nj (t) = Nj(0) exp[-t/Tj ] (34) 

where (0) is the population of the level at t = 0 and 

j "1 
T. = 1/ 2. A. . is the constant which in the precise statis-
J i=0 1J 

tical definition is the mean life of the initial population. 

If the level j is fed by first order cascades, as 

shown in Fig. 2b, Eq. (32) has the more complicated parent-

daughter solution 

Nj ('t-) = Nj ̂  exP[-t/Tj 1 

A.,N,(0) 
+ I I _ y (exp[-t/x.]-exp[-1/t,] ) 
k=j + 1 Yj Yk 3 K 

(35) 

where y. , = 1/t- v is the decay constant for each of the 
J >K j >K 

levels. The first term gives the decay of the orginal 

population while the second term sums up the contribution 

to Nj(t) of all the cascades. Higher-order cascades can 

also enter (see Fig. 2c). Whereas first-order cascades into 

the intermediate level j which are not observed by the 

upstream detector can contribute strongly to a decrease in 

the signal-to-noise ratio, the effect of higher-order 

cascades is not significant enough to justify their further 

consideration. 
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n 
m • 

(a) (b) (c) 

Fig. 2. Schematic Diagram of Some Repopulation 
Transitions. 

Shown are transitions which deplete level j along 
with (a) no repopulation, (b) first-order (direct) cascade 
repopulation and (c) first- and higher-order cascade repop
ulation. 
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Fig. 3. Experimental Arrangement Using a Simple 
Coincidence Circuit. 
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Fig. 4. Illustration Showing Bases of Operation of 
a Single-Channel Coincidence Circuit. 
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Simple Coincidence Circuit 

The notation and basic formulas will be developed 

first for a simple coincidence circuit such as described by 

Bell (1966, p. 906). Figure 3 illustrates a possible 

arrangement using such a system to detect correlated cascade 

transitions in an ion beam. The operation of the coinci

dence circuit can be described in elementary terms as simply 

adding the signals from the two input channels as shown in 

Fig. 4. Any overlap of two input pulses produces a voltage 

pedestal higher than a preset discriminator level and 

results in an output pulse to the scaler. 

Single Channel Count Rates 

The beam of ions emerges from the foil with a 

velocity v and with ions per second excited into 

level 1. Of these, (A) enter the region labeled A per 

unit time (see Fig. 3) where photons emitted with wavelength 

A^ can be detected in channel 1 of the system. The 

electronics are operated in a pulse counting mode. The 

total count rate registered in channel 1 consists of 

three components. The first, , arises from pulses 

associated with the photons emitted in a transition from 

level 1 to level 2. The second, r^ , is due to background 

radiation at or near A, such as continuum, wings of 

nearby spectral lines and blends, plus light of wavelengths 

different from A^ that comes from the beam and enters the 
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detector by scattering in the optical system. Both r^ and 

r^ are proportional to the rate that ions pass through the 

region A , i.e., the beam current. The third contribution 

to the count is the dark count u^ which is independent of 

the beam current. This dark count consists of photomulti-

plier dark current, any small leaks of room light into the 

system, cosmic rays, electrical noise from power supplies, 

etc. 

The rate, r^ , can be expressed in terms of appro

priate instrumental and atomic parameters as follows 

r1 = e1b1N1(A) [1 - exp(-6^/^) ] , (36) 

where N^(A) follows from previous definitions, 6t^ is 

the time for an ion to pass through the region A and 

is the mean life of ions in level 1. Also b^ is the 

branching ratio which gives the fraction of all transitions 

out of level 1 which terminate on level 2 and is the 

overall probability for detection of the photon. This 

detection efficiency includes the total solid angle subtended 

by the collection optics, transmittance of the optical 

system, quantum efficiency of the detector. Removal of any 

signal by the discriminator in the time pickoff unit and 

loss due to deadtimes should also be included. The region 

A is bounded by the field of view of the collection optics. 

For many experimental geometries used with foil excitation, 
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St^/x^ is small enough that the above expression can be 

simplified to 

6t, 
rl = elblNlCA) • (37) 

An alternate formulation is given by 

rl ~ el^l ̂ 21 ^*1 

with A2^ defined as in Eq. (19). The total count rate in 

channel 1 can now be expressed as 

R1 = rl + rlb + U1 

6t.. 
= e1b]_ -rq Nl(A) + C]_ NX(A) + U;L (39) 

where c^ is an appropriate proportionality constant. In 

order to facilitate further analysis of the system it is 

convenient to express r^ in terms of as 

t1 = fxRx (40) 

where f^ is the fraction of the total count rate due to the 

transition of interest. As long as the observed rate R^ is 

much larger than u^ , f^ varies only slightly with beam 

current. In any case f^ is well defined if the beam is 

steady. This fraction can be estimated from analysis of a 

spectral tracing in the vicinity of the line of interest. 

The spectral tracing should be made under conditions that 

duplicate those of the actual correlation experiment as 



closely as possible. The fraction is obtained from a 

comparison of the relative sizes of the signal due to the 

spectral line of interest to the background observed in the 

vicinity of the spectral line. 

A set of equations completely analogous to those 

above (nos. 36-40) describe the count rates associated with 

the detection of radiation emitted during transitions from 

level 2 to level 3 while the atoms are in the region B. 

These equations are listed below for future reference. 

r2 = ^2e2 ^ " exP("(5t:2^T2^ 

= b2^2 ̂ (B) ̂ 2/^2 (42) 

=  N2(B)  A23  S t2  (43 )  

=  f 2 R 2  < 4 4 >  

and 

6 t 2  R 2  =  b 2 e 2  N 2 (B )  +  C 2 N 2 (B )  +  u 2  .  (45 )  
2 

Coincidence Channel Count Rates 

The count rates discussed above are for the separate 

channels of the detection system and are often referred to 

as the "singles" rates. The count rates from the coinci

dence circuit contains the information on the correlated 

events together with a background of chance coincidences. 
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The rate R^, of truly correlated signal will be considered 

first. Ions that enter level 2 and constitute the sample 

population from which the correlated signal is observed are 

detected at a rate r^ given by Eq. (37). The probability 

that a member of this population remains in this level until 

it moves downstream into region B is just exp[-t/x2] where 

t is the time between its detection in region A and a 

subsequent observation while it is in region B. The 

probability for the ion to decay to level 3 within the 

region B with the detection of the emitted photon is con

tained in Eqs. (41)-(43). Substituting the sample popula

tion remaining at B , i.e., r^ expf-t/^] > for N2(B) 

in Eq. (42), one obtains the following for R^, : 

R^, = b2£2ri exp[-t/x2]S t2^T2 

St., St-
= N1(A) exp [-1/x2] b1b2 — — C46) 

1 2 

or alternately 

St? 
RT = ^*4 exp[-t/x2] b2 -y- e2 . (47) 

The chance rate, R^ , which results in background 

counts in the coincident circuit is easily calculated by 

referring back to Fig. 3. The presence of a pulse from 

channel 2 at time t2 can be considered as enabling the 

coincidence channel for a period of time A = 26 where 6 

is the width of the pulses in the input channels. That is, 
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any input pulse from channel 1 which arrives between t2 ± 5 

will add to give the pedestal necessary for an output pulse 

from the coincidence circuit. If there are pulses per 

second in channel 2, then the fraction of the total time 

that the coincidence circuit is enabled is just R2A . If 

in addition there are R^' counts per second in channel 1 

which are purely random with respect to any count in channel 

2, the fraction of these which give a chance coincidence 

signal is given by the fraction of the total time the circuit 

is enabled. Hence, 

V = R!,R2A • (43) 

Actually both R-^ and R2 contain the correlated signal 

R.p so the purely random count rates are R^-R^, and ^£"^1 

respectively. Thus 

Rq = (R2 ~ Rrp) A 

= [RxR2  -  (Rx + R2)Rt + RT2]A . (49) 

As will be shown later (p. 98), R^ and R2 are typically 

on the order of 10" sec-1 while R^. is only of the order 

of one per second. Hence the correction given by the last 

two terms in Eq. (49) is extremely small and can for all 

practical purposes be ignored. Therefore Rq can be 

written as 

RC = RlR2A . (50) 
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Signal-to-Background and Signal-to-Noise Ratios 

In order to obtain good statistics for an actual 

experimental run, one integrates the incoming counts for an 

extended time T . The total numbers of correlated and 

chance counts are then given by = R^,T and = R^T 

respectively. Two ratios are of interest. One is the 

signal-to-background ratio, C^/C^-. , which gives the relative 

sizes of the two contributions. However, more important is 

the signal-to-noise ratio, C/C^+C^ , which gives the 

statistical error that would be expected in a determination 

of C^, . If >> C^, as is the case for these experiments, 

the signal-to-noise ratio can be simplified to C^/ZC^" 

Writing these ratios out completely one obtains the follow

ing from Eqs. (47) and (50): 

RTT ^1^1^2<^t2e2 exP[-t/x2-l **" 

R1 R2 A t2 T  

exp[-t/x2] (51) 

and 

(52) 
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If the spectral lines associated with the transitions of 

interest are strong compared to the background at that wave

length and the dark count, i.e., the fraction f^ , is 

large, then 

6t • 
R. = r. = e . b . 
1 1 1 1 r. N. l 

(53) 

and the ratios [Eqs. (51) and (52)] can be rewritten as 

and 

Crp exp[-t/x2] 

CC N2(B)A 

MA) 

ntcbT 

(54) 

fit, St, 
£ 1 £ ̂bl b n 1 2 1 2 T exp[-1/x23 • (55) 

Several observations can be made concerning the 

above results. The signal-to-background ratio is propor

tional to 1/A while the signal-to-noise ratio is propor

tional to the square root, of this quantity. Obviously one 

would like to make the time resolution A of the circuit 

as small as possible in order to increase both ratios. The 

signal-to-background ratio is independent of the running 

time T while the signal-to-noise ratio is proportional to 

T . For best signal-to-noise ratios the probabilities for 

detecting emitted photons should be as high as possible, 

i.e., large solid angles and efficient optical systems and 



44 

detectors. However, the signal-to-background ratio is seen 

to be independent of the detection efficiencies. 

Moving detection region 13 farther downstream while 

leaving region A fixed gives, according to Eq. (47), the 

exponential decrease in the signal which is necessary for 

the determination of the mean life T2 • ^(B) is given 

by the sum of exponential terms as shown in Eq. (35) and also 

decreases as the region B is moved downstream. Hence, with 

the beam-foil source the signal-to-noise ratio does not 

deteriorate as quickly as when the atoms are subject to 

continual re-excitation while in the observation region. 

For the larger values of t = t2 - t^ (several mean lives) 

one would hope for considerable improvement in the signal-

to-noise ratio over those obtained using stationary sources. 

Variations with Beam Current 

The dependence of the above ratio on beam current 

deserves special consideration. To a first approximation, 

Ct/Cc varies as the reciprocal of the current. Since both 

and N2 are proportional to the beam current, the ratio 

N^/N2 is a constant and Cj/v^C^ is independent of beam 

current. Of course if the beam current is so low that the 

count rates r-^ and are no longer large compared to 

the rate of dark counts, there will be significant deterio

ration of these ratios. On the other hand, a beam current 

which is too large will give such large count rates 
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and R2 that the electronics will saturate due to their 

dead times. The resulting loss of counts appears as if it 

were a loss in the light-collection efficiency e and the 

signal-to-noise ratio again deteriorates. 

Fluctuations in the beam current cause the count 

rates in both channels to fluctuate correspondingly. There

fore the total true signal counts and chance coincident 

counts must be obtained by integrating the instantaneous 

rates over time. Hence one finds 

CT /^RTdt /^idt i _ ' o i ' o 
(56) 

[/oRodt]* [/oi2dt]^ 

from the conditions 

RT « Rx « R2 « i 

where i is the instantaneous beam current and G is a 

constant. Again, this is valid if count rates are much 

greater than dark count rates but much less than saturation 

values. Considering the examples shown in Fig. 5, one finds 

for a steady current of i the signal-to-noise ratio is 

given by 

—- " G ^ 0 1 = G - GTt (57) 
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Fig. 5. Steady and Fluctuating Beam Currents. 

In both examples the total charge, i.e., 
number of ions which passes through the detection 
regions during a time T equal to n cycles (n = integer) 
is the same. 
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which is in agreement with Eq. (55). If the current 

fluctuates such that 

1 
i = —§• (1 + sin wt) 

then 

T n 
CT / —9 (1 + sin wt)dt 

-  G  °  i ( 5 8 )  

^ [/T 
o (1+sin ojt)2dt] 

If the variable of integration is changed from t to o)t 

and the integration is carried out over n cycles of the 

oscillation, the various integrals are easily evaluated 

giving 
fU)t=n 

d(wt) = n (59) 
' o 

r2ir 
sin wt d(wt) = 0 (60) 

' o 

| sin2wt d(wt) = [^-wt - 5sin2a)t]^t~^1T=Tr (61) 

Substituting these values into Eq. (58) above one obtains 

CT _ „ n Gn^ Gn^ _ GT* - b 3- = 1 - - (62) 
(n+mr)8 (tt+1)s 2.04 2.04 

Thus, there is substantial deterioration in the signal-to-

noise ratio as compared to that obtained for an identical 

running time with a steady beam. Obviously one should avoid 
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this problem by maintaining a steady beam while data are 

being collected. 

Multichannel Techniques 

The simple coincidence circuit described above has 

a single-channel output. In order to determine the number 

of counts in the signal, it is necessary to determine the 

number of chance coincidence counts that lie in the back

ground. This requires a separate run under conditions which 

are identical except for the amount of dealy in the stop leg 

of the circuit. In order to be sure the output from the 

circuit is only due to chance or random events, this delay 

is chosen to differ from the amount which makes the start 

and stop pulses from a correlated pair coincident at the 

circuit. As will be seen later when the actual experiments 

are discussed in Chapter 3, each run takes several hours 

to obtain the desired statistical accuracy. Doubling this 

time in order to determine the background with equal 

accuracy is quite undesirable. In fact due to foil aging, 

long term drifts in the beam current and system electronics, 

it is almost impossible to reproduce identical conditions 

for each run. Besides the difficulty in maintaining the 

system's stability, monopolizing the accelerator for periods 

in excess of 7 to 10 days (rather than 3 to 5 days) did 

not seem justifiable. Thus it is clearly desirable to 
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collect data simultaneously on both the correlated events 

plus background and on the background alone. 

A system with such capability can be constructed by 

replacing the coincidence circuit and scalar shown in Fig. 3 

by a time-to-amplitude converter (TAC) and a multichannel, 

pulse-height analyzer (PHA). Such a system is illustrated 

schematically in Fig. 6. The TAC is essentially an elec

tronic stopwatch which is started by a pulse from channel 1 

due to transition from level 1 to level 2 and is stopped 

by the next pulse which occurs in channel 2 (see Fig. 6). 

During the interval that the TAC is gated "on", a capacitor 

is being charged by a constant current source. This produces 

a voltage across the capacitor which increases linearly in 

time. Upon receiving the stop pulse the charging process is 

terminated and a pulse having a height equal to the voltage 

on the capacitor is gated to the PHA. The analyzer sorts 

the incoming pulses according to height and registers a 

stop count in the appropriate output channel. A typical 

output display from the PHA is shown in Fig. 7. The 

ordinate represents the number of stop counts collected in 

each channel over the- duration of the run. The abscissa 

gives the channel number, which is proportional to the pulse 

height and consequently the time interval between the start 

and stop signals at the TAC. The observed distribution 

consists of a small peak due to the correlated events sitting 
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on a rather uniform background due to random events. The 

background level is established on both sides of the peak 

and can readily be interpolated to find the level under the 

peak. All the information is obtained simultaneously so 

that normalization is no problem. Such a system affords 

considerable savings in total running time over that for 

the single channel system and increases the reliability of 

the background subtraction. 

Theoretical determination of the shape of the above 

distribution leads to additional understanding of the system 

which is useful for its successful operation. There are two 

distinct groups of pulses in the "start" input channel of 

the TAC. One group is comprised of those pulses which are 

the first half of a start-stop pair that are correlated via 

the atomic processes. In the notation developed for 

Eq. (46), there are R^, of these per second. The other 

group consists of the remainder of the pulses in the channel 

regardless of whether they originate from transitions of 

interest, background or tube noise. These pulses occur at 

a rate R-^-RT and exhibit no correlation to any of the 

pulses in the "stop" input channel of the TAC. 

The rate R(q) at which counts are accumulated in 

a particular PHA output channel q is equal to the 

probability, P(q) , that a conversion cycle will stop in 

channel q , times the start rate. The probability for 



the conversion cycle to terminate in a channel q is 

obviously different for the correlated-pair start than for 

the random start, and the total rate may be expressed as 

the sum of the rates for the individual processes. Hence 

R(q) = (Rx - Rt) PR(q) + R^Cq) , (63) 

where PrCi) anc^ are respectively the probabilities 

that random and true correlated start pulses will convert to 

a count in channel q . These two probabilities will be 

considered separately below: 

Distribution from Random Starts 

Given M random starts of the TAC which are still 

running at time t , the number of times dM that the 

conversion cycle will be terminated in the next interval of 

time dt by a stop is given by 

dM = -M a dt , (64) 

where a is the probability per unit time for a stop pulse 

and the minus sign indicates that M is decreased by such 

a conversion. Since none of this group of start pulses are 

correlated with stop pulses, every stop pulse is random, 

and a is just the rate that pulses occur in the "stop" 

input channel, i.e., a = R2 • Equation (64) has familiar 

form with the exponential solution 

M(t) = M(0) exp[-R2t] . (65) 
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Hence output channel q could be expected to contain AM(q) 

counts, where 

AM(q) = wl*2 M(0) exp[-R2wq] (66) 

wq=t , and each channel q corresponds to a time interval 

w . The rate at which chance coincidence counts build up 

is therefore 

Rr = WR2 (R-^ - Rt) exp[-R2wq] (67) 

If R2qw << 1 and Rrj, << R^ , which are often the case for 

this type of experiment, then 

Rr ^ R1R2 W . (68) 

This is the same form obtained earlier for a single channel 

system with a time resolution w equal to the width of one 

channel in the multichannel system. From Eq. (66) the 

probability of obtaining a count in channel q from a random 

start pulse is 

pr(q) = = R2w exP["R2wcl] • (69) 

Distribution from Correlated Starts 

The distribution of stop counts associated with 

start pulses which come from correlated pairs is now 

determined. There is still a chance that a random pulse in 
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the stop channel will terminate the conversion before the 

second half of the correlated pair occurs. As seen above, 

random stops lead to a distribution of counts exhibiting a 

characteristic exponential dependence upon time. By 

analogy with the discussion above which leads to Eq. (69), 

the probability of obtaining a count in channel q arising 

from a correlated start but a random stop is 

AM
r(q) -Bwa 

- -spnr = eue • (70) 

where M^,(0) = R^,T and 3 is associated with only that 

fraction of R2 which is random with respect to R^ . Hence 

3 = R2 " rt • (71) 

As the atoms move into the region in space and time 

where the stop pulse of the correlated pair can occur, the 

conversion cycle can be terminated by either a random stop 

or the correlated stop. Since these processses are mutually 

exclusive, the probability P-p(q) for conversion into 

channel q is the sum of the probabilities associated with 

the two individual processes--each subject to the condition 

that a stop by the competing mechanism has not occurred. 

The formal expression for such a condition is 

PT(q) = [1 - f Pr(q')dq']Pt(q) + [1 - f P (q')dq»]Pr(q) 
Jo J o 

(72) 
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when the variable is continuous and Pt(q) and Pr(q) are 

respectively the normalized probability distributions for 

conversion of such a start by a correlated stop in the 

absence of random stops and by a random stop in the absence 

of correlated stops. The normalization is such that 
00 

/QP(q)dq = 1 . If the correlated stop distribution has the 

form shown below in Fig. 8 with a sharp peak at qQ and 

goes to zero for q < q^ and q > q2 > then all conversion 

cycles of the class under discussion will terminate at or 

before q2 due to the presence of a correlated stop for 

every start. Therefore, even though Pr(q) for q > q2 

does not equal zero, the expression 1 - /^Pt(q')dq' assures o t 

that P-p(q) will go to zero as required. In the region 

< q c <^2 » the coefficients with the form 1 - /^Pdq 

give the probability that the conversion cycle has not been 

stopped by the competing process and therefore is still 
00 

running. The necessary condition /QPT(q)dq =1 is also 

satisfied by Eq. 72, and the coefficients on the Pr(q) and 

Pt(q) have an alternate interpretation as being the frac

tions of the respective distributions which contribute to 

the total counts in channel q . When q takes only 

integer values corresponding to channel numbers as in this 

experiment, the integrals must be replaced by summations. 

The probability Pt(q) can be obtained by first 

considering the system's response to a delta function input 
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and then folding in the finite apertures of the detectors. 

Such a delta function input corresponds to restricting the 

field of view of both the upstream and downstream detectors 

to very narrow regions, i.e., making St-^ and 6t2 (see 

Fig. 3) much smaller than the inherent resolving time of the 

instrument. Under these conditions, the possible time delay 

between the two pulses of the R^, pair is the delta function 

<5(q-qo) > tfhere q corresponds to separation of the two 

observation regions divided by the particle velocity. The 

distribution of stop pulses from the correlated pair will 

be a sharp peak centered at qQ and having a finite width 

which is characteristic of the appartus. The observed 

width of the peak arises from jitter in the electronics, 

walk in the time pickoff units due to a large dynamic range 

of pulse heights out of the photomultiplier tubes, variation 

of pulse transit times within the photomultiplier and 

straggling in the velocity of the beam particles. Since 

these are random statistical fluctuations, the distribution 

which described the peak is Gaussian: 

where £ is one-half the width at a height equal to 1/e 

of the maximum height. The full width 2^ at this point 

can be taken as the resolving time of the instrument. In 

order to obtain such a distribution 6t^ and 6t2 must 

(73) 



be much less than 2£ . The actual observed resolving time 

for the system as a whole will be degraded by any long term 

drift in the position of qQ . 

It 6t^ and 6t2 are allowed to assume values 

appropriate for an actual experiment, the delta function 

input must be replaced by a new function D(t) which 

describes accurately the distribution of times between 

pulses of correlated pairs in the absence of jitter, walk, 

etc., which were discussed above. Figure 9 shows the dis

tributions and e2^t2-^ which describe, as seen 

from the moving ion, possible time dependent detection effi

ciencies for channel 1 and channel 2 respectively. Both 

t^ and t2 are taken to be equal to zero at the foil. As 

seen from Eq. (46), the rate r-^Ct-pt^ °f correlated 

pulses from t^ to t-^ + dt^ in channel 1 and t2 to 

t2+dt2 in channel 2 can be written as 

rl2Cti»t2) = NjCO) expt-^/i^] b^C^) 

dt-^ 

"T l  
exp 

t2"tl 
T2 

d t  2 
b2 e2^ "FT * (74) 

Since the signal appears in the pulse-height spectrum in 

terms of the time difference t2"tl ' *s convenient to 

change the variables to t and t1 which are defined as 

follows: 
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t m t2 - t1 

t' = to + t 

(75) 

2 1 ' 

Substituting for t^ and t2 in Eq. (74) and integrating 

over t' while holding t fixed, one obtains the 

functional form for D(t) , i.e., 

D(t) « exp 2 T. -)t J e^Ct'.t) 

e9(t',t) exp[-t,/2x1] dt' (76) 

However, at the TAC inputs the actual time lapse between the 

correlated start and stop pulses is t+t^ > where t^ is 

the additional delay inserted into the stop channel of the 

system. Therefore, the idealized distribution of counts 

F(q) in the pulse-height spectrum is 

F(q) = D(wq - t,) (77) 

and 

F(q) « exp 1 1 ] 

•T 2 2t1-
wq 

« 

e1(t',wq-td) 

t» 

e2(t1,wq-t^) exp[-t'/2x^] dt1 (78) 

Finally the probability of registerting a count in channel 

q of the observed pulse-height distribution is obtained 
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by convoluting F(q) and the delta function resolution 

f(q) as shown in Fig. 10. Therefore 

Pt(q) = K F(q') f(q'-q) dq (79) 

with K chosen to normalize the distribution so that 
oo 

/oPt(:q)dq = 1 • 

The set of equations which describe the distribution 

of all the counts in the pulse-height spectra is now 

complete. For convenience, they are reiterated below. 

Where appropriate the integrals have been replaced by sums 

over the channel number q 

R(q) - (Rj ~ + ^t^T 

PR(q) = R2w exp[-R2wq] 

(63) 

(69) 

PT(q) = [1 - ? Pr(q')] Pt(q) + [1 " I Pt(q)]Pr(q) (72) 
1 q'=0 r r q'=0 r r 

Pr(q) = (R2 " V w exP f~(R2 " 

Pt(q) = K I F(q') f(q'-q) 
z  q '  = 0  

F(q) = exp Li - J_] 
[ t 2 2T1J 

wq c1(t•,wq-td) 

t' 

£?(t',wq-1,) exp[-t */2T,] dt• 

f(q-q0) = exp 
q-q. 

(70) 

(79) 

(78) 

(73) 
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Summary 

The total correlated signal rate Rrj, is spread over 

several output channels of pulse-height spectrum according 

to the distribution P^(q) which is schematically illus

trated in Fig. 8c. Some are spread along the initial decay 

and are lost from the prominent peak defined by P^. C°lD • 

Although the number lost can be estimated quite accurately 

from Eq. (70), it is advantageous to keep it as low as 

possible by using the minimum delay t^ that is necessary 

to keep the peak away from the pile-up in the distribution 

which often occurs near q = 0 . This pile up is caused by 

the large numbers of pulses from real pulse pairs or elec

tronic noise into the pulse-height analyzer which are below 

the instrument's resolution limit. Substantial reduction 

in count rate R£ would also reduce the loss of correlated 

counts from the peak. However as will be seen later (p. 80), 

even with the large R2 rates inherent in this experiment, 

the correction for lost counts was still less than 2.01. 

Under the conditions 2£ < T2 < (time interval over 

which D(t) is accurately defined), the mean life can be 

obtained directly from a single pulse-height spectrum. For 

many transitions this would require the time resolution 2 

to be equal to or less than 10"9 sec and an accurate 

calibration of detection efficiencies over more than a 

centimeter of beam path. These conditions are difficult to 
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satisfy. However, by simply plotting the number of 

correlated pulse pairs per photon registered in the upstream 

detector versus the distance separating the two detectors, 

mean lives can be measured even though 2£ > T2 and the 

details of G(t) are lost. 

/ 



CHAPTER 3 

THE EXPERIMENTS 

In this section the experimental work including the 

early failures will be presented more or less in chronologi

cal order. The work spanned a three year period from 

autumn 197 0 to autumn 197 3 and was performed in the Van 

de Graaff Laboratory of the Physics Department of The 

University of Arizona. 

First Attempts 

Hydrogen is an especially attractive element for an 

initial experiment. The spectrum is easily produced by 

beam-foil methods, the Balmer series transitions are strong 

and involve transitions into the n=2 level, and the n=2 

level only decays by the Lyman-a (La) resonance transition 

to ground level. The Balmer series transitions are easily 

isolated and detected by using a photomultiplier tube 

(RCA 1P28) which is sensitive only in the visible. Further

more, a photomultiplier tube is available which has a LiF 

window and is solar blind but sensitive to L radiation a 

(EMR 541F, quantum efficiency of 9% at A121.6 nm) and will 

thus isolate the lower transition. Calculations based on 

Eq. (55) and using estimates for the initial populations, 

65 
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solid angles, tube efficiencies, etc., indicated that a 

signal-to-noise ratio of 4 should be reached in approxi

mately 103 sec (~ 2P min). The experiment was set up as 

illustrated in Fig. 11. The photomultipliers viewed the 

beam directly from distances of 5 cm. They were mounted 

perpendicular to the beam and at right angles to each 

other. Pulses from the photomultipliers were preamplified 

at the tube bases, then fed to a shaping amplifier in order 

to obtain the bipolar form necessary for the crossover 

pickoffs (discussed in the next section). The fast logic 

output from the pickoff units was routed directly to the 

start and stop input channels of the TAC. Efforts were 

made to adjust the amplifier gains, photomultiplier tube 

voltages, and lower-level discriminators settings to 

optimize the signal-to-noise ratios in the individual start 

and stop channels. Initial runs of 2 hours and 20 hours 

yielded no sign of a correlated signal. However, a severe 

problem was pinpointed. 

In order to locate the position of the expected 

peak, nanosecond electrical pulses (amplitude ~ 50 mV) 

were simultaneously fed to the preamplifiers of both input 

channels. At any one voltage level for the nanosecond 

pulses, the time resolution was approximately 10 nsec. 

However, the peak shifted more than 300 nsec when the pulse 

height was tripled. Since the dynamic range of pulse heights 
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from both photomultiplier tubes was on the order of 50:1, 

the time resolution of the system was probably worse than 

1 ysec. In a subsequent run, the use of both upper and 

lower level discriminators to limit this dynamic range gave 

what appeared to be better results. The distribution of 

TAC "on" times is shown in Fig. 12. It appears to consist 

of a broad peak sitting above a decreasing background. 

Unfortunately, limiting the dynamic ra.nge of the input 

pulses also means many input pulses are discarded, i.e., a. 

reduction in detection efficiency. Several additional 

efforts to obtain a correlated peak with this system were 

also unsuccessful. Apparently better time resolution was 

needed. 

Electronics 

Considerable care must be taken in assembling a 

system of electronics for correlation experiments of this 

type. Of utmost importance is the maximization of detection 

efficiency and the reduction of jitter, walk, noise, etc., 

in order to obtain good time resolution. High quality 

photomultiplier tubes are essential. For the region from 

X270 nm to X530 nm the RCA 8850 or 8575 which have bialkali 

photocathodes and high gain gallium-phosphide first dynodes 

are excellent. These tubes have low noise and high quantum 

efficiency (~ 30% at X385 nm). Of considerable importance 

for fast timing application is their fast rise time 
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(2.1 nsec) and the low dynamic range of output pulses, 

especially for single photoelectron events. In applications 

with weak signals where single photon counting is used, the 

only significant output is from the single photoelectron 

peak. The EMI 6256S (max. efficiency 19°5 at A400 nm) was 

also found to give good results, even though it has slightly 

lower overall quantum efficiency. 

Time Pickoff 

Various methods for obtaining logic signals at 

characteristic points on the waveform of a photomultiplier 

pulse are available (Gedcke and Williams 1968). Of these 

time-pickoff methods the three most commonly used are 

leading-edge, crossover, and constant fraction. Figure 13 

illustrates the basic aspects of each. The leading-edge 

pickoff technique is sufficient for slow logic and gating 

applications. However, its sensitivity to the dynamic 

range of the pulses results in excessive walk (see Fig. 13a 

for definition), making it unsuitable for fast timing. In 

the crossover method, the pulse is differentiated to produce 

the bipolar form shown. The timing signal is generated as 

the pulse crosses a reference level close to zero. Since 

for all pulses, the crossover point has the same position 

relative to the peak of the pulse, this technique solves the 

walk problem. However, electrical noise becomes important 
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as the signal level nears zero and the resulting jitter in 

the timing signal is undesirable. 

The third alternative, to trigger at a constant 

fraction of the peak height, has given excellent results 

for scintillator systems, especially with the fraction 

adjusted to an optimum value for the particular scintillator 

used (Bartl and Weinzierl 1963). Gedcke and McDonald (1967, 

1968) advanced the technique with the introduction of better 

circuitry. The circuit used in this experiment was that of 

Maier and Sperr (1970) and uses integrated circuits of the 

MECL II series. The basis of the operation of the circuit 

is shown in Fig. 14. The original pulse U is fed through 

a voltage divider to produce attenuated signals of A = 5/6 U 

and B » 1/6 U . Pulse A then passes through an appropriate 

delay line so that A and B cross as shown. At this point, 

B = 1/5 A . The two signals are applied to the inputs of 

cascaded differential amplifiers. With a total gain of 

about 800 the amplifiers are quickly driven from saturation 

at one logic level to saturation at the other logic level 

as the difference A-B passes through zero. The output of 

the differential amplifiers is shown as the signal AB in 

Fig. 14. The timing pulse is generated from this logic 

signal. The time pickoffs were constructed, tested and 

calibrated over approximately a three-month period. Since 

the circuit was modified slightly from the published version, 
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a schematic is provided in Fig. 15. Additional pulldown 

resistors were needed on some of the integrated circuits 

used in the output logic, and the width of the slow logic 

pedestal was increased. Another slight modification was 

to make provisions for external connection of the delay 

cable so that it could more easily be matched to various 

photomultipliers. 

For the photomultiplier tubes and sockets used, the 

risetimes were adequately determined by using a Textronics 

Type 454 oscilloscope. Since the EMR 541F and EMI 6256S 

tubes required preamplification, the risetimes measured were 

of the pulses out of the preamplifiers. Cables to delay the 

signal A (Fig. 14) a time t^ were made by cutting RG58A/U 

coaxial cable to the appropriate length. The delay time 

tj=tr(l-/) where tv is the risetime of the pulse and f 

is the fraction of the pulse height at which the output logic 

is triggered (usually 0.2). The time delays were checked 

with the oscilloscope and for proper operation in the timing 

circuit. 

Preamplifier 

A preamplifier with low noise and fast risetime was 

constructed from an integrated-circuit TV video amplifier 

(MC1553G) for use with the EMR 541F and EMI 6256S tubes. A 

schematic circuit is shown in Fig. 16. The application of 

this integrated circuit to photon counting systems was 
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first made by Hcnn Oona from this laboratory. It was 

necessary to reduce the RC time constant on the output 

from the value provided in the application notes in order 

to decrease the output pulse width to less than 160 nsec. 

This prevented afterpulsing from the time pickoff unit 

which would occur if the pulses were longer than 160 nsec. 

This is because the pickoff unit contains a monostable 

multivibrator that creates a 160 nsec dead time after the 

initial pickoff in order to avoid spurious multiple 

triggering. If a signal is still present when the multi

vibrator returns to the "off" state, it immediately resets 

giving a second logic output, i.e., afterpulse. The 

preamplifier was initially powered by a small battery to 

achieve isolation from line noise. However, it was soon 

discovered that during the extended running time necessary 

to obtain statistically significant data, the battery volt

age would drop enough to cause significant deterioration 

in the signal. The battery was then replaced with a 

regulated power supply. 

Dead Times 

Any pulse handling system has associated with it a 

characteristic dead time tD after the registration of an 

event has started and during which any subsequent pulses 

cannot be detected. In logic systems, this usually arises 

from the width of the logic pulse itself or from an enabling 
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circuit which holds the system inactive to additional 

incoming pulses during the handling of an event in order 

to avoid spurious signals that might interfere with the 

conversion process. As long as the count rates are low, 

so that the average time between pulses is much greater 

than tp , only a slight correction needs to be applied 

to the observed pulse rate in order to obtain the actual 

pulse rate. 

is constant probability per unit time of obtaining a 

second pulse after an initial pulse has been registered. 

As described in Chapter 2, this gives rise to the familiar 

exponential distribution for the time lapses betw^. .1 

successive pulses. The decay constant is the rate Rq 

of random pulses which are present at the input of the 

circuit. Figure 17 shows a plot of this time distribution 

together with the dead time t^ . All pulses which fall 

in the shaded area, t <c tD are lost. The observed pulse 

rate is related to the actual pulse rate Rq by 

This transcendental equation can be solved for Rq provided 

R^ and t^ are known. The dead time associated with the 

constant fraction of pulse height time pickoff used in 

this experiment is 160 nsec. The maximum observed rates 

If the incoming pulses are random in time, there 

e (80) 
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were approximately 105/sec. This yields a ratio for 

RQ/Ri of 1.016 - a correction of 1.6%. For lower observed 

pulse rates of 10** and 103 per sec, the correction is only 

0.2% and 0.015% respectively. 

Delays 

The delay t^ inserted into the stop input channel 

of the multichannel system can be either a passive element 

such as a long cable which transmits every incident pulse 

along its length or an active element such as bistable 

multivibrator which when triggered "on" by an incoming pulse, 

remains on for time t^ and then resets to "off" giving a 

delayed output pulse. In the later case the multivibrator 

"on" time is a dead time during which no other pulses can 

be transmitted through the circuit. 

Earlier (Fig. 12) a pulse height distribution was 

seen which had a plateau over the channels corresponding to 

t less than t^ . As indicated in the discussion on 

page 68 this was erroneously thought to be a broad peak upon 

a decaying background. The correct explanation follows from 

analysis of the effects of an active delay in the system. 

The dead time t^ introduced by the active delay prevents 

any two stop pulses from being present at the TAC input 

closer together than t^ . If the TAC is started during 

such a dead time interval for the delay circuit, the next 

stop pulse will occur at the end of the delay period. 
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Sincc the start could have occurred with equal likelihood 

anywhere during the delay period t^ , the stop will also 

occur with equal likelihood anywhere within a period of 

time t < t^ . This is in contrast to the case where the 

most probable time between two purely random pulses is 

t = 0 (see Fig. 17). 

Not all start pulses occur during a dead period for 

the stop channel. For these the actual stop pulse may occur 

at any random time t . A pulse will then appear at the 

stop input of the TAC at t + tj . Hence, the exponential 

decrease in the pulse-height distribution is shifted by t^ 

toward longer times. The resulting distribution is just 

that seen in Fig. 12. 

Timing Checks 

Before the actual correlation experiments are run 

with the beam-foil source, one must be sure the expected 

peak will fall within the time limits acceptable to the TAC. 

With the electronics connected as shown in Fig. 11, the 

discriminator levels were set just below the single-electron 

pulse heights from the photomultiplier tubes in order to 

remove as much noise as possible. Ringing was eliminated 

by proper termination of cables and pulse inverters were 

added where required. 

In order to adjust the timing a broadband, nano

second light pulse from a high-pressure hydrogen discharge 
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lamp (ENL 450 Nanosource) was optically coupled to both 

photomultipliers as shown in Fig. 18. A single burst of 

light from the lamp provided photons for both photomulti

pliers. Counters and ratemeters were checked against each 

other for consistency. With 1 cm aperture the count rates 

were 60 sec-1 in all channels and the time resolution of 

the system (full width of the timing peak at half maximum) 

was 4 nsec. However, when the apertures were reduced to 

0.4 mm the count rate in each input channel dropped to less 

than 20 sec"1 while that of the correlated signal was down 

to a few per second. The corresponding width of the timing 

peak was 38 nsec. The interpretation of these results is 

that with full aperture the system triggers on the leading 

edge of a light pulse composed of many photons, while with 

the small aperture only single photons trigger the circuit. 

These are detected at times which are scattered along the 

actual light pulse and may vary in time as much as 50 nsec. 

This interpretation was confirmed by looking at the pulse 

form from the RCA 8850 tube on a fast, sampling oscilloscope 

and using the full aperture. The pulse form showed that the 

light pulse emitted by the source was about 50 nsec wide 

at the half maximum value and had a rise time of 20 nsec. 

Although such a source was adequate for locating the 

position of the expected peak, it does not give much infor

mation on the actual single photon time resolution of the 
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system. Since this experiment derives the critical time 

information from the spatially resolved beam instead of 

from the electronic resolution, an extensive effort to 

determine the single-photon time resolution was not justi

fied. The time interval w which corresponds to one 

channel in the output display was obtained by inserting a 

known additional delay of a few nanoseconds into the stop 

input leg of the TAC and then observing the shift of the 

timing peak. A time constant of approximately 0.5 nsec 

per display channel was found to be convenient for most of 

the work. 

Further Efforts 

Using the constant fraction time-pickoff units with 

the RCA 8850 and the EMR 541F tubes another effort was made 

to observe a correlated signal from hydrogen. The tubes 

were mounted as was previously shown in Fig. 11. Again 

after several hours of running, no correlation peak was 

visible. Further tests showed that with a beam strength 

of 1.0 pA at 0.7 MV there was considerable pulse pile up and 

a saturation of the pulse handling systems. Reduction of 

the beam current to approximately 0.1 yA seemed to help, but 

additional runs still failed to show a correlation peak. 

The question arose as to whether the count rate 

recorded from the EMR 541F La sensitive tube really was 

due to only radiation. Other possible sources of 
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ultraviolet radiation were fluorescence from the target 

chamber walls due to radiation from Lyman series transitions 

and radiation from residual gas in the chamber. Since the 

LiF window of the photomultiplier doesn't transmit below 

A104 nm, the radiation from a A20 nm band could be sub

tracted from the total signal by placing a window 

(A125 nm cutoff) in front of the detector. When this was 

done the count rate dropped to about one half of the value 

with just the LiF window. This indicated that at least 

half of the signal with the LiF window was from sources 

other than L radiation. a 

Better spectral isolation of the transitions seemed 

necessary. A McPherson Model 235 1/2 m spectrometer of the 

Seya-Namioka type was available on the beam line for 

isolating La radiation. It viewed the beam horizontally. 

A port was also available on top of the target chamber for 

mounting the photomultiplier used to detect the Balmer lines. 

The experiment was shifted to use this available instrument. 

However, only two days of accelerator time were available 

before the laboratory shut down for 4 months while a new 

analyzing magnet was installed, and insufficient data were 

obtained to determine the presence of a correlated signal. 

During the time the new magnet was being installed 

in the 2 MV accelerator lab, the experiment was moved to 

the 6 MV accelerator. The target chamber together with the 
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Seya monochromator of the Ebert type was mounted to view the 

beam from above the chamber. Hydrogen was again accelerated. 

The effort was plagued by beam alignment problems, 

electrical noise generated from a nearby arc welder which 

operated intermittently during regular working hours, and 

more seriously by the difficulty of achieving stable opera

tion of the 6 MV accelerator near the 0.5 MV necessary for 

significant signal from a hydrogen beam. After considerable 

effort and frustration, the hydrogen effort was abandoned. 

Since accelerator time was usually available only 

on weekends, and with the possibility that the inability to 

obtain results to date might signal the existence of some 

fundamental problem that we had overlooked, an attempt was 

made to run the experiment using a stationary source. The 

only readily available sources which seemed appropriate were 

electrodeless discharge tubes that could be excited with 

microwaves. Using the mercury vapor discharge, the mono-

chromators were set to observe the Hg I transitions at 

X435.8 nm (6 3P1 - 7 3S1) and A253 . 7 nm (6 1S() - 6 3P1) 

(Kocher and Commins 1967). Spectral tracings over these 

lines showed they were well resolved and strong. In fact, 

the count rates were so large that pile up and dead time 

losses were intolerable. Reducing the observable volume of 

the discharge helped little. Putting filters or apertures 

in front of the detector reduces the efficiency of detecting 
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emitted photons. This seriously reduces the correlated 

signal (see Eq. 46). No correlated peak was observed, and 

further pursuit along these lines was dropped since it 

would require construction of a special source. 

Nitrogen was available in the 6 MV accelerator and 

was known to produce good spectra at stable operating 

voltages (approximately 2 MV). Spectra reported by 

McCrocklin and Head (1971) who used helium gas targets, Fink, 

Mclntire and Bashkin (1968), Bashkin et al. (1966), and 

Berry, Bickel et al. (1971) who all used foil excitation 

were searched for transitions of interest. Cascades to and 

from the levels associated with observed lines were sought 

both from the observed spectra and from tables by Striganov 

and Sventitskii (1968) and Wiese, Smith and Glennon (1966). 

The A347.9 - A348.5 nm transitions between the N IV triplet 

levels shown in Fig. 19 were strong indicating the A32.2 nm 

line should also be present. In order to detect the 

A32.2 nm radiation, a Bendix Channeltron was used with the 

Seya monochromator. The rise time of the pulses from the 

Channeltron were measured, and as described on page 74, a 

delay cable was cut for the constant fraction time pickoff. 

A 10 yA N2+ beam at 2.2 MV was obtained. With a 

foil having a thickness of approximately 10 ygm/cm2 , the 

beam was clearly visible to the eye. The spectrometer slits 

were opened to 250 ym in order to increase the lengths of 

beam observed (fit's in Fig. 6). Although the A347.9 -
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A348.5 nm lines were easily located with the 1/4 m monochro-

mator, the A32.2 nm line was not resolved with the Seya 

monochromator, even though signal was observed at that wave

length. A ten-hour run yielded no evidence for a correlated 

signal. 

In order to have more confidence that the actual 

transition of interest were being observed, spectral traces 

were made with both instruments using 50 ym slits. Strong 

lines were observed at A43.4 nm and A45.2 nm in the far 

ultraviolet. These were identified as N III transitions 

and are shown along with observed strong cascades in Fig. 19. 

Since the mean life of the 3s ^P° level was known to be 

about 0.3 nsec (Buchet, Poulizac and Carre 1972), the 

original population of this level will decay within about 

1 cm. By the time the detector is reached most of the 

transitions observed will be from ions that have entered the 

level via repopulation from cascades. The system is an 

ideal one to study. With an accelerator voltage of 2.2 MV, 

a N2+ beam of 2 yA was measured after the foil. With 

a 1 mm slit width, the count rate for the cascade transi

tions at X335.4 - X337.4 nm was 4 x 10** sec"1 , but for 

the X43.4 nm main transition, the count rate with 0.6 mm 

slit width was only 225 sec"1. After running for 20 hours, 

there was no detectable correlation peak in the data. A 

subsequent run under similar parameters, but using the 



X452.0 nm wavelength 3s - 3p transition for the 

cascade repopulation, yielded similar count rates and again 

failed to produce a detectable correlation peak. 

Finally, an even better pair of transitions was 

found. The N III doublet transitions at A45.2 nm and 

X410.0 nm were both strong and well separated. It was 

possible to open the slits on the Seya monochromator to a 

width of 1.5 mm without significantly increasing the signal 

from other transitions. The count rates were 5 x lO1* sec-1 

and 700 sec"1 at A410 nm and A45.2 nm respectively. This 

promising set of lines was run for 29 hours but again gave 

no detectable correlation peak. 

A common cause for failure of these runs was 

sought. The expected signal and background rates can be 

calculated from Eqs. (41)-(47) and (68) respectively. For 

the N III doublet transitions above, the experimental 

parameters are given in Table I. From Eqs. (41) and (47) 

with e2 = 3? l2e2 

C,p = TR^,= TR-^l exp[-t/T2] b2^2(l - exp [-6t2/"^2]) * 

= 3.95 x 102 cts. 

and from Eq. (50) 

CC = TRC = TR1R2 w 

= 1.28 x 1011 cts. 
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TABLE I 

Experimental Parameters for N III Doublet Transitions 

2 

(f/10 Seya monochromator) 

q2 (tube quantum efficiency) 

e2 (grating efficiency) 

61-, 

exp [ ~ T/ T 2 ] 

Ri 

R2 

w 

T 

0.5 

1 

6 x 10"*1 

0.05 

0 . 0 1  

1 nsec 

0.4 nsec (Heroux 
1967) 

0.5 

5 x 10** sec"1 

7 x 102 sec-1 

3.6 nsec/channel 

29 hr = 1.02 x 10s sec 
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Since neither dead time correction nor allowance for slight 

reduction in count rat.es due to foil aging were made, this 

calculation is in agreement with the observed background of 

10*1 per channel. With a time resolution 2£ of approximately 

15 nsec, the signal would be spread over 5 channels. The 

five channels would have a total background of 6 x 10" so 

that the signal-to-noise ratio is 

Ct//C7 = 5,95 x 1Q2 = 1.5 
T L /6 x 10" 

Such a signal would not be visible. A clearly detectable 

signal occurs when the signal-to-noise ratio is approximately 

4 (Rolfe and Moore 1970). Thus in order to obtain a well 

defined correlation peak, an improvement in the signal-to-

noise ratio by at least a factor of 3 would be necessary. 

From Eq. (55) this would mean increasing the running time 

to about 260 hours. This was not feasible. Although the 

initial calculations based on a grating efficiency of 0.1 

gave hope of seeing a correlation peak, one concludes that 

its real efficiency at X45.2 nm must be equal to or less 

than 0.01 and no useful data would be obtained from this 

system. However, operation of both detection channels near 

X400.0 nm with large-aperture (f/3.6) monochromators and 

efficient photomultiplier tubes should increase detection 

efficiency by a factor of 10" . 
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By this time the 2 MV accelerator was again opera

tional, and it was decided to return the experiment to 

that laboratory in order to take advantage of available 

accelerator time. Also available were two Jarrell-Ash 

1/4 m monochromators of the Ebert type with f/3.6 aperture 

ratios. They had adequate resolution for the planned exper

iments and are well-suited for use in the region around 

A400 nm where the quantum efficiency of bialkali photo-

cathodes is highest. An existing target chamber was altered 

so that the two monochromators could be mounted to view the 

beam at right angles to the particles' velocity and nearly 

opposite to one another. The experimental arrangement is 

shown in Fig. 20. Since an oxygen bottle was already in 

the accelerator and the 3d' - 4f' and 

3p» 2p0 _ 2g transitions which occur in the 0 II 

spectrum at A425.5 nm and X418.6 - A419.0 nm respectively 

were previously known to be strong and well separated 

(Masterson 1969), they were chosen for the initial runs 

with the new system. A diagram of the level structure is 

shown in Fig. 21. 

An 02+ beam of 1.0 pA through the foil was 

obtained with an accelerator voltage of 0.5 MV. Photomulti-

plier tube voltages and discriminator level settings were 

adjusted to give nearly optimum signal-to-noise ratios. The 

resulting voltage settings were -2900 V for the RCA 8850 
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and -1400 V for the EMI 6256S photomultipliers. Using the 

RCA 8850 and monochromator slits width of 100 ym the spec

trum shown in Fig. 22 was taken over the region from A400 nm 

to A450 nm. The two lines of interest are evident in the 

spectrum. The "start" channel monochromator with the 

EMI 6256S tube was set to the A425.5 nm line while the 

"stop" channel monochromator with the RCA 8850 tube was set 

to the A418.6 - A419.0 doublet. The observed count rates 

were 1 x 103 sec-1 and 7 x 101* sec"1 respectively. After 

running 20 hours there was no sign of a peak with the 

expected correlated signals. The additional experimental 

parameters are given in Table II. Downstream observation 

was made with slits oriented with respect to the beam as 

shown in Fig. 23, so that observation began simultaneously 

with the detection of cascade transition and continued for 

approximately 1.5 mean lives. Using Eq. (81) with t = 0 , 

^t2/^x2 = *' ** ' anc* t*ae ab°ve parameters, one obtains 

C^ = 720 cts. This number of signal counts would be 

expected over 10 channels, i.e., a 15 nsec interval. Using 

Eq. (50) together with the total running time, one obtains 

the background expected in a single display channel of 

Cj-. = 800 counts. This is within the statistical uncertainty 

/C^ of the observed value. The root-mean-square statistical 

fluctuation associated with the 10 channel sum for the 

background lying below the signal is /lOC^ = 85 . Thus 
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Experimental Parameters for Two-Monochromator 
System Used for Oxygen Transitions 

Jk 
4ir 

<*2 

e 2  

61. 

(f/3.6 Jarrel-Ash 
monochromator) 

(tube quantum efficiency) 

(estimated efficiency of 
grating and optics) 

0.5 

1 

6.1 x 10"3 

0 . 2  

0 . 2  

10 nsec 

exp[-t/x2] 

Ri 

R2 

W 

T 

6.8 nsec (Church 
and Liu 1973) 

103 sec"1 

7 x 10* sec"1 

1.5 nsec/channel 

20 hr = 7.2 x 10** sec 
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the expected signal-to-noise ratio was about 9 and the 

signal should have been clearly visible. A collection 

efficiency £2 which is compatible with the failure to see 

a signal would be a factor of 10 less than that computed 

above. Such a factor could conceivably be contained in 

the estimated transmission through the monochromator. A 

quick verification of this was carried out by using the 

system as shown in Fig. 20 as a double monochromator. With 

all slits parallel, the EMI 6256S tube was replaced by a 

bright source of continuum light. Then using a RCA 1P28 

photomultiplier, the intensity of the light in the target 

chamber at a position coincident with the location of the 

beam was recorded and compared to the maximum signal with 

the 1P28 placed behind the exit slit of the second mono

chromator, i.e., at the location of the RCA 8850 tube. From 

this rather crude measurement the transmission of the 

optical system was found to be approximately 0.05. This is 

much lower than expected, but consistent with the results 

of the previous experiment. 

Initial Success 

In order to observe a correlated signal in a 

reasonable running time, the collection efficiency of the 

system had to be futher increased. A gain of approximately 

10 could be achieved by simply replacing one monochromator 

with an efficient interference filter. A filter with a 
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A4 .8 nm pass-band width centered at A419.1 nm and having 

455 peak transmission was available from Baird-Atomic Co. 

with immediate air deliver. This was ideally suited for 

use with the oxygen doublet studied previously. One mono-

chromator was used to isolate the radiation at A422.5 nm 

and the filter was used to isolate the radiation at 

A419.0 nm. As is shown in Fig. 24, a plane mirror was 

placed behind the beam in order to increase the effective 

solid angle subtended by the filter. Using an beam 

accelerated to 0.5 MeV as before, it was necessary to 

reduce the current to 0.1 pA in order to prevent pulse pile 

up and saturation of the electronics used in conjunction 

with the detection of the A419.0 nm radiation. The count 

rates for the cascade into and transition out of the 

3d' level of 0 II, were 200 sec-1 and 1.6 x 105 sec-1 

respectively. After running for 3 hours a small peak was 

evident in the pulse-height spectrum at the location 

predicted for correlated events. It continued to become 

more prominent throughout the remaining 14 hours of the 

run. Two tests were made to verify that the origin of the 

peak was from correlated events. First, an additional 

40 nsec delay was inserted into the input channel for 

detection of the A419.0 nm radiation, and the experiment 

was run again. After 7 hours a prominent peak had appeared 

shifted 20 channels just as expected. The channel width w 
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in the pulse-height spectrum was 2 nsec. Next the roles of 

the two detection channels were switched by exchanging the 

leads of the TAC input, and another run of several hours 

was made. This time no peak was visible. This also would 

be expected, since now the correlated signal associated 

with any TAC start would have already occurred, leaving only 

random pulses as stop pulses. These tests confirmed the 

association of the observed peak with correlated transitions 

? 
into and out of the 0 II 3d' G level. 

The detection efficiency of the channel sensitive 

to radiation at A419.0 nm can be determined. For the 

initial, successful run which lasted 17 hours, a total of 

1.83 x 107 start counts were recorded. The background rate 

r^ + [see Eq. (39)] was determined to be approximately 

50% of the total signal. Thus the net number of start 

counts due to transitions of interest was approximately 

9.15 x 106 . The background was fit with a straight line in 

the vicinity of the peak. The total number of counts above 

this line and in the correlation peak was determined to be 

1390 ± 230. The majority of the uncertainty is due to 

statistical fluctuation in the background from channel to 

channel. Since the downstream detector was effective over 

a 2.5 cm length of the beam, ^ an<* of the 

atoms registered by the upstream detector will decay in the 

field of view of the downstream detector, then 
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e = 1390 = 1>?4 x 10_lt 
L (0.87) (9. 15 x 107) 

The calculated value o£ 

' n .  
e 2 4 TT 

(q2)(e2) = (6.1 x 10"3)(0.2)(0.40) = 4.9 x 10' 

is in fair agreement considering the large uncertainties 

associated with the rough estimates for the solid angle 

^2 and transmisssion the optical system. The 

observed signal-to-noise ratio is also easily determined. 

The background below the peak contained about 54200 counts. 

Thus 

CT 1390 1390 . , ~ = o . 
/C^ /54200 230 

Using the system described above, a preliminary 

2 measurement of the mean life of the 3d1 G level of 0 II 

was made. A 0.1 yA beam of 0.5 MeV 02+ was run for 

10 days in order to obtain 6 data points on a decay curve. 

The results are shown in Fig. 25 and were reported at the 

3rd International Conference on Beam-Foil Spectroscopy 

(Masterson and Stoner 1973). The upper point at the distance 

of 4 mm downstream was taken during a period of persistent 

electronic problems later traced to low voltage on the 

battery-power preamplifier. The uncertainty in the 

measured value of T is large (~30%). It arises from the 
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poor signal-to-noise ratio and resulting large uncertainties 

in the individual runs. Figure 26 shows the pulse-height 

distribution for two representative runs. The separate 

steps are sums over 5 channels of the actual PHA distribu

tion and corresponds to a time interval of roughly 10 nsec. 

The number of counts in such a peak was normalized by 

dividing by the corrected number of start counts, i.e., the 

total number of observed start counts minus tube dark 

counts. Although the start count rate varied from 80 sec"1 

to 300 sec"1 throughout the experiment, the tube dark 

count was uniform at 50 sec"1. 

The best signal-to-noise ratio obtained was for the 

"initial position" distribution of Fig. 26. The background 

below the peak in channels 163 through 172 as determined 

from the dashed line, is 37,500 counts while the peak itself 

contains about 1100 counts. This gives a signal-to-noise 

ratio of 5.7 which corresponds to an expected uncertainty 

of 17%. In order to reduce the uncertainty by a factor of 

two, one would need to run four times as long (140 hours) 

with the same apparatus. A better approach was to improve 

the apparatus to obtain still higher collection efficiencies. 

The Two-Axicon System 

The factor which most severely limited the 

efficiency of the preliminary experimental systems was the 
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small solid angle by the detectors. Even an f/3.6 mono-

chroinator subtends only 6.1 x 10"3 of the total solid 

angle. 

The properties of axicon systems for collecting 

light from foil-excited beams had been previously studied 

(Stoner 1970). A cross section of such a system is shown 

in Fig. 27. The axicon itself is the conical reflector 

whose axis is along the ion beam. The cone, which has a 

90° apex angle, is truncated to allow the beam to pass 

through. The beam stop C prevents the beam from striking 

the lens and causing it to fluoresce. The circular 

aperture at S is in the focal plane of the lens. For 

sufficiently small beam diameters, such a system collects 

all the light emitted within the axicon and in the angular 

range ± 0 about the normal to the beam. The maximum angle 

that is usable depends on the aperture ratio for the device 

used to isolate the radiation. Due to the cylinderical 

geometry of the axicon and the image, the system is most 

efficiently coupled to a device with a circular entrance 

aperture such as an interferometer. An interference 

filter is an ideal device, and as has already been pointed 

out, has a high transmittance. 

The useful aperture of a filter is limited by the 

shift of the transmission peak toward the blue as the angle 

of incidence increases with respect to the normal. Abeles 



Cross Section of Basic Axicon Optical System. 

A = axicon; B = ion beam; C = beam stop; 
L = lens; S = circular aperture in the 
focal plane of L. 
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(1967, p. 186) gives the following formula for the shift 

AX. m 

m 1 
2 m 

( 8 2 )  

where Xm is the wavelength of the transmission peak at 

normal incidence and n is the effective index of refrac

tion. Thus for a filter centered at X400 nm and with a 

bandpass of X4.0 nm and using a typical value for n of 

1.6, one obtains 0 = 0.23 rad. 

The usable solid angle for light transmitted by the 

axicon is generated by rotating the angle 20 about the axis 

as shown in Fig. 28. Since the area of each spherical cap 

is given by 

A = 2-rrrh , (83) 
cap ' v ' 

the fraction of the spherical surface covered by the shaded 

portion is just the fraction of the total solid angle of 

4ir over which light is transmitted by the axicon, i.e., 

ft _ 4irr2 - 2(2irrh) 
4tt (84) 

4ur2 

Since h = r - r C O S ( T T-0) = r(l - sin 0) , one obtains the 

simple result 

Q 
4tt sin 0 . (85) 
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Using 0 obtained above for a typical filter, one obtains 

= sin (0.23 rad.) = 0.22 , 
4tt v ^ ' 

an improvement by a factor of about 40 over the f/3.6 

monochromator. This coupled with a gain of 5 to 10 for the 

throughput of the filter over that of the monochromator 

should give an improvement of at least two orders of 

magnitude for the overall detection efficiencies for each 

input channel of the system. 

The Doppler shift of the radiation emitted from the 

beam particles also influences the performance of such a 

system. For ions with atomic mass near 30 amu at energies 

0.5 MeV, the velocity v is only about 0.02 c, where c 

is the speed of light. For such low velocities the relative 

shift AX/X can be written as 

A X  V  ,  — = - cos (|) (86) 

where <J> is the angle between the direction of the observa

tion and the beam velocity (see Fig. 28). Thus for the 

maximum angle 0 = 0.23 rad. defined earlier and with 

cos <j) = sin 0 , the Doppler shift toward the blue for the 

ray labelled b in Fig. 28 is AX/X = (0.02)(0.22) = 0.004, 

or roughly 2.0 nm for visible light. The Doppler shift 

toward the blue nearly compensates for the shift in the 

transmission peak for the filter. However, there is a 
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corresponding loss in the efficiency for detecting photons 

emitted at an angle -0 (ray r in Fig. 28) since these 

photons are Doppler shifted toward the red while-the shift 

in the transmission peak for the filter is away from the 

red and toward the blue. Hence, the gain in efficiency for 

detecting photons emitted at an angle 0 is counteracted by 

a loss in the efficiency for detecting photons emitted at 

an angle -0 . The net result is that Doppler effects 

introduce little or no change in the overall collection 

efficiency of the system. 

The basic geometry which was found to be convenient 

for the two-axicon system used for the detection of 

correlated signals is shown in Fig. 29. The reflectors (a) 

were machined from aluminum, polished with Linde A polishing 

compound, and overcoated with a thin layer of vacuum-

deposited aluminum. Plane mirrors (&) mounted at 45° with 

respect to the beam axis and with holes cut in them to allow 

the beam to pass through, were used to relay the light into 

the rest of the system as shown. The lenses (c) were 

placed as close to the axicon as possible in order to 

collect the maximum amount of light. The filters (<3) were 

mounted in the converging beams in front of the focal planes 

of the lenses. Shutters (e) were located between the 

filters and photomultiplier tubes (f) and attached to the 

tube housing so that filters could be interchanged or the 
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Fig. 29. Geometry for Basic Two-Axicon System. 

a = axicon; b = relay mirror; a = lens; 
d = interference filter; e = shutter; f = photo-
multiplier; g = foil; h = mounting tube; i = chamber 
wall; 3 = flange. 
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tubes removed without exposing the photocathodes to room 

light, and so that one could check dark count rates in the 

detection channels. Each axicon assembly (parts*a, b and 

c) was mounted on an aluminum tube (h) having a 3.5 cm 

inside diameter, with the lens epoxied into place to form 

a vacuum seal. The other end of the tube was epoxied into 

the base flange, as shown. The flanges were sealed to the 

sides of the chamber with 0-rings. Slots parallel to the 

beam axis were milled into the flanges. These were used as 

bolt holes to secure the flanges to the target chamber and 

allowed the entire assembly to move downstream from the 

excitation region a maximum distance of 4 cm. 

Optical elements placed in the vicinity of the foil 

could have become coated rather quickly by buildup of 

material sputtered from the foil by the impinging beam 

particles. This would have been especially severe for the 

axicon A due to its location relative to the foil. The 

relay mirror for detector A would have been affected by 

backward sputtering of particles. However, these optical 

elements were protected from degradation by additional 

shields and baffles. These are shown in Fig. 30, which is 

a full-sized drawing of the axicon system. The foils (f) 

were floated on water and picked up in the conventional 

way on 0.01 cm thick brass supports which have holes 0.48 cm 

in diameter. These supports were attached to a 25 cm long 
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Fig. 30. Detail of Baffle Arrangement. 

a=stainless steel tube shield; b=ring to prevent backscattering; c=mounting 
block; d=cone to protect axicon A from forward sputtering; e=mounting ring 
for cone; f=foil; g=linear foil rack; h=stainless steel tube to prevent ions 
from striking downstream relay mirror and to prevent detection of ions out
side the axicon region; i=mounting block. 
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linear, foil rack (g) by spring clips (not shown). Twenty 

foils could be mounted on the rack and then sequentially 

positioned in the beam by progressively withdrawing the rack 

through small slots in the top and bottom of the upstream 

axicon A. 

The most important baffle was a small cone (d) that 

was placed immediately behind the foil rack on two short 

support posts as shown. This cone had a base diameter of 

1 cm, a height of 0.23 cm, and a 0.25 mm diameter channel 

drilled along its axis. The other end of each post was 

brazed to a small retainer ring (e) which fit snugly in the 

aperture of the axicon. The aperture in the retainer ring 

was 0.64 cm. This cone was effective in preventing scattered 

and sputtered particles from striking the surface of the 

axicon. Deposits did build up on the cone's base and in the 

channel. These had to be removed periodically. 

In order to prevent backscattered particles from the 

foils from striking the relay mirror of the axicon A, a 

1 cm diameter disk (b) of thin (0.025 cm) stainless steel 

was placed immediately in front of the foil. This was 

supported by a piece of 0.38 cm diameter thin-wall stainless 

steel tubing (a) which protruded from an aluminum mounting 

block (c) epoxied to the back of the relay mirror. The 

aperture formed by the inside of the tube also restricted 

the area from which emitted photons could be detected to 
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that within the actual axicon. This is essential when gas 

excitation is used since large contributions to the 

uncorrelatcd signal arise from excited atoms which decay in 

the region immediately in front of the lenses. 

A stainless steel tube (h) of slightly larger 

diameter (0.64 cm) was mounted similarly in the support (i) 

attached to the relay mirror of the B detector system. To

gether with the collimation of the beam by the apex aperture 

(0.32 cm) of the axicon B, this tube prevented forward 

scattered particles of ions from striking the B relay mirror. 

As above, it also restricted the section of the beam from 

which photons could be detected. 

Multiple Coulomb interactions in the foil cause an 

angular spread in the downstream beam (Stoner and Radziemski 

1970 and 1973). Since the detection efficiency of an axicon 

system decreases as the emitting ions get further off axis 

(Stoner 1970), the detection efficiency of the axicon B 

would drop as it was moved downstream. Clearly this is 

undesirable when attempting to measure accurate decay curves. 

However, by making the apex aperture of the axicon B small 

(0.32 cm) the beam inside the axicon is always restricted to 

a well defined cone along the axis of the system. As long 

as the beam is scattered by the foil so that this cone 

remains filled, the efficiency for detecting photons emitted 

within the axicon should remain constant as the whole 



assembly is moved downstream. Of course there is now a 

decrease in the probability that a particular ion which gave 

a signal in detector A passes through the aperture in the B 

axicon as this aperture is moved downstream. This, however, 

is measurable since the current collected in the Faraday 

cup will decrease correspondingly. An electrical lead was 

attached to the aluminum mounting block (c) and the current 

flowing through it to ground was measured. Since this 

current is proportional to the beam striking the block which 

is also proportional to the beam passing through the tube 

(a), it provided a good reference to which the Faraday cup 

current could be compared. Thus a dependence in the detec

tion efficiency of the system versus downstream position 

was replaced by an easily measured current ratio. As will 

be described in the next section, the number of correlated 

counts in a signal peak was also normalized to the current 

in the Faraday cup. 

Using the double axicon system, the A425.5 nm and 

A418.6 - X419.0 nm transition in 0 II were rerun. With the 

increased light collection efficiency, an beam of 

only 15 nA at 0.5 MeV was sufficient to give the maximum 

acceptable count rate of = 2.5 x 10s sec"1. The rate 

for was 7 x 103 sec"1, and the count rate for 

conversions in the TAC was 891 sec"1 which is consistent 

with the product ^^^2^ ^or ^ equal to the width of the 



120 

TAC window 0.5 ysec. A run of only 120 min yielded the 

prominent correlation peak displayed in Fig. 7. The details 

of the data analysis for this run will be given in the next 

section. Among the results one finds the signal per 10G 

start counts is 210 and the signal-to-noise ratio C^,// 

is 19. The improvement over the performance of the filter-

monochromator system (previous section) is dramatic. The 

signal-to-noise ratio was improved by a factor of 4 in one-

twentieth the time. The overall improvement in the product 

of the detection efficiencies e±e2 "*"S on orc^er 2000. 

Measurements of the Mean Life of the 
3d' ZG Level of 0 II 

During March and April of 1973 the oxygen transitions 

previously studied were rerun using the two-axicon system. 

Nine sets of data covering five different positions for the 

downstream detector were run using a 0.5 MeV beam of 02+ • 

The measured beam current through the foil depended on foil 

thickness, foil age, location of downstream detector and 

long-term drifts in accelerator output, and varied from 5 nA 

to 15 nA. The running time for the individual data points 

took from 2 hours for the smallest separation between the 

detectors (x=0) to 10 hours for the greatest separation be

tween the detectors (x=12 mm). In order to avoid systematic 

errors due to any long term changes in the detection 

efficiency of the axicons, the nine data sets were taken 
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with the downstream detector located sequentially at the 

positions x=0, 9, 3, 12, 6, 0, 9, 12, and 3 mm. 

After the above runs were made, the correction 

factors associated with the scattering of ions out of the 

downstream axicon (see previous section) were determined for 

each position of the axicon by measuring the ratio of the 

current collected by the Faraday cup i to the reference 

current i recorded from the support block (c) of Fig. 30. 

The ratios were normalized to the average value for 

the five measurements made at the x=0 position and plotted 

as shown in Fig. 31. There was considerable variation 

among the readings taken at any position. This indicates 

that it was difficult to accurately reposition the aperture 

of the axicon in the ion beam when moving the detection 

system to a new location. The correction factor is desig

nated F7 and is defined by the ratio (i /i )/(i_/i„) L c r c r x=Q 

As an example of how the calculations were 

handled for each data set, those for the initial run at 

the x=0 position are reproduced. The peak containing the 

correlated counts spanned the output channels from 238 to 

268 with a maximum at channel number 253. The background 

was determined in two intervals (channel numbers 207 to 237 

and 269 to 299) which lie equal distances from the peak on 

either side. The total number of counts S in each 
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interval were summed by using the integration function of 

the multichannel, pulse-height analyzer. The sums are 

237 
S , =  I  N ( q )  =  1 7 1 1 8 3  
1 q= 207 

2 6 8  
S N ( q )  =  1 8 0 4 7 5  
L q=238 

299 
S? = I N(q) = 171114 
0 q= 269 

To within the limits set by the counting statistics, the 

background over the short interval from channel 200 to 

channel 300 (which includes all three sums) depends linearly 

on the channel number. Therefore, the background to be 

subtracted from the peak is just the average of and 

Sj. The uncorrected number of counts C^.' in the correla

tion peak is 

Si*S, 
CT' = S2 " 2 (87) 

= 9330 

The statistical uncertainty AS in each sum S is taken 

to be /S which is approximately one standard deviation. 

The uncertainty AC^' in C^, is 



ACt 

This represents an uncertainty in C^' of 5.5% and a signal-

to-noise ratio of 19. 

The number of counts C^' must be corrected for the 

loss of correlated stops due to premature termination of the 

conversion cycle by random counts in the stop channel. This 

causes a decrease in the observed count by a factor of 1/F^ » 

which using Eq. (70), can be defined as 

N. . R~qw = true counts . e 2" _ (9Q) 

observed counts 

The count rate R2 averaged 2 x 105 sec-1 and the channel 

width w was 0.5 nsec. Subtracting the 20 channel offset 

at the beginning of the pulse-height distribution (see 

Fig. 7) there are 233 channels from the start of the distri

bution to the peak of the correlated signal. Therefore, 

F1 = exp (2 x 105) (233)(0.5 x 10"9) = 1.02 . 

The number of counts in the peak must also be 

corrected for the loss due to scattering at downstream 

points as discussed on page 119. The correction factor 
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(AS2)2 + 
'AS^ NJ 

1- [AS3] 
2 

T 
I 2 , 

S 2  +  

Sl + S3 

(88) 

(89) 

500 



p2(x) varies from ̂ (0) = 1 for the case under discussion 

to ^2^^ mm^ = 0-^4 (see Fig. 31). 

The total number of true start counts S^,1 

recorded was 4.5 x 106 . This must be corrected for the 

dark-count rate u^ which is unrelated to beam strength. 

Since the average observed rate (5000 sec"1) was large 

compared to u^ (70 sec"1) the correction given by Eq. (91) 

is small. _ 
Rl"ul F3 = __L_L (91) 

R1 

5000 - 70 = 0.986 
5000 

The normalized and corrected number of counts in 

the correlation peak is given by 

V F-, 
CT/ST St'F3F2 (92) 

= (9330±5.5%) (1.02±1%) = 214 x 10-6± 7% 

(45.3xl06)(0.98±0.5%)(1±4%) 

where the 7% error is the square root of the sum of the 

squares of the errors on the individual values. It is 

dominated by the counting statistics and represents one 

standard deviation. The remaining data sets were analyzed 

in a similar fashion. The results are plotted at the end 

of this section as circles in Fig. 36. The straight line 

drawn through the data points is a least-squares fit to the 
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equation LnfC^/S^) = Lna - t/x using standard techniques 

(Bevington 1969, p. 182). The data points were weighted 

inversely with the squares of their uncertainties. The 

error on the coefficient 1/x was also obtained from the 

fitting program. The measured value of the mean life was 

x = 3.95 ± 0.2 nsec. This result is compared with the values 

obtained in other experiments and from theory in Chapter 4. 

Although one would expect about 1/3 of the data 

points to be farther from the least-squares fit line than 

one standard deviation, 5 out of the 9 points plotted for 

this decay curve do so. Furthermore, 3 of the points are 

more than 3 standard deviations away. The primary cause of 

this is probably due to the errors in the correcting for 

losses due to scattering. As already seen, the difficulty 

in accurately repositioning the axicon aperture in the beam 

path when shifting its position can cause rather large 

fluctuation in the correction factor F2 . This correction 

factor should be measured point by point, i.e., independently 

for each data set and after the axicon has been locked into 

position for the particular data set. 

Foil Changes 

With the beam current used (~ 10 nA) in the above 

runs, each foil which initially had a surface density of 

about 7-8 pg/cm2 usually lasted from one to two hours. 

During the life of a foil systematic changes were observed 
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in the count rates R^ from the upstream axicon, from 

the downstream axicon and in the Faraday cup current i . 

These changes are evident in Fig. 32 which shows these quan

tities as a function of time for two foils. The variables 

have all been normalized to unity for the time (t=0) when 

the foil was inserted in the beam. Similar changes in the 

current and count rates were observed for all foils. 

If the count rates R-^ and R2 are exactly propor

tional to the measured current i , a 20% drop in the 

current would also lead to a 20% drop in the count rates, 

and the curves for ic , R-^ and R2 should all coincide. 

This was not observed. The fact that R2 drops more 

rapidly than R^ suggested that as the foil ages, the beam 

is more strongly scattered. However, due to the collimation 

of the beam by the aperture of the downstream axicon, every 

ion which passed through this axicon was collected in the 

Faraday cup so the ratio ^^c should not be affected by 

scattering. Yet this ratio which is also plotted in 

Fig. 32 shows a definite dependence on foil age. Foils 

which were removed from the beam before they broke showed 

visible darkening over the area struck by the beam. This 

area was usually smooth, while the peripheral areas had a 

wrinkled appearance as if the foil had been drawn inward 

toward the central, smooth area. This suggests a gradual 

thickening of the foil over the area struck by the beam. 
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During Foil Aging. 
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Bickel and Buchta ("197 4) have observed decreases in the 

energies of the ions downstream from the foils as the foils 

age. They also attribute this to a gradual thickening of 

the foil. As foil thickness increases, scattering also 

increases (Stoner and Radziemski 1970, 1973) and the 

changes in the ratio would be accounted for. Slight 

changes in thickness of the foils could cause variations in 

the charge-state distribution of the emerging ions. Charge-

state distributions are plotted against ion energy in 

Fig. 33 (Wittkower and Betz 1973). For oxygen at 0.25 MeV 

(©2+ at 0.5 MeV), one would expect the yield for singly 

ionized atoms (+1) to be near the maximum. However, the 

populations for the -1, 0, +2 and +3 ionization states are 

all changing rapidly, and any decrease in the energy of 

the ions emerging from the foil would casue a shift toward 

lower net positive charge for the beam. This would account 

for the observed changes in the ratio ^^c ' c^ec^ 

the hypothesis that the changes in the observed quantities 

could all be accounted for at least qualitatively by a 

thickening of the foil with time, a series of foils with 

increasing surface densities were inserted in the beam. 

The results are shown in Fig. 34 for the range of surface 

density corresponding to those commonly used. The curves 

were all normalized to unity for a foil thickness of 

8 gm/cm2. There is good agreement with curves plotted in 
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Fig. 34. Count Rates and Faraday Cup Current for Various 
Foil Thicknesses. 

= count rate from upstream axicon; R2 = count 

rate from downstream axicon; and i = Faraday cup current. 
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Fig. 32 and the foil-thickening hypothesis adequately 

explains the observed changes. 

As noted earlier (p.121) the scattering of the beam 

out of the aperture of the downstream axicon reduces the 

probability of seeing correlated events. Scattering which 

changes with time as the foil thickens produces an apparent 

time dependent detection efficiency which must be corrected 

for. The method devised to correct for this effect is 

described in the following section. 

Continuation of Oxygen Data 

During early June 1973, a new set of data was taken 

for A425.5 nm and X418.5 - A419.0 nm transitions associated 

2 with the 3d' G levle of 0 II. Additional data were 

included for the point-by-point correction associated with 

repositioning and for corrections due to foil aging. As 

before, an C>2+ beam (0.5 MeV) of approximately 10 nA was run 

for several days. 

In order to correct for the scattering losses from 

the beam for various positions of the downstream axicon, a 

set of four foils to be used as standards were mounted in 

locations 9 through 12 on the foil rack. Each time the 

detector was moved, these four foils were successively 

placed in the beam and the currents ir and i were 

recorded. The foils were left in the beam only for the few 

moments necessary for making the readings in order to 
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minimize any thickening cffects. The ratio ic/i-r was "then 

taken for each of the 4 foils. The results for one detec

tor setting (x=3 mm) are listed in Table III. 

TABLE III 

Data for Correction Due to Scattering Losses Arising 
from Relocation of Axicon (x=3 mm) 

12 

1.69 

1 . 6 1  

1.05 

Foil No. 9 10 11 

(i /i ) 1.46 1.69 1.79 
c r , x=3 mm 

(i /i ) 1.34 1.50 1.70 
c r x=0 

x=3 mm 

Cic/1r) n x=0 

average 1.08 ± 0.02 

1.09 1.13 1.05 

For each foil the ratio was normalized to the ratio observed 

at x=0 for the same foil. The average value of 1.08 ±0.02 

was used as the correction factor F2 (see p.124) for that 

particular detector setting. The correction factor F2 is 

plotted for each detector setting in the Fig. 35b. Even 

though there was considerable spread in the points, the 

trend was consistent with the results plotted earlier in 

Fig. 31. 
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In order to correct for foil aging, a continuous 

record of the count rates R^ and was kept with a 

dual-pen chart recorder. Either count rate is proportional 

to the rate at which particles in the upper level associated 

with the transition to which that detector is tuned pass 

through the axicon. Hence, the area A under the tracing is 

proportional to the total number of particles which pass 

through the foil being used and through the axicon. If the 

ratio of the areas ^2/^^ under the tracings for a partic

ular foil is the same as the ratio of the count rates ^^l 

at the time the foil was inserted in the beam, no change in 

detection efficiency (no scattering) has occurred. If 

however, the ratio ^2/A^ decreases relative to ^2^1^t=0 

then scattering has increased during the life of the foil. 

In fact, the normalized ratio E (^/A^) (R^/R-^)t_Q is 

just the fraction of the total number of particles which 

were not scattered out of the downstream axicon during the 

process of foil aging. Division of the total number of 

correlated pairs by appropriately corrects for the 

loss of correlated pairs by scattering. If several foils 

are used during the period during which data are accumu

lated for a particular axicon setting, the mean value of 

the ^4^ each weighted by its area A^ gives the 

appropriate correction factor. 



The areas and count rates for the foil setting 

discussed above (x=3 mm) are reproduced below in Table IV. 

The areas were determined by planimetry of the chart 

recordings. The units are arbitrarily chosen as one 

division on the chart recording. The values of 

obtained for each data set are plotted in Fig. 35b. Within 

the experimental uncertainties there is no dependence of 

F^ on detector position. For all foils and all positions 

the value of F^ is within 51 of 0.83, and although the 

corrections was made for each data set, it essentially 

appears as a constant factor in front of the exponential 

decay term. Because of the constancy of F^ with position, 

the data for the earlier run (p.126 and Fig. 36) do not 

appear to be systematically wrong. 

The number of counts in the correlation peak was 

determined and normalized in the manner previously described, 

The observed values were corrected for random stops, dark 

current and scattering losses in the same fashion. With 

the addition of the correction factor F^ for foil aging, 

Eq. 92 becomes 

CT C" F, 
g = 5 r p p p (93) 
ST T 2 3 4 

where F^ and F£ are defined as before and F^ is 

determined for each axicon setting instead of by an average 

over many readings taken at a particular position. The 
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TABLE IV 

Data for Correction Due to Scattering Losses Arising 
from Foil Thickening (x=3 mm) 

Foil No. 

a2/Ai  

(R2/Ri ) t = 0  

17 18 

2.33 - ? 7 1.96 . - 9 C 0.67 
0.85 C • / 0.80 w • j 

0.29 

96. 5 - X 1 68.5 - 9 Q 39.0 
31.0 J • X 24.0 

td • y 
14.0 

19 

= 2.3 

=  2 . 8  

F4' 0.87 0.86 0.82 

F =weiehted average-(0' 85H°' 87) + C° ' ?°} C° • 86) + (0' 2V (0'82) h4 weigntea average (0.85)+(0.80)+(0.29) 

=  0 . 8 6  ±  0 . 0 2  



nine data points are plotted as triangles in Fig. 36. 

Except for one point at x=0 the number of correlated counts 

per 106 start counts is about 1/3 that obtained in the 

previous run. At the beginning of the run and while taking 

the initial x=0 data set, the foil rack jammed while trying 

to insert the #3 foil. That particular foil holder was 

later found bent and lying in the bottom of the target 

chamber. The effort required to free the foil rack may have 

caused a minor misalignment between the two axicons. More 

important, the count rate R-^ increased by a factor of 

two, over the value prior to this incident and over the 

value for comparable parameters in the March-April data 

series. Subsequent inspection of the "A" axicon revealed 

a piece of the deposit which had built up on the conical 

baffle (d) (Fig. 30) had been dislodged and was located at 

the apex of the cone where continuum light resulting from 

its interaction with beam particles could be detected. 

This light increased the count rate without a corre

sponding increase in correlated events and reduced the 

number of correlated events per start count. The baffle was 

later cleaned and replaced in the system. A quick check at 

the x=0 position gave a C^/S^, of approximately 180 

indicating that the cause of the apparent reduced signal had 

been correctly identified. 
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Fig. 36. Decay Curves for 3d' Level of 0 II. 
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The reduced signal-to-noise ratio resulting from the 

increase in the background counts also increased the length 

of the error bars for the data points. However, with the 

point-by-point correction for the scattering losses 

associated with repositioning the downstream axicon, the 

data points all lie within the expected distance of the 

least-squares fit decay curve. The x=0 data point at 

equal to 140 was omitted in the fitting program since system 

parameters changed during the incident discussed above. 

The mean life x = 3.98 ± 0.50 nsec determined from this set 

of data (10 June 1973) is in excellent agreement with that 

determined from the earlier run (25 April 1973) . These 

results will be compared in Chapter 4 with measurements from 

other sources. 

Correlated Signal with Gas Excitation 

One technique used to avoid spectral line broadening 

due to scattering in the foil is to excite the beam ions by 

collisions in a differentially-pumped gas cell. As was 

pointed out in Chapter 1, the two-photon correlation tech

nique provides a way to observe the mean lives of excited 

levels within a gas cell even though the total intensity of 

the emitted light does not decrease downstream. In order 

to demonstrate this, oxygen ions were excited by hydrogen 

bled through a needle valve into the target chamber. 
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Hydrogen was chosen since it produces no spectral lines at 

A419.0 and A425.5 nin where the oxygen transitions to be 

studied were located. The pressure in the chamber was main

tained at 5 x 10"4 torr as measured by an ionization gauge. 

At this pressure the signal rates observed with the two-

axicon system were = 5.8 x 103 sec-1 for the upstream 

detector set for the A425.5 nm transition and = 4.8 

x lO*1 sec-1 for the downstream detector set for the A418.6 -

A419.0 nm transition. With minimum separation between the 

detectors, a run lasting 4.6 hours yielded a correlated peak 

which contained 3210 ± 300 counts. The calculation was 

carried out in a manner identical to that given previously 

(p.121). The total number of true start counts in the TAC 

was 8 x 107 so that the normalized signal strength was 

41/CIO6 true start counts). This is in contrast to a signal 

of 200/(106 true start counts) obtained at the same setting 

with foil excitation. After adjustment so that the running 

times for gas excitation and foil excitation were equal, 

the observed signal-to-noise ratio was estimated to be a 

factor of 6 worse than for foil excitation. 

The signal-to-noise ratio is poorer since with gas 

excitation the population of the intermediate level (level 

2) is maintained at a constant value by constant 

re-excitation of the ions along the beam path. The decrease 

in normalized signal strength was unexpected. Tests with 
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foil excitation before and after the gas - excitation data was 

taken show no decrease in the collection efficiencies during 

that period. Two alternate explanations for the low signal 

exist. The first is that collisional de-excitation was 

removing ions from the level 2 population. The mean free 

path X for ions passing through a target gas which is at 

rest is 

X = -7 (94) 
na 

where n is the number density of target atoms and a is 

the collisional cross section. Comparison of the velocities 

of the projectile ion to that of the target molecules give a 

ratio of ~ 103 and justifies the assumption that the 

target atoms are at rest. The room-temperature density of 

the at 5 x lO"1* torr is 1.77 x 1013 molecules/cm3. 

Assuming a molecular diameter of 1.5 x 10"8 cm , the mean 

free path is 

X — = 80 cm . 
7T CI. 77 x 1013) CI.5 x 10"8)2 

With a maximum distance of 1 cm from the upstream edge for 

detection by the A axicon to the downstream edge for detec

tion by the B axicon, the maximum loss AN of N ' ' o 

correlated counts by collisional de-excitation would be on 

the order of 
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JT = 1 - exp 
-1 cm 
80 cm 

=  0 . 0 1 2  .  
o 

Even if the calculations are off by an order of magnitude, 

such a loss still does not explain the factor of 5 observed. 

The remaining explanation is that the count rate 

was approximately 80% due to continuum or background. The 

nearest Balmer line which would interfere with the signal is 

at A434.0 nm, a good A10.0 nm away. However, the observed 

count-rate ratio R-./R-, was x = 0.12 for the gas 
12 4.8 x 10" 

excitation while for the comparable case in foil excitation 

7 X 1 03 

R.,/R9 = = 0.03 , and R? was not collisionally 
1 2.5 x 10s 
repopulated in foil excitation! One would have expected 

the ratio to be lower for gas excitation. Thus an increase 

in background for count rate R2 seems to be the primary 

factor in the low signal strength. The reason for this 

increase is not understood. Since better signal was obtained 

from foil excitation, the measurements using gas excitation, 

although proved possible, were abandoned. 

Blended Spectral Lines 

Two possible transitions can be assigned to the 

prominent feature observed at X500.5 nm (Bashkin et al. 

1966) arising from the beam-foil excitation of nitrogen. 

The levels associated with these transitions are shown in 

Fig. 37. The presence of the X501.6 nm line in the spectra 
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Fig. 37. Energy Levels and Transitions Associated with 
Blended Spectral Lines in N II. 
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3 
indicates that the "F multiplet is populated and supports 

the assignment of this upper level for the X500.5 nm line. 

However, the transition out of the ^P^ level may be 

present and must be allowed for. The triplet component 

could be studied independently by using the two-photon 

correlation technique since a cascade transition (X404.1 nm) 

3 into the F^ level was also observed. If the correlated 

3 signal, which can only come from the F^ level, has 

sufficient strength, a mean life which is free of any 

effects due to the blend could be measured for the level. 

An interference filter with peak transmission at 

X501.7 nm and a band pass of X2.0 nm was available. 

According to Eq. (82), a slight tilt of the filter with 

respect to the optical axis of the system should shift the 

transmission peak to X500.5 nm. The wavelength shift versus 

tilt angle was measured on a Cary 14 recording spectrometer. 

The required tilt was found to be 0.1 rad. Using this 

filter to isolate the transition at X500.5 nm and a XI.7 nm 

band-pass filter with a peak transmission at X404.2 nm to 

isolate the cascade, an attempt was made to obtain a 

correlated signal. 

A 90 nA beam of (0.55 MeV) was run for 16 hours 

on July 18-19, 1973. The count rates associated with the 

two channels were = 2 x 103 sec"1 and R2 = 2.5 x 105sec"! 

With a total number of 81.2 x 106 true start counts, a 
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small but visible signal was obtained. The sums used to 

calculate the strength of the correlated signal (see p.121) 

were 

246 
Sn = I N(q) = 80997 
1 q=2 36 

257 
I N (q) 

q=247 
82515 

Hence 

2 6 8  
I N(q) = 81033 

q=2 58 

S1 + S2 CT' = S2 - - = 1500 

and 

AC T '  S 2  +  

S1 + S2 = 350 

The signal per 106 true start counts was 18.5 and the 

signal-to-noise ratio was low (~4). Although a correlated 

signal was clearly detected, it was not strong enough to 

justify spending the time necessary to measure the mean 

life. Besides, mean-life information on the 3d F level 

is attainable by applying standard beam-foil techniques to 

the 3p "^2 - 3d ^2^ transition at A501.6 nm. 

Measurement of the Mean Life of the 
4p Level of A1 III 

A recent paper (Smith, Martin and Wiese 1973) shows 

that an anomalous behavior is exhibited by the A1 III 



147 
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3s3d D - 3snf F spectral series. This is due to the 

3 0 
presence of a perturbing level (3p3d F ) which lies between 

the 6f ^F^ and 7f ^F^ levels and interacts strongly with 

them. One member of this spectral series seemed suitable for 

study with the two-photon correlation techniques. This 

3 3 0 
was the 3d D - 4f -F transition at X358.7 nm which was 

3 0 3 • 
repopulatod by an observed 4f F - ^g G transition at 

A464.0 nm (Anderson, Jessen and S^rensen 1969). Custom-

made filters with peak transmissions at these wavelengths 

were purchased from Ditric Optics, Inc. 

Obtaining an aluminum beam from the radio-frequency 

discharge ion source was itself a challenge. Anhydrous 

aluminum chloride has vapor pressure of approximately 

10"u torr at 300°K and 2 x 10"3 torr at 320°K (Weast 1971, 

p. D-171). A small amount (~0.1 gm) of a salt was placed 

in the Pyrex ion source bottle. Also an exit canal was 

machined from aluminum and inserted in the ion source in 

place of the usual stainless steel canal. Argon was used 

to light the ion source and as a carrier gas. After running 

a short time the argon could be shut completely off without 

extinguishing the source. The pressure in the accelerator 

column measured at the base remained near the usual 

operating pressure of ~6 x 10"6 torr. A 10 yA beam of 

aluminum (mass 27) was obtained in a mass scan taken in 

Henn Oona1s x-ray chamber. A mass 35 chlorine beam was also 

evident though not at strong. 
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The beam into the axicon chamber was reduced from 

1 yA to 40 nA by reducing the extraction voltage of the ion 

source. Using the filters described above, the count rates 

were = 8 x 103 sec-1 and R2 = 2.3 x 104 sec-1. The 

maximum aluminum beam attainable decreased slowly to 

approximately 10 nA during the course of a 10-hour run. No 

correlation peak was evident. Spectral line tracings were 

made in the regions of interest by J. 0. Stoner, Jr., and 

W. S. Bickel. They were done independently and with differ

ent target chambers. Each was taken with a Heath-

Schlumberger f/6 monochromator. The tracings are shown in 

Fig. 38. Although both spectral lines are present, they are 

weak. In addition, the A464.0 nm line sits on the wing of 

stronger lines at A464.5 and A465.0 nm so the fraction f^ 

in Eq. (40) is obviously small. This set of transitions 

therefore did not seem suitable for further study using the 

correlation technique. 

Among the spectral lines observed were those 

illustrated in Fig. 38 with wavelengths of A360.2, X361.3, 

A451.3 and X452.9 nm. These were identified with transi

tions into and out of the 4p ^P° level of A1 III as shown 

in Fig. 39. The other transitions associated with these 

levels are included in the diagram. Due to the rather 

simple cascade structure and favorable branching ratios, 

this multiplet seemed to be appropriate for further study. 



E 
C 

CM 

o 
o 
to 

1 0 0  
-

n
m

 
E CNl 

C • 

o
 

0
0
 

I 
f—< 

1 0 

a f t/) 

a •p 
03 

+-> 
C 
3 
o u 

50 

40 

20 

50 

40 

30 

2 0  

10  

E 
£ 

ln 
^3" 

V # • • 

£ 
C 
cn 
CNJ 
un 

# 
# 

100 

60 

40 

2 0 

c 
o 

"3-

ur. 
vC 

• * 
• * 
«•» ' i 
* S '/ * 

Wavelengths 

Fig. 38. Tracings for Several Lines Observed in the Aluminum Spectrum. 

•s* 
VO 



> 
o 

>» 
O) 
<D 
c 
Id 

20 

18 

16 

U 

<? 

0 L  

4p ^P° Level splitting not to scale 
72 " 

2 
4d D 

3d 
'Va 

Al III 

Ground State 

2„  0  Fig. 39. Energy Levels and Transitions Associated with the 4p P 
Level of Al III. 

VI 
O 



151 

Also the mean life had been measured by Anderson, Jessen and 

S^rensen (1969) using conventional beam-foil techniques 

together with a careful attempt to correct for cascade 

effects. A comparison of their value for the mean life with 

one obtained by the two-photon correlation technique would 

be very useful. 

In October of 1973, AlCl^ was again put in the ion 

source bottle so this work could be continued. Narrow 

band-pass interference filters, one with 351 transmittance 

centered at A452.9 nm (XI.7 nm band width), the other with 

a 291 transmittance centered at X361.3 nm (X2.4 nm band 

width) were acquired. These filters could be tuned by 

tilting so that the set of transitions associated with 

either the J=l/3 or J=3/2 levels could be studied. Asso

ciated with the wavelengths given for the transitions in 

Fig. 39 are numbers listed in parenthesis. These numbers 

indicate the approximate relative line intensities observed 

and can be used to get a rough estimate of the branching 

ratios. For the X361.2 nm line the branching ratio 

bi = ^ = 0.75 , while for the X360.2 nm transition 

bi = -^2+5 = 0.38 . The 3=1/2 level (X361.2 nm line) 

seemed better suited for use with the correlation experiment. 

Hence the X452.9 nm filter was mounted with a tilt of 0.13 

radians in order to shift the peak transmission to X451.2 nm. 
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A substantial (1 JJA) aluminum beam was obtained with 

argon as a carrier gas. This was reduced to 15 nA in order 

to avoid saturating the downstream detection system. After 

running 10 hours with count rates of R^ = 6 x 103 sec"1 

and R-2 = 1 x 105 sec-1 a small correlation peak was visible. 

However, this was at the x=0 detector separation and the 

outlook for an accurate mean-life measurement during the 

remaining available accelerator time was not encouraging. 

Therefore, the tuning of the filters was changed by tilting 

the A361.3 nm filter by 0.12 rad. to shift its transmission 

peak to A360.1 and returning the A452.9 nm filter perpendic

ular to the beam. With this configuration the count rates 

were R^ = 7 x 103 sec"1 and R^ = 5 x lO4 sec"1 for 

smallest detector separation (x=0) and a 10 nA beam. A run 

of 4 hours produced a correlation peak larger than in the 

previous 10 hour run. The signal strength calculated as 

before was 22 correlated counts per 106 true start counts 

with a signal-to-noise ratio of 7. However, lower filter 

transmittances and less desirable branching ratios account 

for the difference. In spite of this a decision was made 

to record data for several downstream detector settings in 

an effort to measure the mean life. 

During the next 4 days of continuous running, 10 

sets of data were taken covering seven different detector 

locations. Except for one omission, the data analysis 



153 

wa^ >.andlei *'-s for oxygen. This omission was the correction 

£ai.j:.-r for scattering associated with foil aging. This 

wa;s emitted because the previous results indicated it was 

essentially constant for all detector locations. 

The resulting data points along with the associated 

er'-or bars and a least-squares fit decay curve are shown in 

Fi;^. 40. Ik-: measured mean life was 2.8 ± 0.5 nseo. Com

parison of this result to other experiments and calculations 

art. civen in Chapter 4. 
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CHAPTER 4 

RESULTS AND CONCLUSIONS 

These experiments have shown that two-photon coin

cidence techniques can be used with a beam-foil source. 

Detectable signals indicating correlated events arising from 

atomic transitions into and out of a particular energy level 

can be used to measure mean lives. The signal strength is 

adequate in some cases to determine the number of correlated 

counts to within 5% with running times on the order of 2 to 

4 hours. 

By varying the distance between the detectors, the 

exponential decrease in the signal strength was observed 

for a transition in 0 II and a cascade-free mean life was 

measured to within about 5%. The results of mean-life 

2 2 measurement for the 3d' G level of 0 II and the 4p P°3/2 

level of A1 III are presented in Table V along with the 

results of theoretical calculations and other experiments. 

All the experimental values are the results of beam-

foil studies. In the case of oxygen the mean life obtained 

in this work was substantially lower than those reported 

elsewhere. It is in excellent agreement with the theoret

ical value. For aluminum the mean life is 18% lower than 

155 
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TABLE V 

Comparison of Results for the Mean-Life Measurements 

3d' 2G 0 II Mean Life 

Experiment 

This work 3.95 ± 0.2 nsec 

Church and Liu (1973) 6.8 ± 0.2 nsec 

Druetta, Poulizac and Dufay (1971) 6.1 nsec 

9.5 nsec 

Druetta and Poulizac (1969) 5.05 nsec 

Theory 

Wiese, Smith and Glennon (1966) 4.0 ± 1 nsec 

4p 2P°/2 A1 III 

Experiment 

This work 2.8 ± 0.5 nsec 

Andersen, Jessen and S^rensen (1969) 3.4 ± 0.3 nsec 

Theory 

Weise, Smith and Miles (1969) 3.5 ± 0.7 nsec 
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the experimental value reported by Andersen, Jessen and 

S^rensen (1969) and the theoretical value given by Wiese, 

Smith and Miles (1969). However, there is an overlap of 

the error bars for all three numbers. The errors quoted 

for the mean lives measured in this work are probable errors 

of one standard deviation. The two-photon correlation 

technique eliminates the effects of cascades and indeed has 

yielded mean lives shorter than those obtained by other 

beam-foil methods. This is true even for the case of the 

aluminum level where there was a careful attempt by the 

other investigators to correct their data for the cascade 

repopulation of the level." 

In using the correlation technique with the beam-

foil source, one must be very careful to correct for any 

change in detection efficiency as the downstream detector 

is translated along the beam. The scattering of the beam 

during its interaction in the foil increases the difficulty 

of such corrections. It should be pointed out that 

although no systematic errors were known to be present in 

this work, if they were to have existed the chances are 

greater that they would result in a measured life time 

which is too short. This is because many effects such as 

scattering, collisional de-excitation etc., reduce the 

correlated signal but no known effects increase the signal 

strength. 
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The single most important contribution to the 

success of a correlation experiment is to have very high 

probabilities for detecting the events, i.e., large solid 

angles and detectors with high quantum efficiencies. 

Inefficient optical systems led to the failure of our 

initial efforts. The next most important thing is to have 

the highest possible time resolution A in the electronic 

circuitry up to the limit where A equals approximately 

1/2 the total time St^ + St£ that the particles are in 

the field of view of the detectors. It is in these areas 

that further improvements to the apparatus used for this 

work might be most useful. 

The experiment with gas excitation and the effort 

to resolve the blended lines showed that although the 

correlated signal was present, the background or chance 

coincident rates were considerably higher than for the 

clearly resolved lines and straight foil excitation. At 

the present stage of development it is not clear that 

extensive use of accelerator time for these kinds of exper 

iments is justified. 

The calculations for determining the probability 

for detecting an ion in the intermediate level (level 2) 

are given in Appendix A. It is also shown that once this 

probability is known, the population of the level can be 

obtained. The application of these correlation techniques 
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to calibrate more versatile spectroscopic systems could be 

very productive. 

There has been some discussion among beam-foil 

spectroscopists of the possibility of using coincidence 

techniques to determine the charge states of spectral 

emitters. Since no work seems to have been published on 

this subject, it is appropriate to add a few comments here 

concerning such possibilities, although the problem is 

discussed in more detail in Appendix B. Due to practical 

limits in count rates of solid-state particle detectors, 

extremely low beam currents (<0.1 nA) would have to be 

used. At such low currents, signals due to emitted light 

would be so small that little useful information would be 

obtainable with conventional beam-foil techniques. 

In summary, it is seen that the two-photon correla

tion techniques can be used successfully with the beam-

foil source to measure mean lives and determine level 

populations. The highly efficient collection optics and 

detectors which are necessary for its successful application 

are presently available only in the spectral regions from 

A300 nm to X600 nm and for x-rays. This seriously restricts 

the application of this technique, since in many cases one 

of the transitions associated with a level of interest lies 

outside these wavelength regions. 
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In spite of such drawbacks, the following quote 

brought to the author's attention by I. Martinson at the 

Third International Conference on Beam-Foil Spectroscopy 

seems appropriate: "For theorists a single very precise 

measurement is often more useful than a hundred uncertain 

experimental values (Feneuille 1971)." It is hoped that 

the mean lives measured by this technique will be useful 

to theorists. 



APPENDIX A 

CALCULATION OF DETECTOR EFFICIENCY AND MEASUREMENT 
OF ABSOLUTE LEVEL POPULATIONS 

As mentioned in the introduction, the two-photon 

correlation technique can be used to determine detector 

efficiencies. From Eq. (47) 

t„ 
Rt = f1R1 b — c n 2 i 2 exp[-t/T2] 

where the term in brackets is the probability P2 than an 

ion which is in level 2 as it enters the downstream axicon 

is detected. This includes the detector efficiency e2 

as well as the probability for decay and the branching 

ratio. It is really the quantity P2 which enters into 

the measurement of a level population. It is not necessary 

to separate the probability that an ion emits a photon 

while in view of the detector and the probability that an 

emitted photon is detected, i.e., the deconvolution of 

e2(t2) with the exponential decay curve (see p. 59 ff.) may 

be avoided. In practice the rates R^, and R^ are inte

grated over time and the total number of counts C^, and 

C^ recorded. The relationship above can then be written 

P2=-

61. 

f jLCi exp [ -1/x 2 ] 
(94) 
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All the quantities on the right are measurable. The methods 

of obtaining C^, , f^ and x2 are given in the body of the 

dissertation. C-^ can be obtained directly with a scaler at 

the true-start output of the TAC. 

The minimum separation in the detection regions for 

the two axicons used in this experiment was 1 mm. For an 

C>2+ beam, with energy of 0.25 MeV per atom the ions have a 

velocity of (0.576 nsec/mm)"1. Using data reported earlier: 

CT/ST = 214 x 10"6 (p. 125); f = 0.5 (p. 97) and T 2 = 

4 nsec (p. 140), one obtains from Eq. (94) 

214 x 10"6 
2 ,n n r 0.5791 (0.5) exp ^— 

= 4.9 x 10"" 

Using this value of P2 and the observed count rate in the 

downstream axicon, R2 , a simple calculation gives the 

number of ions per second, N2 , which enter the axicon in 

the level 2. 

N2 = R2/P2 (95) 

For a 02+ beam at 0.5 MeV with a current of 15 nA 

through a fresh foil of thickness 7.4 jag/cm2, the count 

rate R2 was 2.5 x 10s sec-1. Hence for these conditions 

one obtains 
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2.5 x 10s sec"1 N = 
L 4.9 x 10"-

= 5.1 x 108 sec"1 . 

Detailed knowledge of the charge state distribution from 

that particular foil would be required in order to relate 

N£ to the total number of 0+ ions per second through the 

system. However, it is noteworthy that together with the 

charge-state distribution, this measurement yields the 

fraction of the ions in the level being studied. 



APPENDIX B 

CALCULATION OF SIGNAL-TO-NOISE RATIO FOR CHARGE-STATE 
IDENTIFICATION USING COINCIDENCE TECHNIQUES 

Figure 41 shows the arrangement for a proposed 

experiment to identify the charge state of a particular 

line. The spectral line would be resolved with a mono-

chromator. One would like to detect a peak in the output 

of a multichannel analyzer at some channel number which is 

proportional to the charge of the particles which radiate 

at the wavelength isolated by the monochromator. In order 

to do this the pulses from the photomultiplier tube used 

to detect the radiation would be correlated with the signal 

denoting the detection of particles on the position-sensitive 

detector. Only problems concerning the detection efficien

cies, count rates and signal-to-noise ratio will be 

considered here. 

Equation (94) can be directly applied with the 

modification that expf-t/^] = 1 since the particle does 

not decay out of its charge state. The level 2 is just 

the charge state of the particle. Thus 

RT = RlflP2 (96) 
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Furthermore, since particle detectors have a very high 

efficiency (near unity) and nearly all the particles in 

the beam strike the detector i-s also close to unity. 

Thus 

Rn Rlfl 

The chance rate is defined by Eq. (50) 

RC = R1R2A ' 

where is the count rate from the photomultiplier, R2 

is the rate at which charged particles are detected and A 

is the appropriate resolving time for the electronic 

circuit. The signal-to-noise is defined 

RlflT 

/R1R2AT 

R1 T 
R2 A  

(97) 

Solving for the running time T 

T  =  
c T  

2  
f R 2 A  1  

/zz CJ 

(98) 

All that is necessary is that a small peak be definitely 

detected. Hence a signal-to-noise ratio of approximately 

5 is required with a running time of 

T = 25 
R2 A  

Rlf 2 

(99) 
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A typical case might be for a spectral line which 

yielded a count rate R-^ = 500 sec-1 with a background of 

50 sec"1 to be detected from a 1 yA beam of particles. The 

value of f^ would be 

f  =  = 0 9  
1 500 

and = 6.3 x 1012 particles per sec. Assuming a resolv

ing time for a position-sensitive detector and the elec

tronics to be A = 40 nsec , the running time for a 

detectable signal is found to be 

h = 25(6.5 x 101 2) (40 x !Q-») = ̂  x 1()3sec „ 1>y hours. 

500(0.9)2 

One might expect to decrease this by an order of magnitude 

by looking at a very strong spectral line. 

However, the real problem is that the maximum count 

rates for particle detectors are on the order of 108 sec-1. 

This means the beam current would have to be reduced 5 orders 

of magnitude to approximately 0.01 nA. At this point the 

count rate r^ due to transitions of interest would be much 

less than typical dark count rates and f^ would be << 1 . 

Only in the case where very efficient photon detectors 

(e.g., solid-state x-ray detectors) are available could one 

hope to be successful. 
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