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ABSTRACT

A Van de Graaff generator is used to accelerate a 
beam of O2+ ions. The ions pass through a thin carbon foil 
and emerge in excited states which decay by emitting radia
tion. The radiation is analysed in the 3000 A to 5000 A 
wavelength region with a fast Meinel spectrograph (f/0.8) 
using photographic plates for detection. About 70 spectral 
lines from oxygen spectra, 0 II to 0 IV, are observed and 
identified. The relative intensities of the spectral lines 
are determined, after correction for emulsion characteris
tics, by making photodensitometer tracings of the spectro
grams. The results compare favorably to the theoretical 
intra-muItiplet values. The decrease in the intensity of 
the lines along the path of the beam and the time-of-flight 
relationship are used to draw decay curves for the transi
tions. From these curves the mean lives for the upper 
levels are determined and compared to the theoretical values 
calculated using LS-coupling and the Coulomb approximation. 
The agreement is good for levels not fed by cascades, but 
poor for levels which are heavily fed by cascades.

viii



CHAPTER 1

INTRODUCTION

The experimental measurement of mean lives of atomic 
energy levels can, in some cases, provide direct determina
tion of the transition probabilities and oscillator strengths 
for the spectral lines associated with these levels. In 
other cases one is able to determine an upper limit for the 
transition probability. Along with the measurement of rela
tive intensities of the spectral lines, such determinations 
provide an experimental check on the oscillator strengths 
which are calculated theoretically using quantum mechanics 
and which can be found listed in recent tables (Griem 1964; 
Wiese, Smith and Glennon 1966). Although quantum-mechanical 
calculations have provided a large number of oscillator 
strengths, solutions for some systems are not yet practical, 
and the solutions which are available are exact only for 
extremely simple atomic structures. For more complex atomic 
structures, most existing solutions are based on approxima
tions of an idealized coupling scheme for the spin-orbit 
interaction and the coulomb approximation for the effective 
charge distribution of an extended nucleus which is shielded 
from the optical electrons by the inner orbital electrons. 
Unfortunately, these approximations may introduce errors of



up to 20% in the theoretical results (Griem 19643 p. 57).
In order to check the accuracy of the quantum-mechanical 
results and to serve as tests for assumptions which are 
basic to the calculations, reliable experimental data are 
badly needed.

Recently, systematic trends in oscillator strengths 
for transitions have been observed along an isoelectronic 
sequence (-Wiese 1968a, 1968b). The dependence of the 
oscillator strength on nuclear charge was treated by pertur
bation theory, and for several systems remarkably good fits 
to the few reliable experimentally measured and theoretical
ly calculated values were obtained. For such systems the 
missing oscillator strengths can be obtained by interpola
tion or to some extent by extrapolation. In order to extend 
this procedure to other systems and especially to the lines 
of higher ionization states which are of interest to astro
physicists, there is again an acute need for reliable 
experimental data.

Previous experimental measurements of atomic param
eters, were almost traditionally beset with rather large 
errors which gave rise to serious inconsistencies in the 
numerical values. This was especially pronounced in the 
measurement of absolute values of oscillator strengths and 
transition probabilities. Much of the early work in this 
direction was done with free burning arcs, but the use of 
only a "mean" temperature determination (Terpstra and



Smit 1958) and deviations from local thermodynamic equilib
rium (LTE) made large contributions to the experimental 
error. Also frequently present were the demixing effects 
caused by the high spatial temperature gradients and elec
tric fields acting on the various ionic species. In fact, 
the oscillator strengths in published tables (Corliss and 
Bozman 1962) have been shown to differ by a factor of two or 
three (deZafra and Marshall 1968) from values obtained by 
more accurate methods.

Considerable improvement has been made in more 
recent experiments, many which were done at Kiel, Germany, 
using stabilized arcs (e.g. Richter 1961, Roder 1962).
These sources are capable of temperatures which range up 
to 50,000°K and allow experimentation in regions where the 
oscillator strengths are less sensitive to temperature vari
ations. Even though this class of experiments has been more 
precise and the results are in fairly good agreement with 
values calculated from quantum-mechanical theory, they are 
still i.less' than ideal since experimental uncertainties for 
the absolute values of the oscillator strengths remain as 
high as 30%. Actually, the effects described above as mak
ing significant contributions to experimental error are 
probably more severe at these higher temperatures. Fortu
nately, developments in technique and theory have made it 
possible to perform a spatial unfolding in the arc by an 
Abel inversion which largely corrects for the self-absorption



caused by the strong temperature gradients. Careful choice 
of a thermometer gas, plus more sophisticated experimental 
techniques, now enable one to minimize errors due to demix
ing. The largest uncertainties in these later results are 
probably due to deviations from LTE in the arc. Since such 
a source of error is very fundamental and almost impossible 
to account for analytically, and since increasing the tem
perature of the arc would undoubtedly further increase not 
only these errors, but also contamination from the chamber 
walls, it is quite improbable that further refinements in 
these techniques will reduce errors to much below 15$. 
Perhaps more important is the fact that measurements of this 
type are restricted to neutral or low ionization states of 
the atomic species.

While doing nuclear scattering experiments with a 
particle accelerator, Bashkin observed that a faint light 
was emitted from an ion beam as it moved downstream from the 
target foil. An informal proposal was made and then later 
published (Bashkin 1964) which advocated the use of this 
source of light for studying atomic spectra. In the mean
time a preliminary effort to use this technique (Kay 1963) 
had produced spectral lines of nitrogen which were estab
lished as coming from the ion beam. A subsequent and more 
thorough survey experiment (Bashkin and Meinel 1964,
Bashkin et al. 1964) showed many spectral lines which were



identified as due mainly to one-electron transitions in the 
ions. It also showed that the spectral lines decrease in 
intensity as one moves downstream from the foil and that 
background continuum was absent. Since that time s other 
experiments have shown that the ion-beam technique is cap
able of producing high ionization states, i.e., Ne VII 
(Bashkin, Heroux and Shaw 1964) as well as providing a means 
by which^the charge state of an ion, in which a certain 
transition is observed, can be easily and uniquely deter
mined (Malmberg, Bashkin and Tilford 1965). Furthermore, 
calculations based on data from a typical experiment
(Bashkin e_t al. 1966) show that the density of nitrogen

+ _particles in a 0.5 y amp beam is approximately 2 x 10
particles/cm3. This is a factor of lO4 smaller than the 
particle density at which radiation absorption by resonance 
transitions becomes important and a factor of 1012 less 
than the density at which absorption by transitions which 
begin from levels higher than ground state are important 
(Fowler 1956). Thus the source is optically thin, and since 
the well-defined beam is in a chamber which is at room 
temperature, it is free from the high temperature and elec
tric field gradients which were sources of error in previous 
work. The analyses of spectral plates from experiments of 
this type have yielded mean lives for several levels in 
nitrogen and neon (Bashkin et al. 1965). Other experiments



have, been performed using photoelectric techniques and have 
yielded mean lives for levels in neon (Bashkin, Heroux.andv 
Shaw 1964), oxygen and neon (Bickel 196?), hydrogen (Bickel 
and Goodman 1966, Goodman and Donahue 1966), He II (Jordan, 
Bakken and Yager 1967), N II through N V (Heroux 1967), 0 V 
(Bickel and Bashkin 1966), and finally for ions of the Li I 
sequence (Berkner et al. 1965).

In summary it is seen that there is a necessity for 
accurate laboratory determination of atomic parameters and 
that this necessity was not being adequately met in the 
earlier experiments. It is also seen that the ion-beam 
technique has provided the physicist with a new light source 
of high quality, virtually free of contamination and back
ground radiation. It is well adapted to measuring mean 
lives, but more work is needed to improve the technique for 
their determination. The purpose of this thesis is to 
describe some further work done to develop the ion-beam 
technique and in particular, an experiment to measure mean 
lives of levels and relative intensities of several lines in 
the oxygen spectrum.



CHAPTER 2

THEORY

The principles underlying this method for experi
mental determination of mean lives and oscillator strengths, 
and the basic theory for their quantum-mechanical calcula
tions , will be discussed after the terminology and symbolism 
to be used are stated. The notation developed is principal
ly that used in The Theory of Atomic Spectra (Condon and 
Shortley 1964). Other symbols and terminology will be de
fined as needed. Term energy is the energy associated with 
the principal or radial quantum number, n, of the optical 
electron. However, since the electron spin couples with the 
orbital angular momentum, the term energies split into sev
eral levels. In Russell-Saunders coupling, i.e., LS-coupling 
each level is characterized by a specific total orbital 
quantum number, L, indicating the orbital angular momentum,
L, which is the vector sum of the orbital angular momenta, 
the H1s of the individual optical electrons, and a total 
angular-momentum quantum number, J, indicating the system's 
total angular momentum, J, which is given by the vector sum 
of L and S. S is the total spin quantum number indicating 
the total spin S of the system which is equal to the vector



sum of the spins, s_, for the individual optical electrons.
For example, the spectroscopic notation for one of the 
levels in singly ionized oxygen, 0 II, is designated as 
3d4F9y2. The 3d identifies the term with radial quantum 
number, n = 3, and orbital quantum number, & = 2, where as 
usual I equal to 0, 1, 2, 3, 4 is written as s, p, d, f, g, 
respectively. The level is identified by the total orbital 
quantum number L = 3, the total angular-momentum quantum 
number, J = 9/2, and as a member of a quartet multiplet 
structure since 2s+l = 4, where S = 3/2.

The situation becomes still more complicated if the 
system is placed in an external magnetic field as now each 
level splits into a set of 2J+1 states, each associated 
with a particular magnetic quantum number, m. A transition 
between two states gives rise to a component of a line.
Here, "line" is given a special meaning as a collective 
expression to mean all the possible transitions between the 
states of two levels, i.e., the set of components between 
two levels. This definition should not be confused with that 
for a "spectral line" which is the image of the spectro
graph's entrance slit on the photographic plate at some 
specific wavelength. In the absence of an external magnetic 
field the wavelengths of all components of a line are equal 
and therefore inseparable; the levels are said to be (2J+1)- 
fold degenerate.
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In the technique to be described, an ion beam from a 

Van de Graaff accelerator is passed through a thin foil from 
which the beam emerges with many particles in excited 
levels. The particles move downstream from the foil with a 
velocity, v, which is dependent on the particle energy, E, 
and the energy lost, dE, when passing through the foil in 
the following manner:

— -—  (E - dE) (1)
mo c2

where mo is the particle’s mass and c is the speed of light. 
Relativistic effects are ignored here since 2 MeV C>2+ ions 
obtain a velocity of only about 0.01 c. The loss of energy 
in MeV as the ions pass through a thickness of foil, dx, is 
computed from the following equation (Northcliffe, 1963):

dE ■ " ( ™ t )  z ‘ ^  <2)

where z is the atomic number of the ions, Em is the energy
per atomic mass unit of the ions, and Xzm is a convenient
expression for the path length, defined as (z2/m) times the
geometrical path length, X, in the medium; m is the mass of
the ion. The quantity Xzm is especially convenient to use
when comparing the behavior of different ions in the same

dEmmedium. The derivative, — , has been experimentallyaAzm
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determined for several different foil materials and is 
tabulated as a function of particle energy in the reference 
listed. Knowing the velocity of the particles as they move 
downstream from the foil, the time of flight relationship.

time = distancespeed

can be used to convert a spatially resolved spectrum of the 
ion beam into a time resolved spectrum. For a molecular 
oxygen (02+ ) beam with an energy from 0.5 to 2 MeV, the time 
scale is in the order of 2 nanoseconds (nsec) per centimeter 
of ion beam path. Observation of 4 cm of the ion beam with 
an optical system capable of resolving 0.5 mm yields a time 
scale accurate to 1.25%.

The radiant flux, 4>, at a frequency, , arising
from the emission of energy when atoms or ions spontaneously 
decay from an initial energy level, 1, defined by a set of 
quantum numbers, (n1, , S ’, L ’, J ’), to a final level, f,
defined by a different set of quantum numbers, (n, &, S, L, 
J), is

*if = NiAifhvif ’

where is the number of atoms in level 1, h is Planck's 
constant and Aif is the Einstein transition probability, 
sometimes called the Einstein A-coefficient, for spontaneous
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emission (Einstein 1917). If at time t = 0 there are (0) 
atoms in level 1, the number of atoms, , left in the level 
1 at some later time, t, is

Ni(t) = ^^(0) exp(-t/i^) , (4)

where (x^)"1 is a decay constant and x^ is called the mean 
life of the level i. The mean life is interpreted as being 
the average time a system will remain in level 1 before 
decaying to some other level. Substitution of from (3) 
into (4) gives the radiant flux from the transition as a 
function of time as

$lf(t) = $lf(0) exp(-t/x1) . (5)

For the transition which is characterized by light 
emitted from a volume element and at a frequency v or its 
corresponding wavelength X, the intensity I, of the light 
incident on the photographic plate of a spectrograph at 
wavelength X is directly proportional to the radiant flux at 
wavelength X coming from the element. Therefore

h r  = *if (6)

and upon substitution of this expression into both sides 
of (5) the constants of proportionality cancel. Thus, the

Ilf(t)experimental measurement of as a function of time



enables one to plot a decay curve of the form
12

The slope of this curve Is -1/t  ̂ and a determination of this 
slope immediately gives the mean life of the level. At 1 
MeV, 4 cm of an observed 02+ beam corresponds to a time 
duration close to the expected mean lives of the levels, 
i.e., 10“ 8 sec.

Estimation of the error in the measurement of the 
relative intensity along a spectral line is 5% (Sawyer 1951) 
This combines with the 1% uncertainty of the time measure
ment in the following way to give an expected uncertainty in 
the mean lives of approximately 5%•

^  = V ( f ¥ T  + ( f (8)
0.05 =• y (0.05): + (0.01)

The relationship between the mean life of a level i 
and the transition probabilities for spontaneous emission is

Ti IA,f (9)
f

where the summation is carried out over all the final
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levels, f, with energy less than level 1. If the mean life 
of a level and the relative values of the transition proba
bilities are known, the absolute value of a transition 
probability is found by multiplying both sides of (9) by 
A ’if and writing

- 4  = 1 7  ' H 0 >

Any scale factor common to all A ’s is seen to cancel out.
A simple case occurs where only one transition contributes 
significantly to the depletion of the upper level as then 
the terms in the summation corresponding to the other tran
sitions can be ignored, leaving

Alf = ±  . (11)

The measurement of the mean life of such a level yields 
directly the transition probability. The uncertainty in 
the transition probability is just the uncertainty of the 
mean life measurement, which for the conditions previously 
stated would be approximately 5%.

Although (3) is often used together with (6) for 
the determination of absolute values for the transition 
probabilities, it is necessary to calculate the detection 
efficiency of the spectroscopic system used, i.e., to deter
mine the constant of proportionality in (6), and to obtain
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the absolute population, , of the upper level. Both cal
culations are difficult to do accurately and there are rather 
large sources of error in such experiments. The relation
ships are more applicable to the determination of relative 
intensities as

ft = k - r o t  (12)
and the calibration problems are less acute since the rela
tive response, ki2, of the system for the two lines is 
obtainable by using a standard comparison source. The rela
tive populations can often be determined from a Boltzmann 
distribution since the energies of the upper levels are well 
known. Also the frequencies of the emitted radiation are 
accurately known and thus the measurement of relative 
intensities directly yields the relative transition proba
bilities. The relative transition probabilities are also 
derivable from quantum-mechanical considerations, especially, 
as will be shown, for the case of strong LS-coupling. Com
paring relative intensities of multiplet lines yields in
formation on experimental consistencies and/or the legitimacy 
of LS-coupling schemes for the levels. In cases where tran
sition probabilities are already known and there is some 
doubt that the excitation is isotropic, the relative inten
sities measurement is useful in calculating the relative 
population of the levels.
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The introduction of quantum mechanics has given a 

new formulation to the concept of transition probabilities. 
In this formulation one begins with a system in some state, 
m', which is an eigenstate of the system described by the 
eigenfunction, ^(m’), and writes the probability per unit 
time, A(m’,m), of spontaneous decay of the system by elec
tric dipole radiation to a lower eigenstate, m, described by 
the eigenfunction, i|>(m), as

A(mf,m) = C 4) (m' )P\|j(m)dT
T

2
= C <m’ | P |m>

2
(13)

where C is a proportionality constant, ^*(m') is the complex 
conjugate of ip(m’) and P is the vector electric dipole 
moment of the system. Here dx is a volume element and the 
integration is to be carried out over all space. The last 
expression serves to introduce the shorter bra-ket notation 
of Dirac, emphasizing the matrix-element nature of A(m’,m). 
In the absence of external magnetic fields, one is inter
ested in transitions between energy levels rather than those 
associated with definite members of the 2J+1 states in these 
degenerate levels. This transition probability turns out to 
be the sum of the transition probabilities between these 
states averaged over the g ’ states of the initial level. 
Taking this into account along with the density of final 
states and normalization of the vector potential of the ra
diation field, one is able to determine the constant, C.
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The transition probability is

3Gtle' g m ' m l
(14)

where the second summation is over the vector components of
the dipole moment of the system, r 0 is the classical elec- 

, e2 \tron radius I-------- =-) , mo is the electron mass, e is the47re om0c
electronic charge, c is the velocity of light, 27rh is 
Planck’s constant, and w is the angular frequency of the 
emitted light.

It is common practice to define a dimensionless 
quantity, f (J ,J ’), called the absorption oscillator 
strength, by the relationship

3tle S m'm 1
(15)

This can be physically interpreted as the integrated cross 
section for the absorption of energy from the radiation 
field by the quantum-mechanical system relative to that 
absorbed by a classical harmonic oscillator. The oscillator 
strength is a fractional quantity less than unity which, 
because it is also dimensionless, is conveniently tabulated 
for the numerous spectral lines of the elements. It also 
enables one to write other atomic parameters in a much 
simpler form such as
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A(J',J)= 2r°“ 2 ) (16)

for the transition probability per sec.
The theoretical calculation of the oscillator

strength of a line necessitates the evaluation of the quan-
2

tity I I (m’|ex.|m> , which is called the line strength,
m ' m i ;

S (J ' ,J ). The procedure for the evaluation is well described 
(Griem 1964 and references therein) for LS-coupling. For 
cases where the jumping electron’s initial and final levels 
are not equivalent to those of other electrons in the core 
or parent, the line strength can be written

S(J’,J) = S (J ,J ’) = (2J'+l)(2J+l)(2L'+l)(2L+l)£>(a0e)2

x W 2(L'J'LJ;S1)W2 U ’L ’ t,L;L!l)

x C Rn ’V  (r)Rnjl(r)rdr]2 (17)

where the W ’s are Racah coefficients (Racah 1942) which can 
be found published in tabular form (Simon, Vander Sluis, and 
Biedenharn 1954); £> is the larger of the.two orbital angu
lar momentum numbers, & or of the jumping electron; L% 
is the total angular momentum quantum number of the core or 
parent ion and a0 is the radius of the first Bohr orbit.
The integral is the radial matrix element in atomic units of 
the jumping electron. The well-known Coulomb approximation
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utilizing effective principal quantum numbers (Bates and 
Damgaard 1949) gives acceptable solutions of the integral 
for a large number of interesting lines.

Much meaningful information can be obtained from (17) 
without completing the radial integral. As previously men
tioned, the theoretical value of the relative intensities of 
multiplet lines is often of interest. Replacing the Ein
stein transition probability coefficients in (12) by the 
line strength using (14) and (17), the relative intensity of 
two lines from the same multiplet structure is

L l = v i "N i (2J i+1)W2(Ii'Ji'LJi ;S1)~| ,, ox
I 2 v *N (2J2+1)WZ(L'J2 'LJ2;S1) '  ̂ °'12 2 1— J

The radial integral and all other terms in (17) which do not 
contain J, are constant for a multiplet and therefore cancel 
out. The expression in brackets has been analyzed for all 
multiplet structures of interest and the results are avail
able in tabular form with the strongest line in each multi
plet set equal to 100 (White and Eliason 1933) • The 
availability of such tables greatly facilitates the compari
son of experimental and theoretical data on relative line 
intensities.

Using the above techniques, one is able to calculate 
oscillator strengths, transition probabilities, mean lives, 
and relative intensities for many lines of complex spectra.
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Restrictions to LS-coupling and the Coulomb approximation 
should not be too severe in most cases even though as pre
viously mentioned they can probably introduce errors up 
to 20%. However, this may be quite optimistic and it is 
conceivable that errors of the order of 100% could occur.
The experiment employing the ion-beam technique described 
provides time and intensity resolution capable of yielding 
significantly more accurate results than other techniques 
for certain transitions. The results from such an experi
ment should provide data to check the validity of the above 
restrictions as well as to provide experimentally determined 
atomic parameters for new lines, especially those of highly 
ionized systems.



CHAPTER 3

THE.EXPERIMENT

The experimental work was done from August 4 to 
August 8, 1965 3 on the 2 MeV Van de Graaff generator of the 
Physics Department of The University of Arizona. The • 
majority of the work was financed through the National 
Aeronautics and Space Administration grant,. NASA NsG 628.

Molecular oxygen was ionized by a strong radio
frequency field at the high voltage end of the generator 
column and was then accelerated through the potential energy 
field in the generator tube. The beam passed through an 
analyzing magnet where singly ionized diatomic molecules of 
atomic mass number 32 were bent.into the 17.5 degree exit 
port. This beam was collimated by a vertical slit 0.8 mm 
wide and 4.5 mm long placed immediately in front of the 
target chamber. In the target chamber the molecules passed 
through a thin carbon foil with approximately 20 pg/cm2 sur
face density and 0.25 inch in diameter. Figure 1 shows the 
experimental arrangement. The conditions in the target 
chamber indicated that for a beam current of 0.2 yamp at an 
energy of 1.75 MeV, the density of oxygen particles in the 
beam was approximately 105 particles/cm3. The density of

20
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Van de Graaf t  generator

High v o l t a g e  dome

S t e e l ,  high pr e ss ur e  she l l  —

Evacuated tube, f ocus r ings

4 in. di f fusion pump and  
l iquid ni trogen cold t r a p

A n a l y z i n g  m a g n e t -

2 in .  d i f f u s i o n  p u mp  a n d

Target ch am be r -

Spect rograph

D i f f r a c t i o n  gr a t i ng  —  —

S c h m i d t  c a m e r a

C o l l i m a t i n g  m i r r o r

Figure 1. Diagram of the Major Components of the Experi
mental Apparatus.
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particles in the chamber3 1011 particles/cm3, was much 
greater due to residual air in the chamber even with the 
best vacuum maintained. Nevertheless, microdensitometer 
tracings on the image of the beam showed no measurable 
broadening due to scattering. Also, as will be seen later, 
the spectral plates showed no background lines from the 
residual gas..

The molecules emerged from the foil as monatomic 
ions with their optical electrons in excited states. The 
light emitted upon decaying was analyzed with a fast (f/0.8) 
Meinel, stigmatic, grating spectrograph. The beam was 
viewed through its thickest dimension from the top of the 
target chamber. Figure 2 is a photograph of the optical 
system in front of the spectrograph. Since the entrance 
slit of the spectrograph was vertical, the erecting mirror, 
A, was necessary to reflect an image of the horizontal beam 
into the. vertical plane. Mirror B reflected the light 
toward the spectrograph, and the focusing lens, stopped down 
to f/10 to prevent vignetting inside the spectrograph, 
focused an image of the beam on the entrance slit.

Alignment was checked by placing a strip of Kodak 
Plus-X film immediately in front of the slit of the spectro
graph. It was exposed from the front by light from the beam 
and from the rear, through the slit, by a light shined back 
through the optical system of the instrument. Figure 3
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Figure 2. Photograph of the Optical System in Front of the 
Spectrograph S l i t .

A. Erecting plane mirror E. Rotating mirror
B. Target chamber F. Decker on entrance slit
C. Plane mirror G. Fe-Ar comparison source
D. Focusing lens

1. Improper alignment, bright spot is image of the 
beam passing through the foil

2. Proper alignment

Figure 3. Prints of Alignment Strips Showing Positions of 
Beam and Entrance Slit for Improper and Proper Alignment.
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shows the image formed on the strip for 1, a poor alignment, 
and for 2, a proper alignment. A 20 micron slit width was 
used.

In the spectrograph, light from the beam was dis
persed by the grating and focused on Kodak 103a-0 spectro
scopic plates by a fast Schmidt camera with quartz optics. 
Exposure times ranged from ten to forty minutes. A compari
son spectrum of iron-argon was exposed at the top and bottom 
of each plate. Figure 2 shows the rotating mirror E raised 
into position to reflect light from the iron-argon lamp G 
into the spectrograph. Since no optical system was,used to 
focus this lamp on the entrance slit, it was necessary to 
use the rotating mirror to sweep the incident rays of light 
across the collimating mirror. This prevented astigmatism 
of any portion of the mirror from having too great an effect 
on the quality of the comparison spectral lines. Use of the 
rotating mirror also minimized a possible shift in the posi
tioning of the calibration spectral lines caused by using a 
different portion of the spectrograph's optics from that used 
for the ion beam.

In order to compensate for film sensitivity, and 
intensity variations across the plate due to the optical 
system, a calibration plate of a blackbody-continuum source 
was taken immediately following each plate of oxygen lines. 
The slit of the spectrograph was covered by a stepped.



neutral density filter and was illuminated3 as shown in 
Pig. 4, toy a 2 volt, 0.12 watt incandescent radio panel 
lamp. The optical system was analogous to that of an 
ordinary projector so that the neutral density filter was 
evenly illuminated. The intensity of the light across the 
filter was later checked with a TIH11 photodiode. The 
results are given in Appendix A'; (p• ■7:3). The heater voltage. 
for the bulb was maintained at 2 volts D.C. toy a regulated 
power supply. The schematic diagram of this supply is 
shown in Pig. 5. The voltage was checked periodically with 
a potentiometer and was maintained stable to within one 
percent. To eliminate errors due to reciprocity effects .and 
to different development times, the calibration and spectral 
plates were exposed for the same length of time and devel
oped together. Plates were developed for 3 minutes in 
Kodak D19.
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Figure 4. Schematic Diagram of the Optical System Used for 
the Blackbody Continuum Source.
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Figure 5* Schematic Diagram of the Regulated Power Supply 
for the Blackbody Continuum Source.



CHAPTER 4

ANALYSIS OF THE DATA

Figure 6 shows a spectrogram made of the ion beam;, 
such a spectrogram is the raw datum. Accompanying it is the 
spectrogram made of the blackbody-continuum source which was 
taken for calibration purposes. The slanting of the spec
tral lines arises from a Doppler shift due to the high 
velocity of the radiating particles. The spectrogram of the 
continuum source shows the optical density along the image 
of the stepped neutral density filter, and since the energy 
distribution of the source is known, it also gives the over
all response of the optical system and spectral plate as a 
function of wavelength. The short lines at the top and 
bottom of each spectrogram are from an iron-argon, hollow- 
cathode discharge tube and provide a wavelength calibration 
for the plate. Analysis of the spectrograms was done on 
instruments of the Astronomy Department of The University of 
Arizona.

The positions of the spectral lines on each of fif
teen different spectrograms were determined relative to some 
arbitrary, fixed point using a Gaertner Linear Comparator 
(M12056) capable of measuring to a thousandth of a

27



Figure 6. Spectrograms of (A ) a 1.75 MeV O2 Beam and 
(B) the Blackbody-Continuum Source Used for Calibration.

The short lines at the top and bottom of each plate are  
the iron-argon comparison spectra .
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millimeter.^ In order to reduce error, each plate was
analyzed five times. The data were programmed for computer 
analysis. Initially a dispersion curve for each plate was 
determined by applying a least squares fit of a simple poly
nomial to the measured position of the identified iron-argon 
calibration lines. The measured positions of the spectral 
lines from the ion beam were then referred to the dispersion 
curve and their wavelengths were calculated.

manner was only an apparent wavelength since the line is 
Doppler-shifted. This shift is wavelength and velocity 
dependent and had to be corrected before agreement between 
plates taken at different accelerator energies could be 
expected. Figure 7 is a schematic diagram showing the basis 
of the Doppler effect. Experimentally, the lens was 5 cm in 
diameter and located 60 cm from the ion beam. It focused 
a 4.3 cm long segment of the beam on the entrance slit of 
the spectrograph. The Doppler-shifted wavelength. A’, is 
given in terms of the unshifted wavelength. A, by

where v cos a is the component of the velocity of the

1. The wavelength calculations were done by Gary 
Mclntire, graduate student in the University’s Physics 
Department.

The wavelength of each line determined in this

A’ = A
cos a

(19)
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Spectrograph 
entrance s lit

Figure 7• Schematic Diagram Showing Basis of Doppler 
Effects.
The Doppler shift of the line at point A is due to the angle 
of observation, a, while the Doppler broadening is caused by 
the angle 3 over which the observations are made.

emitting particle in the direction of observation and c is 
the speed of light. In this experiment a typical value for 
cos a was 0.036 while the velocity of the particles, com
puted from (1) and (2) for a 1.75 MeV 0 2+ beam, was 3.16 x 
10® cm/sec. Thus, the shift, AX, of the center of the up
stream end of a 4000 A spectral line towards shorter wave
length is

AX — X 1 — X — X
cos a

1 = -1.5 A .
/
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There is, of course, a comparable shift towards longer wave
lengths at the downstream end of the line and shifts of 
intermediate amounts along the rest of the line. Thus, a 
slanted line appears in the spectrogram.

Doppler broadening of the spectral lines also occurs 
and is due to the angle over which observations of a segment 
of the beam are made, i.e., angle 3 in Fig. 7. An exact 
expression which is quickly simplified by making suitable 
approximations has been obtained (Marquet 1967). The 
problem of vignetting was also discussed, but the full 
importance of this effect on the determination of mean lives 
has only since been realized. Figure 8 shows a schematic 
diagram illustrating the change in the spectral line profile 
due to vignetting for three positions along the line. Light 
at a wavelength near X o and from a point B in the ion beam 
is brought into focus at point B f in the entrance slit of 
the spectrograph. Due to the Doppler effect the dashed-line 
ray from B is shifted toward shorter wavelengths with re
spect to the solid-line ray. The light from B is spread 
over the upper portion of the collimated beam with part of 
it, corresponding to wavelengths shifted farthest toward the 
blue, blocked by the crosshatched areas "a" and "b” shown 
inside the circular beam cross section. A line profile of 
the light emitted from point B is shown in the outline of 
the upper most profile drawn at the left of the beam cross



C o l l im a to r  C ircular cross Line p ro f i le s
sec tion

a. Plate h o ld e r
b. Diagonal m ir ro r

Beam S litLens

n

A"
X

Figure 8. Schematic Diagram Showing Vignetting in the Meinel Spectrograph.
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section. The crosshatched area on the profile represents 
the portion of the light vignetted. It is important to note 
that the vignetting is not uniform over the line profile, 
but occurs only at the short wavelength side of the line for 
point B. However, at point A some light is blocked from all 
the beam by the crosshatched area marked "b," and a consid
erable portion of the light in the reddest portion of the 
beam is blocked by "a." If second order Doppler effects are 
ignored, the line profile corresponding to a point C midway 
between A and B illustrates the vignetting for the unshifted 
wavelength X0. As will be shown later, the general results 
indicate this problem is probably not as serious as one 
might expect.

The circular cross section of the collimated beam is 
drawn as it appears immediately in front of the objective 
mirror of the Schmidt camera in the Meinel Spectrograph.
The crosshatched areas labeled "a" and "b" represent the 
plate holder for the camera and a diagonal mirror with 
support, respectively. Redesigning the plate holder so that 
it entered the camera vertically from the top and was shaped 
so that it vignetted the same fraction of the beam across 
every horizontal segment would completely eliminate the 
undesirable effects of vignetting. The wavelength analysis 
was completed by making the required Doppler corrections and 
then averaging the results from the 15 spectral plates.
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In order to identify the transitions, data on the 

atomic energy levels of oxygen ions (Moore 1949) were 
programmed for computer analysis.1 In this analysis the 
transitions obeying the usual selection rules were deter
mined and their wavelengths were calculated. For each ionic 
species the results were printed out in order of increasing 
wavelength in a "finding list." Also, in order to facili
tate study of the multiplet structures and cascade effects, 
the results were printed in additional formats listing 
first, all the spectral lines having a common upper level 
and secondly, all lines having a common lower level. The 
transitions were identified by referring the experimentally 
measured wavelengths of the lines to the wavelengths com
puted from the energy levels and tabulated in the "finding 
list." In several cases multiplet structures were identi
fied. This helped in making certain assignments and also 
served as a sort of consistency check, especially after the 
relative intensities of the lines were computed. A good 
example of this use of the relative intensity measurements 
is the elimination of the 4073•50 A 3s 3P 0-3p 3D°i 0 III tran
sition as a possible interferring line for the 4073•30 A
3p4D° 5 / -3d4F7/ 0 II transition. Wavelength resolution/ 2 / 2
alone was not good enough to determine if only one or both

1. The majority of the work done to identify the
transitions was by Kenneth Burton, graduate student in the
University's Physics Department.
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Upper level 3 p 2D°

•< •<
W avelength

i Lower level 3 s 3 P

CO OO 0> CD r- r- ~<̂| LT> " I  1 \ Relative in te n s it ie s

Figure 9. Diagram of the 3s3P-3p3D° 0 III Multiplet.
The 4073.50 A line was eliminated as possibly interferring 
with the 4073.30 A line since none of the stronger lines 
of the multiplet was observed.

lines were present. Figure 9 shows the multiplet structures 
along with the equilibrium relative intensities of the lines. 
Although the stronger members of the 3pltD°-3d4F quartet 
structure were observed in their approximate theoretical 
intensities the stronger lines of the triplet 0 III struc
ture were not visible in the spectrograms. Therefore, the 
3s 3P0-3P 3D °1 line, which is one of the weaker members in 
this triplet structure, was considered to make no signifi
cant contribution to the intensity at this wavelength.
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The mean lives and relative intensities of the spec

tral lines were determined by analyzing the plates on the 
Hilger-Watts-Engis Microdensitometer (L.471.1/63203). The 
densitometer measured the percent transmission of a refer
ence beam through the silver deposit which formed the 
developed photographic image. By the use of a special 
V-slot mask placed perpendicularly over the reference beam’s 
exit slit, the dimensions of the spot under analysis were 
reduced to less than observed line widths. Chart recorder 
tracings, such as the one reproduced in Pig. 10 for the
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Figure 10. Densitometer Tracing Along the 4077.02 A 
3pVD° 7/2-3d‘,F 9/2 0 II Transition.
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3p4D°7y2~3d4F9^  transition of 0 II, were made by traversing 
the length of the spectral lines. The curvature at the ends 
of the tracing is due to vignetting and, at the more exposed 
end, to plate saturation. For many lines, feeding of the 
level by cascades contributes to the curvature at the line’s 
initial end. In order to determine the initial relative 
intensities of the lines, tracings were also made across 
the base of the lines where time was essentially equal to 
1 0, the moment when the beam emerged from the foil.
Figure 11 is a reproduction of a tracing made across the 
bases of the lines between the wavelengths of 4300 A and 
4500 A. Tracings were not made across the lines at down
stream points due to the differences in the mean lives and 
to the effects of cascades.

Translation of the above densitometer tracings into 
relative intensity measurements requires calibration of the 
emulsion and the optical system. This was accomplished 
using the previously described (p. 24) blackbody source 
together with the stepped neutral density filter which was 
placed at the entrance slit of the spectrograph. The spec
trograms obtained (Fig. 6) were composed of horizontal 
strips, each of which was exposed by light coming from a 
different step of the filter. Densitometer tracings made 
by traversing along each of these horizontal strips were
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superimposed, to give the. set of curves shown in Fig. 12.
Since the curves exhibit very large slopes near their ends, 
the endpoints did not provide an accurate reference for 
placing the curves on a common scale. Therefore, several 
densitometer tracings were made perpendicularly across the 
strips in the spectrogram to give the relative percent trans
mission for each strip at definite wavelengths in the middle 
region of the graph. If the light incident at the filter is 
uniformly intense across the filter, the intensity of the 
light, 1^, incident at the emulsion from the ith filter step 
relative to the intensity, IV, which arrived at the emulsion 
from the portion of the slit not covered by the filter, is 
just given by the filter factor, f^, of the ith step. Thus,

I1 = f^I' . . (20)

Although this ideal case had been anticipated, later meas
urements showed the intensity distribution from the blackbody 
source varied strongly across the filter. This distribution 
is given in Appendix A along with graphs showing the wave
length dependence of the filter factors for each step of 
the neutral density filter and the calculated spectral 
energy distribution of the blackbody source. Since the case 
was not ideal, the intensity of the light incident at the 
film from a filter step was altered by a factor x^, deter
mined from the curve in Appendix A (p. 7^) and for a point
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Figure 12. A Set of Calibration Curves.
Each curve is drawn from a densitometer tracing made along one intensity step of a blackbody-continuum plate.
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along the slit which corresponded to the center of the 
particular filter step in question. Equation 20 then 
becomes

I± = V i 1" ’ (21)

where I" replaces I ’ as the intensity arriving at the film 
through the "unfiltered" portion of the slit.

There is a one-to-one relationship between the 
relative intensity. I, of the light incident on the photo
graphic plate at some point and the measured percent trans
mission, P, of the densitometer’s reference beam through 
the developed image at that point. This relationship can 
be stated formally as I = k(X,I)P, where k shows both wave
length and intensity dependence. This is shown graphical
ly for several selected wavelengths by the family of curves 
reproduced in Fig. 13. These curves were constructed by 
plotting the measured percent transmission versus the rela
tive intensity of light incident for each step of the filter 
and then connecting the points with a smooth curve. Since 
the plate containing the spectral lines and its accompanying 
calibration plate were taken with equivalent exposure times, 
developed together in the same solutions and analyzed with 
identical densitometer settings, the same one-to-one rela
tionship should hold for both plates, i.e., the two k's were
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Figure 13• A Family of Curves Showing the One-to-One Rela
tionship between Relative Intensities and Measured Percent 
Transmission at Selected Wavelengths for Spectral Plate 06.

identical and, since they immediately cancel, did not have 
to be calculated.

Thus for a point in a spectral line, I x = k(A,I)P1 
and for the continuum source, 1^ = k(A,I)PC . Dividing the 
first of these equations by the second and substituting a 
value I for 1^, I being located between two successive I^'s
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of (20) and determined by interpolation, one finally writes

c

for the relative intensity of a point on a line to the refer
ence value I". One must remember that (22) is not a general 
proportionality since the relationship holds only between 
the two points on the two plates, for the wavelength X and 
the measured values of P which are identical. When a 
densitometer tracing made along a spectral line was referred 
to the appropriate member of such a family of curves, the 
intensities relative to I" were given directly.

These relative intensities were plotted in the form 
of a decay curve such as those given in Appendix B. Calcu
lation of the curve’s slope yielded the decay constant which 
is simply the reciprocal of the mean life of the level.

The time scale along the abscissa of the decay 
curves was determined using (1), (2) and the time-of-flight 
relationship together with a measurement of the total magni
fication of the distance along the beam as it appears in a 
densitometer tracing with respect to its actual size in the 
target chamber. The magnification was easily measured by 
placing a wire mesh with a i inch square grid in the target 
chamber in the plane of the beam and illuminating it from



behind with the blackbody-continuum light source. The 
image of the mesh formed at the entrance slit of the spec
trograph contained several grid wires which crossed the 
slit perpendicularly. Consequently, on the photographic 
plate exposed under these conditions there appeared hori
zontal lines which were just the images of these grid wires. 
Using the same chart speed and scanning speed as was used 
for the spectral lines, a densitometer tracing taken per
pendicularly across the plate showed peaks corresponding to 
the image of the grid wires. Comparison of the distance 
between the peaks and the actual grid size yielded an over
all magnification for the system from the target chamber to 
the recording paper of 8.85.

Measurement of the relative intensities of two lines 
was more difficult than the measurement of the relative 
intensity along one line since the response of the entire 
optical system and the photographic emulsion had to be known 
as a function of wavelength. The usual procedure for cali
bration of using a standardized, tungsten-strip filament 
lamp for a blackbody source with a known spectral intensity 
distribution was undesirable, due to the large number of 
calibration plates needed and due to the long exposure times 
and low light intensities required to duplicate the exposure 
conditions for the plates containing spectral lines of the



ion beam. It Was also impossible since such a lamp was not 
available for our use at that time. Therefores the voltage- 
stabilized panel lamp was used for the continuum source with 
the intent that it would be calibrated later by comparing 
its spectrum to that of a standard lamp using a recording 
monochrometer. However, the discovery that the available 
monochrometer had a grating blazed for the region of over
lapping fifth, sixth and seventh orders led to dropping this 
approach because of the problems of order sorting for the 
continuum source. In its place the temperature along the 
filament of the panel lamp was measured with a PYRO Micro- 
Optical Pyrometer borrowed from the University's Electrical 
Engineering Department. The measured brightness temperature 
was converted into a true temperature (Rutgers and DeVos 
195*0 and the intensity distribution was calculated from 
Planck's radiation law. The temperature of a segment was 
measured by viewing the segment from the direction of its 
normal, but, as is shown in.Pig. 14, the light' which entered 
the spectrograph was emitted at an angle 6 from the normal..
A plot of both the angle 0 and the true temperature as they 
vary along the length of the filament is given in Pig. 15• 
Thus, in order to arrive at the spectral distribution,, p(X), 
of the source and in the direction of the entrance slit of 
the spectrograph, an integration of the following form was
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Figure 14. Diagram Showing the Angle 6 Made between Light 
Rays Emitted from the Filament which Entered the Spectro
graph and the Normal to the Surface from which They Were Emitted.
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carried out over the length, L, of the filament:

X=L
p(X) = I t (X ) e J ( X ,T(x)) e2( 6(x)) p(x ,T(x)) dx , 

x=0

where t (X) is the coefficient of transmission for the lenses, 
the glass envelope of the bulb and the frosted glass plate, 
all in the continuum source, e x(X,T(x)J is the coefficient 
of emission for tungsten as a function of wavelength and 
temperature (DeVos 195*0, e2 (0 (x)) is the coefficient of 
emission of tungsten as a function of the angle the emitted 
rays form with the normal to the surface (Henning 1955), and 
p(x,T(x)) is the well known Planck radiation function.

.( X,T) dX 2hc
X5 exp (XkT1) -1

i _ i
dX .

In reality, the integration was carried out numerically as a 
summation of elements of length Ax along the filament as 
shown in Fig. 14. The spectral energy distribution computed 
in this manner is plotted in Appendix A (p. 75). The for
mula for the relative intensity measurements is obtained by 
replacing I" in (22) by p(X ) and to a first approximation 
the relative intensities of two lines of different wave
lengths are
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The subject of data analysis will be completed with

consideration of the probable experimental errors which are 
pertinent to the results given in the next section. First, 
the errors in the relative intensity of two spectral lines 
and secondly, the error in the relative intensity along one 
line will be calculated. Lastly, the probable experimental 
errors in the determination of the mean lives will be given.

function g(ut, u2, . . . u^) is

1CMc 
1_

h 3

roj ii

» j
where the u's are the quantities subject to random experi
mental error and the square root of the sum of the squares 
is used since the u ’s are all independent. Substituting 
(23) for the function g with u 1,u2,...,un equal to 
X 1 > X  2 ) f 1 ^ 2 ’ 3-fid 1

The expression for the fractional error, in aS

M
g

A(I,/I2)
I./I*

2

+ 2 (25)

where the factor 2 is present since each of these terms 
really appears twice, once with each subscript, and the
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factor 4 since appears 4 times. The magnitudes of the
similar terms are equal so the terms can be combined.
Furthermore, since X x X2 , the terms can be combined in
the same manner, especially if X is chosen to be the average
of Xi and X2. However, for our immediate purpose their sub-

ATscripts must be retained in the term where the difference 
between X̂  and X2 occurs. The experimental uncertainties 
for the various terms in (25) are listed below in Table 1.

Table 1. Fractional Uncertainties in 
Experimentally Determined Quantities

Quantity (1)_______x______ f______ P______ X______ T
Uncertainty ^  0.085 0.03 0.02 10”4 0.05

Substituting these values into (25) one obtains

. 26I1 2

for the case of X ̂ = 4500 A and X 2 = 3500 A. These wave
lengths correspond roughly to the two ends of the spectrum 
observed in this experiment and the error should represent 
the maximum uncertainty in the experimental results for the 
relative intensities.

In a multiplet structure the wavelengths of the lines 
were seen to lie within a 50 A interval. At X = 4000 A and
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using X i - X2 = 50 A, the term ^

' 2
tially reduced and

X
1 is substan-

13.5% .

The principal contribution to the error is no longer the 
uncertainty in the temperature measurement, but is now the 
8.5% uncertainty in the intensity distribution along the 
slit from the continuum source.

along one line, all wavelength and temperature dependence is 
eliminated. Equation 22 becomes the correct starting point 
for an error analysis similar to that just completed for 
(23). Following the procedure outlined in (24):

Substitution of the previously given uncertainties into this 
expression gives - 9.4% as the probable experimental 
error associated with a point plotted to give a decay curve. 
This error is also shown in the form of error bars on the 
points plotted for some of the decay curves given in 
Appendix B.

are of interest only in so far as they affect the accuracy 
of the mean life calculation. The relationship between

In calculating the error in the relative intensities

2

The errors in the measured intensity along a line
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errors In the Intensity measurement and In the mean lives 
has already been given as (8), and for the favorable case of 
measurement over a time Interval approximately equal to the 
mean life, the experimental conditions give

It will be shown later that some mean lives were measured 
which were approximately twice as long as the time interval 
over which the measurement was made and for these mean lives

anticipated and given on page 12, they are still consider
ably smaller than the errors inherent in the earlier at
tempts to determine oscillator strengths and transition 
probabilities. They could be substantially reduced by re
designing the blackbody or continuum source to give a more 
uniform and more precisely determined intensity distribution 
across the entrance slit of the spectrograph. It will be 
shown in the next section that statistical fluctuations of 
the measured mean lives are in good agreement with the error 
calculations made above.

Although these errors are larger than the values



CHAPTER 5

RESULTS AND CONCLUSIONS

Eighty-three spectral lines between 3 ^ 9  A and 
4660 A were observed and their wavelengths calculated by the 
method given in Chapter 4. The accuracy of the initial 
wavelength assignments should be as good as the maximum 
deviation of the computer-calculated dispersion curve from 
the wavelengths in the iron-argon spectrum which were used 
as calibration points. This deviation was found to be 
approximately 0.2 A throughout the major portion of the 
observed spectrum. At the long wavelength end of the 
observed interval, there were few strong lines in the cali
bration spectrum and the error may be slightly larger. For 
the identified transitions the wavelengths were extended to 
two decimal places by assigning the values obtained from 
the computer program, since the tables used for the program 
were taken from experiments with more numerous and more 
accurate results than those in this experiment. The tech
nique is also justified by comparing the results to the 
wavelengths published in the literature (Fowler 1929, Mihul 
1928). The standard deviation between experimental and 
published values is 0.014 A.

52
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With the help of the computer and the consideration 

of multiplet line Intensities, 68 lines were identified as 
belonging to the oxygen spectrum. Two additional lines were 
identified by comparing the wavelengths with those given in 
the above mentioned literature reference.  ̂ Table 2 lists 
the wavelengths of all observed lines and the identified 
transitions. In addition to the 70 identified lines, there 
are six more lines listed with special comment. For these 
six lines the discrepancy in the wavelength agreement is too 
large to establish their identity with certainty. Identifi
cation of eight lines could not be established. Attempts to 
explain these lines, especially the four from 4425.8 A, as 
coming from ambient nitrogen in the target chamber were not 
successful. It should not be surprising that lines from the 
ambient nitrogen were not seen, since the mean free path of 
the 0+ ion in the chamber is 95 meters. Along the 4 cm beam 
path a very small number of nitrogen atoms would be excited 
by collisions. These observed lines must belong to the 
oxygen spectrum and their eventual correct identification 
may show that new levels were observed.

1. It is interesting to note that at the time these 
tables were completed, 1928-1929, the electron spin of J fi 
was just being understood and had not yet been used to 
calculate fractional values of the total angular momentum 
number, J of the 0+ atomic system.
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Table 2. Experimentally Observed Wavelengths

and Identified Transitions
Wavelength^ 
in Vacuum (A) Identified Transition Comments

3^49.04 3p5D°2-3d5F 3 OXII
3451.93 3p5D°3-3d5Fl| OIII
3456.11 3p5D°l|-3d5F 5 OIII
3696.41 3s5P 1-3p5D 02 OIII
3699.75 3s 5P2-3p 5D°3 OIII
3704.40 3s 5P 3-3p 5D \ OIII
3710.59 3s 5P 1-3p 5D ,,ii OIII
3713.50 3s 5P2-3p 5D°2 OIII
3721.95 3s 5P 3-3p sD°3 OIII
3722.97 3s 5P2-3p sD 01 OIII
3726.88 3 p 4 D 5 / 2 , 3 / 2 " 3d*F°3/2)1/2 OIV
3728.39 3s'P3/ 2-3p'S ° 3 / 2  0 1 1

3730.09 3p'D3/2-3d'F 0 , / 2  0IV
3737.84 3p'D,/2-3d'F 09/2 OIV
3750.55 3s ^P5/2-3p 'S 03/2 Oil
3755.73 3s ,P°1-3p 3D2 OIII
3758.27 3s3P % - 3 p 3D, OIII
3760.95 3s 3p “2-3p sD 3 OIII
3775.07 3s 3P°1-3p 3D 1 OIII
3792.33 3s 3P°2-3p 3D2 OIII
3811.70 3p 2f ° 7/2 ̂ 5/2'-3d2F 7/2j7/2 OIV
3814.46 3P 2F 0s/2,2/2'-3d2F 5/2j5/2 OIV



Table 2, Continued. Experimentally Observed
and Identified Transitions

l n % c u u f ( A )  Identified Transition

3848.98 3 p " D » i / , _ 3 d ' * D , / : O i l

3883.29
3883.54

3 p " D 0 , / , - 3 d » D , / ,

3P4D \ / 2 - 3 d * P 3/2
o n

3908.55 3P4D ° 5 / : - 3 d ' P s / 2 o n

3 9 1 3 .0 7 , - .22 3s 2D5 / 2 ) 3 / 2 - 3 p 2P° 3/ :  O i l
3912.94 3p 3D° 3- 3 d 3P2 O I I I

3920.37 3s 2D3/2 - 3 p 2P ° i /2 o n

3946.16 3s 2P1 /2- 3 p 2P ° , /2 o n

3950.51 3p2D03 /2- i )d 2P1/2 o n

3955.48 3s 2P i / 2 - 3 p 2P ° 1/2 o n

3964.18 3p2D05 /2 -Dd2P3/2 o n

3974.39 3s 2P3 /2 - 3 p 2P03/2 o n

4061.67
4062.20

3d2F 7 /2 - 4 f 2G«7/2>
3d2F 5 /2 - 4 f 2G°7/2

9 / 2
o n

4 0 6 2 . 2 4 , - .41 3d'*F3 /2- 4 f D ° 3/2) 1 /2

4066.22 3d*F9 /2 - 4 f  F ° 7/2 o n

4070.79
4071.04

3P4D ° 1 /2- 3 d ' F 3 A
3P4D03 / 2- 3 d 4F 5/2

on

4073.30 3pvD % / 2 - 3 d " F 7/2 o n

4077.02 3p4D»7 / 2 - 3 d " F g/2 o n

4080.02 3pl,D03 /2 - 3 d l' F 3/2 on

4086.27 3p4D»5 /2 - 3 d 4F 5/2 on
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Wavelengths

Comments

Appear as one 
line.

Appear as one 
line.

Appear as one 
line.

Appear as one 
line.



Table 2, Continued. Experimentally Observed Wavelengths
and Identified Transitions

ivelength_ 
Vacuum (A) Identified Transition Comments

4090. it 3d*F9/2- 4 f G « ll/2 Oil
4098.39
4098.43

3P'P°,/,-3d'D,/2
3d4F7/2- 4 f G » V 2

on Appear as one 
line.

4120.38 3p4P'5/2-3d4D7/2 on

4143 to 
414? 3p 6P - 3d6D° on Appear as a 

band.
4154.45 3p4P»3/2-3d4P5/2 on

4186.62 3P2F°5/2-3d2G7/2 on

4190.76,-.97 3P2P°7/2“3d2G7/2j9/2 on

4255.28 3d2G7/2-4f2H l>9/2 on

4277.97 3d4D,, -4fl*F0 7 , 5/2 '/2 on

4284 3d4D - 4F° on A band.
4305.04 3d4P5/2-4f4D«7/2 on

4316.48, 3dl*D3/2,3/2,5/2“ Appear
— .67 , — .72 4f4D03/2,V2,3/2 on as a

4316.57 3d2F7/2-4f2F"5/2 line.
4342.7 not identified 4343.16 A*

4345.5 ap3/2-p'1/ 2 quartet on
Fowler (1929) 
4346.79 compu 
ter program

4350.66 3s 4P5/2-3p 4P°V 2 on

4352.50,-.69 3s' 2Ds/2,3/2-3P,2D°s/2 on



Table 2, Continued. Experimentally Observed
and Identified Transitions

l n % c u u f ( A )  Identified Transition

4360.63 3P2D°,/2-3d2D5/2 Oil

4368.08 3d2F5/ -4f2D°, , V  2 V  2 on
4368.13 3s *p 5/2-3p 'p °V 2
4370.53 3p2D°3/2-3d2D V 2 on

4378.3 not identified
4379.56,- .96,3d2D,/2j5/2>5/2-

on
-.96 ^ V z .V a .V a

4387.9 not identified
4390.8 not identified
4397.19 3p2D»5/2-3d2D 5/2 on

4407.26 3P2D0V 2 -3d2D 3/2 on

4416.12 3s 2P3/2-3p 2D»5/2 on

4420.33 4s'P,/2-5p'P°,/2 on

4425.8 not identified
4428.3 not identified
4431.3 not identified
4435.6 not identified
4449.06 3p 5S° 2-3dsP2 OIII
4449.51 on

4449.98 on
4449.59 3P=F'7/,-3d:F,/,

57
Wavelengths

Comments

Appear as one 
line.

4379.21 A*

Appear as one 
line.

Appear as one 
line.
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Table 2, Continued. Experimentally Observed Wavelengths

and Identified Transitions
Wavelength^ 

in Vacuum (A) Identified Transition Comments

4454.9 not identified
4459.7 not identified
4467.86 3d2P3/2-4f2D°3/2 Oil
4469.20 3s 6S 05/2-3p 6P 5/2 o n

4471.6 not identified
4476.3 not identified
4592.46 3d2P , / 2 - 4 f 2D ° 5/2 o n
4592.46 3a'2D 5/2-3p'2F°7/2
4 5 9 7 . 2 8 , - . 4 9 3s /2d V 2, V 2-3p '2F°5/2 o n

4633.1 not identified
4643.12 3s'P,/2-3p'D°s/2 o n

4650.44 3s »P5/2-3p 'D»7/2 o n

4659.0 not identified

4453.65 A*

4470.64 A*
4477.32 A*
Appear as one 

line.

*Thls wavelength was given by Mihul (1928) and is 
probably the same as that of the corresponding line observed 
in this experiment.

'^Fowler actually identified this as a pz - p'i 
transition since he did not consider J as having fractional 
values.
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One hundred twenty-four calculations of mean lives 

for fifty atomic levels were completed, but only a few of 
these results are felt to be reliable. These are for the 
levels determined from the listings of the computer program 
as not being fed from above by cascades. As predicted by 
the theory the decay curves for these levels were linear, 
and furthermore, good agreement between the spectral plates 
taken at different accelerator energies was shown. The 
measured mean lives for these levels are given in Table 3 
along with the theoretically calculated values. The partial

Table 3• Mean Lives of Levels Not Fed by Cascades
Mean Lives in NanosecondsWavelength Atomic Level Experimental Theoretical

4090.1(4 Oil 6.75 ± i—1-=ro 5
4255.28 4 f *H\/2 on 7.0 ± 0.6 4.5
3730.09 3d"F \ / 2 OIV 14.6 ± 0.46 12.4
3737.84 3d"F °Va OIV 15.2 ± 0.7 12.5

energy level diagrams and decay curves for the levels are 
given in the first part of Appendix B. The errors given in 
Table 3 are Just the statistical fluctuations in the indi
vidual determinations of the mean lives and it is encourag
ing to see that they are in agreement with the 9•5% probable 
error previously determined for the shorter lived levels and



considerably less than the 19% error calculated for the 
longer lived levels. However, the possibility of some 
systematic error in the results is not eliminated and sta
tistics based on such small, sample populations are less 
than desirable. In fact, as previously shown a fairly large 
systematic error could be introduced by vignetting in the 
Meinel Spectrograph. The quantitative determination of this 
effect is being further investigated. However, the good 
agreement between the experimentally and theoretically 
obtained values for the mean lives suggests that, at least 
for this experiment, such a systematic error is probably 
small.

Measurements of mean lives of levels other than 
those listed above were seriously complicated by the fact 
that many levels were fed by cascades. At the end of Appen
dix B, partial energy level diagrams showing transitions to 
and from several of these levels are provided along with 
their decay curves. It is evident that the non-linear decay 
curves must be due to cascade feeding, and it is unfortunate 
that the strongest and most distinct lines observed belong 
to this group. One of the feeding cascades, the 4090.44 A 
3d4F 9/,2 - 4f4G°11^2 Oil transition, has already been listed 
as yielding reliable mean life data. Transitions which are 
this strong, especially ones strong enough for good mean



life measurements, certainly must cause substantial feeding 
of the levels under consideration. Nevertheless, some quite 
rough measurements of the mean lives were made on the end 
portions of the lines. The results of these measurements 
are given in Table 4 and show two characteristics distinct

Table 4. Mean Lives of Levels Fed by Cascades
Wave_ Experimental Mean Lives Theoreti-
i pncrth Level  (nsec .)__________  cal Mean

s 0.6 MeV 1.00 MeV 1.75 MeV Life

1)077.02 3d4pV z Oil 21.8 10.8 8.5 5.15
1)1)16.12 3P2D°5/ 2 Oil 16.2 12.0 5.6 9.6
1)186.62 3d2GV z Oil 25.0 7.6 10.2 5.24
1)31)5.5 3p"P\, Oil 1/2(p ^y^quartet)

10.3 5.7 3.55 — —

from those of the levels reported in Table 3• First, the 
mean life is dependent on accelerator voltage with higher 
particle energies yielding significantly shorter mean lives. 
Secondly, the measured mean lives are significantly higher 
than those calculated from theory. The likelihood that this 
represents an error in the determination of the velocity and 
the time scale is only 1%, much less than the disagreement 
in measured lifetimes. Thirdly, the levels not showing 
cascades behave according to theory.
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One possible explanation of this effect is that the- 

cross sections for excitation to the higher levels from 
which the cascades begin are decreased with increasing par
ticle energy and hence their populations are also decreased—  

if not absolutelys at least with respect to the intermediate 
levels.

Another possibility which, at least on first sight 
seems more probable, is that the measured decrease in mean 
lives with increasing energy is due to the vignetting ef
fects previously described. A sample calculation was made, 
for a hypothetical case where mass 24 diatomic molecules are 
accelerated to 1 MeV and 4 MeV. Referring to Pig. 8, the 
intensity of the spectral line 2 cm downstream from the foil 
was arbitrarily assumed to be reduced by 50% due to vignett
ing. The 2 cm corresponds roughly to the midpoint of the 
spectral line, i.e., point C in the figure. Under these 
conditions a level with an actual mean life of 4 nsec was 
computed to give apparent mean lives of 2.91 and 2.24 nsec 
for 1 and 4 MeV, respectively. Thus a shortening of the • 
mean life with increasing velocity is accountable. However, 
this also gives mean lives shorter than their assumed abso
lute value, not longer as .shown by this experiment (Table 4). 
Also the fluctuation between the 1 and 4 MeV results are 
much smaller than for the less extreme case of 0.6 to 1.75
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MeV in this experiment. Lastly, in order to -cause apparent 
mean lives to be longer than their actual values one would, 
have to assume a large decrease in the intensity of the up
stream end of the beam due to vignetting. This could only 
be caused by extreme misalignment of the optical system. 
However, considerable care was taken to align properly, 
especially during the run in which the experimental data 
were gathered and it seems unlikely that such poor alignment 
existed. Furthermore, these conditions would cause the 
apparent mean life to increase with increasing accelerator 
energy, just opposite to.what was actually observed.

Relative intensities were measured for the 40 strong
est observed lines, including those in six prominent multi- 
plet structures. The results are presented in Table 5•
Column three shows the relative intensities of all the lines 
with respect to an arbitrary but fixed constant while the 
fourth column gives the relative intensities within the 
multiplet structures with the strongest line in each struc
ture set equal to 100. The last column lists the theoreti
cal intensities of the lines in the multiplet structures.
The table shows a gradual increase in intensity with increas
ing wavelength. Over the 1000 A observation region this 
amounts to a factor of about 10. Part and perhaps all of 
this increase can be explained by the fact that there is a 
much higher percentage of Oil in the beam than of OIII or



Table 5- Relative and Intra-Multiplet Intensities

Wavelength^ _____________Transition_.____________   p.  ̂ A  ^  ■__________Intra-Multiplet
in Vacuum (A) Multiple! J - p Experimental Theoretical

3449.04 3p5D°-3d5F OIII 2 - 3  0.127 46.9 43.6
3451.93 3 - 4  0.241 89.O 68.2
3456.ll 4 - 5  0.271 100.0 100.0
3696.41 3s 5P-3p 5D° OIII 1 - 2  0.203 46.7 19.4
3699.75 2 - 3  0.237 54.5 51.9
3704.40 - 3 - 4 0.435 100.0 100.0
3710.59 1 - 0  - - 1.11
3713.50 2 - 2  0.223 51.2 32.4
3721.95 3 - 3  0.182 41.9 25.9
3722.97 2 - 1  - - 8.3
3726.88 3pl,D-3d'tP° OIV 5/2,3/2-372,1/2 0.322 81.5 72.9
3730.09 5/2 - 7/2 0.336 85.1 68.0
3737.84 7/2 - 9/2 0.395 100.0 100.0
3755.73 3s3P°-3p3D OIII 1 - 2  0.408 72.5 53.6
3758.27 0 - 1  - - 23.8



Wavelengtho 
In Vacuum (A)

Table 5, Continued. Relative Intensities 
Transition

Multiple! J - J Experimental Intra-Multiplet
Experimental Theoretical

3760.95
3775.07

2 - 3
1 - 1

0.565
0.244

100.0
43.2

100.0
17.9

3792.33 2 - 2 0.227 40.2 17.9

3974.39 3s2P-3p2P° Oil 3/2 - 3/2 0.222 - -

4061.67
4062.20
4062.24,

-.41

3d2F-4f2G° on 7/2 - 
5/2 - 
3/2 -

772,9/2
7/2
3/2,1/2

0.449 '

4070.79
4071.04

3p“fD°-3dltP on 1/2 - 
3/2 -

3/2
5/2

0.582 81.2 72.8

4073.30 5/2 - 7/2 0.560 -  78.8 68.6

4077.02 7/2 - 9/2 0.710 100.0 100.0
4090.44 3d‘tF-4f4G° on 9/2 - 11/2 0.319 - -

4098.43
4098.39 3p4P°-3d4D on

7/2 - 
1/2 -

9/2
3/2 0.313 - -

4120.38 5/2 - 7/2 0.533 — -

4143 to 
4l47 3p 6P - 3d6D° on 0.500 — —

CT\in



Table 53 Continued. Relative Intensities
Wavelength, _____________Transition_______  F . t , Intra-Multiplet

in Vacuum (A) Multiple! J - J y Experimental Theoretical

4154.45 3p4P°-3d4P Oil 3/2 - 5/2 0.616 — -
4186.62 3p2F°-3d2G o n 5/2 - 7/2 0.615 84.0 77-1
4190.763

-.91
7/2 - 7/2 ,9/2 0.754 102.9 102.9

4255.28 3d2G-4f2H° Oil 7/2 - 9/2 0.690 - -
4277-97 3d4D-4f4F° Oil 5/2 - 7/2 0.442 - —
4345.5 ap-p' quartet o n 3/2 - 1/2 1.25 - —
4352.50,.

-. 69
3s'2D-3p '2D° o n 5/2,3/2 - 5/2 1.00 - -

4368.08
4368.13

3d2F-4f2D°
3s 4P-3p 4P 0

on
Oil

5/2 - 
. 5/2 -

5/2
3/2 0.993 - -

4370.53 3p2D°-3d2.D Oil 3/2 - 3/2 0.700 — -

4378,3 not identified 0.91 - -
4379.56,

-.963
-.96

3d2D-4f2F 0 on 3/235/2,5/2- 
5/2,7/2,5/2

1.15

4390.8 not identified 0.68 - • -



Table 5> Continued. Relative Intensities
Wavelengtho _____________Transition_______  „ , t , Intra-Multiplet
in Vacuum (A) Multiple! J - J p Experimental Theoretical

4416.12 3s2P-3p2D° Oil 3/2 - 5/2 1.32 - -
4449.06 3p5S°-3d5P OIII 2 - 2  .
4449.51 3d2P-4f2P° Oil 1/2 - 1/2,3/2 ^
4633.1 not identified 2.04
4659•0 not identified 1.15

CT\
-<1
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OIV. Therefore, one would expect the Oil lines to be 
strongest. Since the lines in the longer wavelength region 
of the observed spectrum, are predominately Oil lines an 
enhancement of this part spectrum is natural. The forego
ing discussion points to a real need to understand the basic 
processes which occur in producing the excited spectrum. 
Determination of the cross sections for the production of 
the various excited levels and their energy dependence would 
be valuable. However, before such determinations can be 
made, much more data on relative intensities and level popu
lations must be accumulated.

The results of the relative intensity measurements 
within multiplet structures agree quite well with the calcu
lated theoretical values, although there seems to be an 
over-all increase in the measured relative intensities of 
the weaker lines. It seems logical to consider the opposite 
case more realistic, i.e., the measured intensities of the 
strongest lines, which are set equal to 100%, are too low. 
Many of the strongest lines corresponded to quite dense 
optical images. Partial exposure saturation, local exhaus
tion of developing solution during development and presence 
of reaction products also during development would cause the 
image density at the initial end of a very strong line to be 
less than anticipated. The over-all results show no unusual 
dependence of the intensity on the total angular momentum of
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the system. The effects listed above as causing a decrease 
in the anticipated image density certainly pose no serious 
threat to future experiments3 because revision of experi
mental technique and equipment would essentially eliminate 
them. The first is eliminated by simply using plates made 
with varying but closely controlled exposure times and the 
second by gently brushing the plate during development to 
maintain fresh developer at the optically dense locations.

Recently a proposal based on the beam-foil technique 
and which may eliminate many of the problems caused by 
cascades has been made to measure atomic transition proba
bilities (Kohl 1967)• The proposed method involves measure- 

}ment of the absolute intensities of all the spectral lines 
resulting from a transition into or out of the energy level 
under consideration. As previously mentioned such absolute 
intensity measurements have been rather difficult to make. 
Further experimental problems may arise from the extremely 
wide range of wavelengths which must be considered in order 
to include all such spectral lines.

Perhaps a more attractive possibility for future 
research is to utilize the cascade effects, which have been 
detrimental in this work, as a mechanism for information 
retrival. Delayed coincidence counting has long been used 
for lifetime determinations by nuclear physicists. These 
techniques have been adapted to count photons emitted during
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transitions to, and away from an intermediate level in the 
successful determination of the 7sS 1 atomic level in mercury 
(Brannen et_ al. 1955) and more recently the 4p/2D 03// AI and 
the x 3D 0! Pel atomic levels (Junge 1965). The low intensity, 
virtual absence of background radiation and the numerous 
cascades in the ion beam are ideally suited for this type of 
analysis. Furthermore, placement of the second detector 
downstream should produce excellent time discrimination and 
low accidental coincidence rates. Modern high speed, solid 
state coincidence circuits would improve the results of even 
the older experiments mentioned above. Coincidence counting 
techniques are also capable of providing relative transition 
probabilities; absolute source strengths, i.e., the number 
of atoms per second which enter the upper level; rates for 
the population of the intermediate levels by various 
mechanisms and detector efficiencies. The shift to' photo
electric measurement would completely eliminate many of the 
photographic and calibration errors inherent in this work, 
and application of coincidence counting techniques would 
significantly expand the potential of the ion-beam experi
ments .

In retrospect, this experiment has yielded much 
information on cascade effects in the ion beam and the 
problems they create in making mean life measurements. In 
spite of the problems, mean lives for several energy levels



in oxygen ions were successfully measured and compared to 
their theoretically computed values. Intra-multiplet line 
intensities were found to be predicted by existing theory.
A wealth of information was gathered on wavelengths 3 transi
tions 3 mean lives and relative intensities s and although 
counting experiments such as described above should overcome 
many of the difficulties experienced here 3 the photographic 
methods will remain the most efficient method of data 
retrivals especially for survey experiments. Numerous new 
experiments are possible and should bring physicists much 
closer to realization of the full potential of the ion-beam 
technique.



APPENDIX A

DATA FOR CALIBRATION OF PLATES

Graphs of characteristics of the stepped neutral 
density filter and blackbody continuum source which were 
used to expose test plates for calibration purposes.
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Filter factors for steps of the neutral density 
filter. Step numbers are given at the right. Step 1 
corresponds to the section of the slit not covered by the filter.
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Relative intensity along the spectrograph’s en
trance slit of light from the blackbody continuum source. 
The scale on the abscissa is in terms of the positions of 
the centers of succeeding steps of the neutral density 
filter which was placed over the entrance slit of the 
spectrograph.
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APPENDIX B

LEVEL DIAGRAMS AND DECAY CURVES FOR 
SOME OBSERVED TRANSITIONS

Level diagrams are given which show observed transi
tions associated with the levels reported in Tables 4 and 5. 
They give the energies of the levels involved and show the 
cases where the upper levels are fed by cascades. For some 
transitions the final and initial values of J are given in 
parentheses immediately following the wavelength.

Following each level diagram are the decay curves 
used in calculating the reported values of the mean lives. 
Included in each set of curves are the wavelength of the 
transition and the mean lives measured at different acceler
ator energies.

The first four sets of decay curves are for levels 
not fed by cascades while the last four are for levels which 
are fed by 'cascades.
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