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ABSTRACT

The beam-foil technique has been used to study the
spectrum in the wavelength range 370-5000 3, produced by
an 0: beam of energy between 0.6 and 1.5 MeV. Radiative
lifetimes of the excited electronic states which have been
measured are compared with other experimental values and
theoretical calculations wherever available. Seventeen
new lines have been observed, which are identified by the
use of a computer program. The possibilities of cascading
from higher levels for each multiplet and blending for
each line are discussed. The systematic trends of absorp-
tion oscillator strengths in isoelectronic sequences in-
volving some of the observed oxygen transitions are dis-
cussed.

The beam velocity has been measured directly from the
radiating beam by observing the Doppler shifts produced in
the emitted spectrum lines. The variation of line inten-
sity with incident beam energy has been used for the charge
state identifications. The charge deflection method has
also been attempted for more rigorous charge identifications
in the visible region. Photon-counting techniques have

been used for most of the experimental work.



ii

ACKNOWLEDGEMENTS

I would like to thank my supervisor, Dr. E. H.
Pinnington, for the initiation of and his participation
in this projéct. His guidance and encouragement through
the past several years have been especially instructive.

I also wish to thank Dr. J. A. Kernahan for many
suggestions and assistance in the data acquisition, and
pr. D. J. G. Irwin for many valuable discussions, which
have greatly improved the results of this project.

I would also like to express my gratitude to Dr. G. R.
Freeman of the Radiation Research Committee for the use
of the Van de Graaff accelerator. Special thanks are due
to Messrs. R. J. Gardner and F. W. Bach for their techni-
cal assistance in the operation of the accelerator.

I am particularly grateful to Mr E. A. Foster for the
construction and modification cf the various chambers used
in these experiments. Mr. N. Riebeek is also to be thanked
for his help in such matters.

My gratitude also extends to Messrs. A. E. Livingston
and G. Finley and Miss S. Dorper for their enthusiastic
help in taking data.

Finally, I thank Mrs. A. Pang for her patience 1in

typing this thesis.



CHAPTER I

CHAPTER II

CHAPTER III

CHAPTER 1V

TABLE OF CONTENTS

INTRODUCTION

iii

Page

1.1 Necessity for Radiative-Lifetime Measure-

ments
1.2 Earlier Methods for Radiative-Lifetime
Measurements

1.3 The Beam-Foil Technique

EQUIPMENT

2.1 The Target Chambers

2.2 The Focusing-Scanning Device
2.3 The Photon-Counting Electronics

2.4 specifications of the Other Equipment

OBSERVATION

3.1 General Procedure and Experimental
Conditions

3.2 The Spectrum

3.3 Beam Velocity Measurements

3.4 Radiative-Lifetime Measurements

LINE INDENTIFICATION

4.1 Charge Identification: Intensity Varia-

tion Method

4.2 Charge Identification: Charge Deflection

Method

4.3 Possible Contamination

4.4 Line Assignment and Observed New Lines

10
10
13
15
17

19

19

22

25

26

31

31

34

45
47



CHAPTER V

CHAPTER VI

CHAPTER VII

CHAPTER VIII

REFERENCES

APPENDIX I

APPENDIX II

ANALYSIS OF RADIATIVE LIFETIMES
5.1 Beam Velocity
5.2 Evaluation of Radiative Lifetimes

5.3 Error Estimation

RESULTS

6.1 The Spectrum

6.2 Lifetimes

DISCUSSIONS

7.1 The OI Terms

7.2 The OII Terms

7.3 The OIII Terms

7.4 The OIV Terms

7.5 The OV Terms

7.6 Systematic Trends of f-values in

Isoelectronic Sequences

SUMMARY

iv
Page

51
52

56

61
61
63
78
78
80
89
97
99

101

106

110

116

119



LIST OF TABLES

TABLE Page

IV.1 Doppler shifts due to a transverse electrostatic

field (40 KV/cm) 38

IV.2 Observed new oxygen lines 50

VI.1 Number of lines observed for oxygen 61

V1.2 Radiative lifetimes in 0I-0V 70



vi

LIST OF ILLUSTRATIONS

Figure Page

2.1 Schematic diagram of the target and focusing-

scanning chamber _ 11
2.2 Schematic diagram of the electronics used in the

photon-counting technique 16
3.1 Schematic diagram of the basic arrangement of

the beam-foil technique 20
3.2 Electronic arrangements for spectral scans 24
4.1 Relative variations of line intensity with

incident beam energy 35

4,2 Arrangement for the charge deflection experiments 36

4.3 Doppler shifts for 0II lines 40
4.4 Doppler shift for OIII line at 3699 A 41
4.5 Doppler shift for a blend line 42

4.6 Doppler shifts at positions along the electric
field at different energies 44

4.7 Illustration of the cause of Doppler broadening 48

5.1 Beam velocity measurements 52
5.2 The summation of two exponentials 55
5.3 Diagram for a cascade transition 57
6.1 Partial spectrum of oxygen at 0.5 MeV/atom 62

6.2 Partial spectra of oxygen at 0.35 and 0.7

MeV/atom 64



vii

LIST OF ILLUSTRATIONS (Continued)

Figure Page
6.3 The intensity decay of OII 538 A and 617 A 65
6.4 The intensity decay of OIII 374 A and 609 A 66
6.5 The intensity decay of OIV 1165 A and 1343 A 67
6.6 The intensity decay of OITI 599 A and 1590 A 68
7.1 Partial energy level diagram for OI 79
7.2 Partial energy level diagram for OII 88
7.3 Partial energy level diagram for OIII 98
7.4 pPartial energy level diagram for 0IV 100

7.5 variation of f-value with 2z ' in isoelectronic
sequences (I) 103

7.6 Variation of f-value with %~' in isoelectronic
104

sequences (II)



CHAPTER I
INTRODUCTION

1.1 Necessity for Radiative Lifetime Measurements

In the determination of the composition of
plasmas, stellar atmospheres and nebulae it is necessary
to know the oscillator strengths, or f-values, of radia-
tive transitions from excited states of neutral and
ionized species of atoms. The f-value is determined by
the quantum mechanical wavefunctions of the two states
involved in the transition. For a transition from a state

i to a state j, the f-value for the transition, fij’ is

given by (Di 63a)

£ = 8T :
i3 = TR ™Vi3%i3Ti5 (1.1)
where h = planck's constant

m = electron mass

vij = frequency of the transition i + 3

- -> - '
and zij = Jwirw;dt (for electxi; dipole transitions)

The intensity of the spectrum line is then given by

1
1= vadv = 77 NiByyhvyy (1.2)



where Ni = number density of atoms in state i
o ) = thickness of emitting layer (supposed
optically thin)
Aij = Einstein transition probability.

The Einstein transition probability, Aij' is related

to the f-value by the relation (Di 63b)

3 ij (1.3)

# any methods have been tried to determine
experimentally the f-values of important spectrum lines,
and an excellent review has been given by Foster (Fo 64).
Few accurate measurements have been attained because of
difficulty in the determination of the number density of
atoms, Ni ; and in general only neutral atoms have been
excited in the source.

To avoid the necessity of measuring the number
density of atoms, the jifetimes of the excited states can
be determined and the oscillator strengths calculated

according to the equation,

2.2 2
:l = ;Aij _ 8n°e ;vijfij (1.4)
4 J mcS J

If one of the transitions is dominant (denoted by i -~ jJ)

then (1.5)



1.2 Earlier Methods for Radiative Lifetime Measurements

Before the development of beam-foil spectro-
scopy, two major techniques were used for lifetime measure-
ments: the phase shift technique and the delayed coinci-
dence technique.

In the phase shift technique (Ma 29, Ma 31, Br 62,
Br 63), the excitation of the atoms is achieved by ex-
posing the gas or vapor to a sinusoidally pulsed source of
ultraviolet light, electrons or protons. The resulting
fluorescence has modulation of the same form as the ex-
citing signal with the same frequency but is delayed by a
phase angle, 8, which is related to the lifetime, T, by

(Br 63, Fo 64)

tan 68 = 2nft (1.6)
where f = modulation frequency of signal. Thus, the
lifetime can be obtained by measuring the phase shift be-
tween the excitation and the fluorescence.

The time resolution of the technique is limited
by the resolution of the oscilloscope used in the observa-
tion; Smith (Sm 70) reported a * 0.2 nsec resolution. No
highly ionized atoms have been excited significantly in
the fluorescence and hence lifetime measurement for highly
ionized species has been unsuccessful by this technique.

The delayed coincidence technigue (K1 66, Ka 67, Ni 68)

uses pulses of very short duration to excite the electronic



states of interest. The distribution of the fluorescence
signal as a function of time after the excitation signal
represents the decay of the upper level involved in the
transition. To measure the time distribution of the
fluorescence signal, the excitation and fluorescence sig-
nals are fed to a time-to-pulse-height converter. The
excitation is used to start, and the fluorescence signai
to stop, a signal in the converter. The time which the
fluorescence signal occurs after the excitation is con-
verted ‘to pulse-height and a multichannel-pulse-height ana-
lyzer is then used to analyze and display the results.
Again the measurement of lifetime for highly
jonized atoms is difficult- by this technique. The time
resolution is limited by the capability of the coinci-

dence circuit.

1.3 The Beam-Foil Technique

The use of beam-foil excited radiation as a new
source of spectra was proposed by Kay in 1963 (Ka 63).
Bashkin et al. developed the technique further, measured
mean lifetimes and the dependence of spectral line inten-
sity upon beam energy, using various gas sources, such as
hydrogen, deuterium, helium and neon (Ba 64, Ba 65, Ba 66a,
Ba 66b, Bi 66, Bi 67a, Bi 67b, Bi 68a, Fi 68).

The beam-foil technigue has so far been employed

primarily for measuring radiative lifetimes of excited



energy levels. The element of interest is accelerated by
a Van de Graaff accelerator to energies ranging from 0.1
to several MeV. The energetic jon beam is then deflected
by ananalyzing magnet and the ions Qf interest are led
into the vacuum chamber and impinge on a'carbon foil, usual-
ly of 10 or 20 ug/cm® thickness. The energetic ions are
excited into a variety of ionization states and energy
levels. Spontaneous decays of the excited states produce
a faint source of light on the downstream gside of the foil.
A study of the variation of the intensity of a spectral
line as a function of the distance from the foil yields
the radiative lifetime of the upper level responsible for
the transition.

For a cascade-free upper level, the decay of

the spectral line intensity follows the equation;

X

I(x) = kAijNoe v (1.7)
where k is a constant depending upon geometrical

factors and detection efficiency of the mono-
chromator and photomultiplier.
and Aij = the Einstein coefficient,
N, = the number of atoms in the initial state
excited by traversing the foil,
x = the distance from the foil,

= the mean lifetime for the upper level

rh
|

and v = the velocity of the beam particles.



The beam velocity, v, is determined either by theoreti-
cal estimation from the incident beam energy or by direct
measurement using the Doppler effect (see section 3.3 and
5.1). Then the decay of a spectral line intensity as a
function of distance from the foil can be used to evaluate
the lifetime of the upper level.

Two types of observational techniques are possi-
ble for detecting the signals: photographic detection and
photoelectric detection. For both methods the speed of
the instrument is a main concern. In the photographic de-
tection the slits are, in general, parallel to the image
of the excited beam. The spectrum is recorded with a high
speed plate. The observed lines are slanted and broadened
due to the fast moving source. In photoelectric detection,
a monochromator coupled with a suitable photon detector is
employed to record the signals. The slits are in general
perpendicular to the image of the beam.

Photoelectric detection was employed for the
observations in this project. There are two approaches:
the direct current and photon counting methods. The direct
current ﬁethod records continuously the current output from
the photomultiplier as a function of wavelength or of the
distance from the foil. The photon counting method records
the number of photons arriving in a certain time interval

at various successive positions of interest, either spec-

tral or spatial.



Aside from the simplicity of lifetime measure~
ments for excited levels, the beam-foil technique has the
following points of interest:

(1) the purity of the source is, in general,
very high. It is achieved by using an analyzing magnet
which will bend the particles of different mass-energy
product into different directions. However, it is not always

possible to separate impurities from ions of interest, e.g.,

+

+ .
2 CO and 81+ can not be separated by a magnet.

N

(2) the de-excitation takes place in a high
vacuum (about 10~° torr or lower), thus recombination and
secondary collision processes are absent. An evacuable
monochromator can be connected directly to the target
chamber so that studies can be extended into the far ul-
traviolet region. This is particularly important for
highly ionized atoms.

(3) this technique is capable of obtaining
highly ionized atoms by increasing the beam energy. It
also produces lines which are not observed from other light
sources. Some of the new lines can be identified by com-
puting all the allowed transitions between the tabulated
energy levels (Mo 49); whereas some remain unidentified.

(4) the charge state of the ion responsible for
a transition can be easily determined by studying the line

intensity as a function of the beam energy Oor more rigorous-

ly by applying a transverse electric or a magnetic field



to deflect and split the beam. The beams, one for each
charge state, may not be well separated before the spec—
tral line intensity has decayed to an undetectable value,
but due to their different transverse components of ve-
locity along the electrostatic field (or perpendicular
to the magnetic field) the charge state for the ions res-
ponsible for a line can be determined by measuring the
poppler shifts induced by the fields.

(5) the place of excitation is exactly located
and is very well defined. With the high velocity of the
radiating ions, the time required to traverse the carbon
foil is of the order of 10" !° sec for a fcil of thickness
10 pg/cm?.

The beam-foil technique does have some draw-
packs as well. Firstly, the light is faint and thus a
high speed spectrometer is essential. Somewhat wide spec-
trometer slits must be used, resulting in wide line pro-
files. In general, the uncertainty in wavelength measure-
ents is mot better than about20.3 A for lines in the vi-
sible region. Secondly, the Doppler shifts introduce a
brcadening of the spectral line (see also section 4.4)
which hinders the measurement of wavelength as well as the
resolution of closeby spectral lines. These disadvantages

often make it difficult to identify the foil-excited spec-

tral lines.
In practice, the beam particles can not be exactly



monoenergetic. Besides the unstability of the accelerat-
ing voltage and the analyzing magnet current, the ions
suffer a straggling while traversing the carbon foil. The
ejection of the target atoms which has been observed in
this project as well as by other workers (Be 70a, Oo 70)
and the scattering of the ions by the target may present

problems which will limit the accuracy attainable in future

investigations.
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CHAPTER II
EQUIPMENT

2.1 The Target Chambers

Five target chambers, including the charge
deflection chamber which will be illustrated in section
4.2, have been built and used in this project. Fig. 2.1
illustrates the target and focusing-scanning chamber used
in the 1969 experiment. The components in the chambers,
some common to all and some specific for the particular
chamber, will be briefly described as follows.

In each chamber there is a foil wheel with a
capacity of 6 to 20 foils. Any one of the foils can be
selected for use with an external control mechanism so
that the vacuum remains undisturbed when a new foil is
brought into position. The aluminum foil holders have 0.5"
diameter holes in most cases except those for the charge
deflection experiment which have 3/8" apertures. A colli-
mating aperture is in front of the foil to prevent super-
fluous beam from reaching the area of observation.

Viewing windows, generally of quartz, in the
chamber wall are designed to allow observation of the beam
either by the monochromator or by eye. At least one win-
dow of width larger than 1.5" is required for the reload-

ing of the foil holder.
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Outlets for a vacuum gauge and auxiliary pump-
ing systems are also provided on each chamber. However,
it was found that the vacuum system of the accelerator
(and of the monochromator) was sufficient to maintain a
satisfactory pressure in the target chamber. A cold ca-
thode gauge is used to measure the pressure in the cham-
ber.

A Faraday cup is installed at the downstream
end of each chamber to measure the beam current. The cup
in the 1971 vacuum chamber is supported by an insulating
rod attached to the foil holder and is connected elec-
trically by a flexible wire through a BNC connector to a
current integrator. The modification is to maintain a
constant distance between the cup and the carbon foil as
the foil is moved, step by step, upstream during the ob-
servation of a level's decay. The cup current does not
necessarily represent the true ion current because second-
ary electrons from the carbon foil and residual gas also
contribute to the observed cup current.

In some chambers, the scanning is performed by
moving the foil up-and downstream. The foil wheel or
the foil in use is driven by a screw which can be turned
externally by hand or by a motor. The drive screw has a
1 mm pitch and the turning handle is designed to give a
click at every quarter turn. A pointer and a scale are

also provided to indicate the position of the foil.
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Two small front surface mirrors (M{ and Mj) can
be seen in Fig. 2.1. They reflect light at 10° and 30°
to the beam direction, respectively, into the spectrometer.

They are moved to the M; and M; positions when not in
use.

Two field plates separated by about 1.5 cm are
installed in the charge deflection chamber. Slots are made
in the plates to permit observation at a suitable position
along the plates. Electrodes through which high voltage
can be supplied to the field plates from outside, and the
polarity of the field can be changed, are located at the
bottom of the chamber.

2.2 The Focusing-Scanning Device

The focusing-scanning chamber shown in Fig. 2.1
was designed by Dr. E. H. Pinnington and has been in use
since 1969. The plane mirror, 0.8" x 1.5", is situated
at the focus point of the paraboleid. The axis of the pa-
raboloid is set perpendicular to the ion beam ard crosses
the beam at about 2" from the foil. As the plane mirror
rotates, different sections of the beam are focused at the
entrance slit of the monochromator. A paraboloid is re-
quired because the radiation is to be observed at a direc-
tion perpendicular to the ion beam. The width of the plane
mizrzor must be small so that little nonperpendicular light
is accepted and hence less Deppler broadening of the spec-

tzal line results.
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The rotation of the mirror is made by a lead-screw
which drives a lever attached to the rotation axis of the
plane mirror. Both the lead-screw and the lever are out-
side the chamber and scales are installed so that the amount
of rotation, that is, the position of observation on the
beam, can be readily obtained. Adjustment to the tilt of
the mirror is performed by rotating a knob at the bottom of
the chamber which has a rod connected to one end of the
mirror.

The paraboloid has a pivot and can be tilted foz
the alignment of the optics. The adjustment is made by
turning a screw which is in touch with the bottom end of
the paraboloid. Two masks have been designed for the pa-
raboloid: one gives a 3" x 3" section for the scan of lines
which decay to noise level within 5 cm; the other one gives
a l" x 5" section for the scan of strong or long-lived
lines at one third the intensity.

The optical alignment is done by shining a laser
beam normally into the center of the exit slit of the mo-
nochromator. The beam, emerging from the entrance slit, is
automatically incident on the center of the plane mirror.
The tilt of the mirror is then adjusted so that the laser
beam hits the center of the paraboloid. Finally the pa-
raboloid is tilted to reflect the light on to the ion beam.

Th; departure of the paraboloid from a sphere

has to be sufficiently small so that horizontal focus re-
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mains sharp, i.e., a vertical section through the beam is
focused to a vertical image at the slit. This is essen-
tial because the decay of intensity is to be measured as

a function of distance from the foil. On the other hand,
the lack of a sharp vertical focus is not so critical as
the slits of the monochromator are considerably longer
than the beam image. Tﬁe small departure of the parabo-
loid from a sphere leads to the relation that the distance
scanned across the beam is proportional to the angle of
the rotation of the plane mirror.

Flap valves are installed between the focusing-
scanning chamber and the monochromator and betweén the
focusing-scanning chamber and the target chamber. This is
to isolate one component from the others when that compo-
nent has to be vented to the air. For instance, when new
foils are to be loaded on the foil wheel, the two flap
valves mentioned above can be closed thus maintaining the

focusing-scanning chamber and the monochromator under good

vacuum.

2.3 The Photon-Counting Electronics

A schematic diagram of the photon-counting equip-
ment is shown in Fig. 2.2. The output from the photomulti-
plier is fed to a preamplifier through a short cable and then
to a pulse generator. Working as a discriminator, the

pulse generator produces an appropriate pulse to be recorded
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by the pulse counter A for each input pulse larger than a
certain threshold level. The proper adjustment of the
threshold level is to discriminate against noise pulses
originating from the later dynodes. The number of photons
detected by the photomultiplier is, therefore, registered
by the pulse counter A. The timing pulse generator and
pulse counter B are used to record the time period for
each measurement. The recording.of time elapsed for each
measurement served to monitor the stability of the beam
current and often provided good indication of any change
of the experimental conditions. Among such changes were

a sudden change in integration time, usually because of
foil breakage, while a gradual increase or decrease of in-
tegration time might be because of poor vacuum. The cur-
rent integrator and pulse counter C control the time to
stop the counting. A suitable number of counts is preset
on pulse counter C and all three pulse counters will stop
counting when the preset number of counts is reached iﬁ
counter C. The counting is restarted by resetting counter

A, B and then pressing the reset of counter C.

2.4 Specifications of the Other Equipment

van de Graaff Accelerator

“odel: High Voltage Engineering Corp. AK 60
Ion Source: Radio frequency ion source

Energy range: 0.5 - 2.0 MeV
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Analyzing Magnet

Model: High Voltage Engineering Corp. AK/H

Maximum Field: 9.6 kilogauss

Monochromators
Model: Spex 1500 McPherson 225
Mounting: Czerny-Turner Normal incidence
Focal Lengéh: 0.75 m l1.0m
Speed: £/6.8 £f/10.4 (Masked
to £/50)
Dispersion: 10 A/mm 16.6 A/mm
(600 g/mm
grating)
Gratings
Obs. Range: 370-1000A 1000-2000A 2000-3500A 3500-5000A
Grooves/mm: 600 600 1200 1200
Blaze (A): 900 1500 1500 5000
Ruled Area:

(mm x mm) 56 x 96 56 x 96 120 x 120 120 x 120

Photon Detectors

Model: EMI 6256S EMR 542-G Bendix 4219X

-] -] (-]
Response Range: 1650-6800A 1050-2000A 2-1500A
No. of Dynodes: 13 18 -

Operation V.: -1750 -3000 +2200
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CHAPTER III

OBSERVATION

3.1 General Procedure and Experimental Conditions.

The experimental arrangement for the beam-foil
measurements is shown in Fig. 3.1. The element of inter-
est was stored in the ion source at the high voltage end
of the Van de Graaff accelerator. The highly-energetic
ion beam, mainly singly-charged molecules, was magnetical-
ly deflected by about 7° and split into beams of differing
mass-energy product. Only the ions of interest were ad-
mitted to the target chamber which was about 2 meters from
the analyzing magnet (see also section 4.3). The pres-
sure of the residual gas in the target chamber was of the
order of 10~  torr. The beam impinged on a carbon foil
of thickness 10:4 nug/cm? and was excited to various charge
and energy states. The beam charge was collected in Fara-
day cup at the end of the target chamber and measured with
a current integrator which can indicate either the current
intensity or the total integrated cinarge received by the
Paraday cup.

The radiation was, in general, observed in a
direction perpendicular to the ion beam. The detecting

systems employed were a 0.75 meter spex 1500 monochromator
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for the region above 2000 i and a l-meter McPherson mono-=
chromator for the region below 2000 i. A photon detector
was coupled to the exit slit of the monochromator and the
outpuf was connected either to a microammeter for the
spectrum scan or to the photon counting equipment for the
radiative lifetime measurements.

The spectrum scans were first made at various
energies. The wavelengths for the lines observed were
approximately determined from the spectrometer wavelength
scale (which had previously been calibrated from an ex-
ternal source) and the charge state of the ions responsi-
ble for each line were assigned according to the intensity
variation with the incident beam energy. More accurate
wavelengths were obtained with the photon-counting tech-
nique by counting the intensity near the line. The rela-
tive intensities of the lines at a particular energy were
then measured by setting the monochromator on each line
in turn and counting the photons detected by the system.

A few strong lines in the visible region were
then selected for the measurements of the beam velocities.
The Doppler shifts for these lines at lO° and 30° from the
beam direction were measured and the beam velocities eva-
luated. A spectrum observed at 30° from the direction of
the beam was also obtained to determine whether all the
lines had originated from jons with the same velocity

(See also section 4.3).
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For the radiative lifetime measurements, the
photon detector output was connected to the photon-count-
ing equipment. The decay of the line intensity as a
function of distance from the foil was measured at a sui-
table incident beam energy by counting the number of pho-
tons at a sequence of points along the beam, for a pre-
determined Faraday cup charge.

The beam employed in the measurements was 0:.
The lifetimes for levels in 0I-II were measured at 0.6 MeV,
levels in 0III were measured at 1.0 MeV and levels in
0IV-V at 1.4 MMeV. The beam currents were, in general,
0.5 uA or less. The scanning speeds for taking the spec-
trum were 50 Sjmin. The slit widths of the monochromator
used were either 200 u or 400 u depending upon the inten-
sity of the signal. The pressure in the McPherson mono-

chromator was less than 10”7 torr and in the target cham-
ber 5 x 10~ ° torr or less. Each carbon foil was used for
no longer than two hours or for the lifetime measurements
of no more than four lines. The signals obtained ranged
from 1 to several orders of magnitude greater than the
background noise, eerpt in the vuv region where some of
the strong lines gave a signal-to-noise ratio of many

orders of magnitude.

3.2 The Spectrum

Three different arrangements were used to observe
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the spectrum:

1. direct current chart recording,

2. pulse rate chart recording,

3. pulse rate computer recording.

The block diagram of the arrangements are given in Fig. 3.2.
The third method mentioned above is complicated but the
most sensitive. Several scans over the same region can be
made, stored and superposed through the manipulation of the
instrument computer to obtain an improved signal-to-noise
ratio. Some of the results taken with this method are pre-
sented in Chapter VI.

Since some lines had very short lifetimes and
decayed to the noise level within a few milimeters, extra
care was taken to focus the brightest portion of the beam
on to the monochromator. Furthermore, the spectra wvere
taken at, at least, three different energies: the lowest
available, highest available and 1 MeV. Since all of these
methods are equivalent to photon counting over short time
intervals (typically 1 sec /channel), it was necessary to
use higher beam currents than were used for recording the
decay curves.

The determination of the wavelength of the line
observed relied on the calibration of the monochromator or
in the visible region a reference spectrum could be super-
imposed on the spectrum. The instrumental wavelengths of

the lines observed with the chart recording method: were
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obtained with reference to the side event marker spikes
which were imposea on the chart at every 5 i. For the
lines observed by the computer recording method, the wave-
lengths were determined by the correlation of the exact
region covered by the memory and the channel at which

the line peak intensity was stored.

The photon-counting technique was used to de-
termine the accurate instrumental wavelength of the lines
except in the region below 1000 i. The intensities at
the wavelength settings in the neighborhood of each line
were measured so that the line profile could be plotted

and the line center be determined more accurately.

3.3 Beam Velocity Measurements.

A small section of the spectrum which included
several strong lines was recorded from a direction péf-
pendicular to the beam with a much slower scanning speed
(20 i/min or less) so that the wavelength could be accu-
rately determined. Then the scanning device was set to
collect the light reflected by the small mirrors (Fig. 2.1)
consecutively and the shifted spectra were taken at the
same scanning speed. All of the arrangements mentioned in
section 3.2 could be used for the velocity measurement
purpose.

The photon-counting technigue was also tried to
acquire the data needed and proved to be both more accu-
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rate and efficient. It was more time consuming in the
observation but more convenient in the determination of
the amount of the shifts. This technique would be even

more useful when weaker, sharper spectral lines are chosen

for measurement.

3.4 Radiative Lifetime Measurements.
by making

This project begag,g?e lifetime measurements
with the direct current method. The decay in intensity of
the spectral line as a function of the distance from the
foil was recorded through a strip chart recorder onto
chart paper. The lifetime for the upper level responsi-

" ble for the line was then deduced from the’decay.

In an attempt to reduce the noise level, a diffe-
rent approach was tried in the 1969 experiment. The scan-
ning action was achieved by rotating the plane mirror men-
tioned in section 2.2 with a synchronous motor and the
signals fed to an instrument computer. For each revolu-
tion of the plane mirror, a simple electronic device pro-
duced a pulse to trigger the computer and thus the signals
from many successive sweeps could be superimposed and
stored. The noise was then subtracted from the signals
and the resulting decay curve and its logarithm displayed
on an oscilloscope. The signals displayed on the oscillo-
scope were photographed for later analysis. This approach

was not satisfactory because of its low efficiency, result-
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ing from an effective duty-cycle of only about 5%.

The photon-counting technigue waé then employed
and proved to be much more satisfactory. The number of
photons coming from discrete sections along the beam was
counted for a certain amount of charge collected in the
Faraday cup. The distances from the foil, signals, back-
ground noise and the time elapsed for measurement were
recorded for the analysis.

The semilog plot for each line was made while
the photon counting was in progress. This made it possi-
ble to decide at what position to make the next measure-
ment and the data in doubt could be repeated so that some
errors might be avoided. Estimation of the lifetime could
be made from the plot and comparison with the values ob-
tained by other workers or theoretical calculation was
then possible.

The accuracy of the lifetime measurements de-
pends upon the line intensity, hence it is desirable to ob-
serve the decay at the beam energy at which the spectral
line has maximum intensity. The charge state of the ions
responsible for each line were, in generai, identifiéd and
guitable beam energy was chosen for the observation.

The peak intensity observed ranged from several
hundreds to about ten thousand counts. The time
required for counting were typically 45 sec in the visi-

ble region, 25 sec in the region between 1000 i and 2000 i
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and 15 sec for the region below 1000 i. The number of
data taken for the decay of each line were in the range
of 20-40. The decays were followed for about three life-
times or longer after the excitation. In the vacuum re-
gion some of the lifetimes were very short, and more than
one set of measurements were made for better accuracy.

It is to be noted that associated with a pho-
ton-counting signal, S, there is a standard deviation ¢ = +/s.
This is a fluctuation of the true signal; another inde-
pendent measurement may result in any value but the pro-
bability of lying between S+o and S-o is 68% (see, for exam-
ple, reference (Ev 55b)). In the measurements of the de-
cay of a spectral line, the intensities go down and hence
the fluctuations go up as the measurements are made far-
ther and farther from the foil. There is a position at
which measurements will be too inaccurate for inclusion in
the analysis of the mean life. On the other hand, if the
measurements are discontinued too early, some useful data
will be missed. The optimum duration of the observation
of the decay depends upon the initial signal-to-noise ra-
tio. According to Peierls' calculation (Pe 35), the time
of observation should last three lifetimes for lines of
initial signal-to-noise ratio of 5 and four lifetimes for
lines of initial signal-to-noise ratio of 30.

The counting loss due to the resolving time of the

system is negligible because the counting rate is, in ge-
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neral, low. Let p be the resolving time of the system
and s be the observed counting rate, then the true count-
ing rate S is given by (see, for example, reference

(Ev 55a))
S = s(l+sp) (2.1)

when Sp << 1. With a system of resolving time
shorter than 10 nsec no consideration of thé counting loss
will be necessary unless the counting rate is larger than
5000 cps.

The photon-counting technique has the following
advantages over the direct current method in the measure-
ments of the radiative lifetimes:

(1) more sensitive and flexible intervals of
observation. The measurements at the brighter portion of
the beam are more reliable; the spatial interval of ob-
servation, corresponding to the speed of scan in the di-
rect current method, can be smaller so that more accurate

results can be expected.- - |
. can be used

(2) different integrated beam chargsﬁfor diffe-
rent line intensities.The statistical fluctuation of a
weak line can be reduced by increasing the preset inte~
grated beam charge. On the other hand, the integrated beam
charge can be reduced for strong lines to shorten the time
of observation.

(3) suppression of low amplitude noise. Noise

originating from the dynodes, either due to thermionic
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emission or secondar¥ emission or other cause, contribute
to the noise with anode pulses of lower amplititude which
can be suppressed by appropriate adjustment of the thres-

hold level of the discriminator.

(4) no scale problem involved. The intensity
scale has to be changed for different line intensities
in the direct current method. Furthermore, in some cases,
one scale is too small and the next one is too large.
The photon-counting technique can measure a wide range of

intensity accurately.
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CHAPTER IV
LINE IDENTIFICATION

4.1 Charge Identification: Intensity Variation Method

The beam-foil technique has produced new
lines which can not be found in the literature, and has
generated highly-ionized species which have not been fully
investigated by the more conventional methods of spec-
troscopy. For this reason, and the relatively wide line-
widths that make the comparison of the listed and observed
wavelengths in many cases ambiguous, charge state identi-
fication becomes more necessary in the beam-foil work.

Two methods can be used to identify the
charge state of the ion responsible for a given spectral
line: (a) measurements of intensity variation with the in-
cident beam energy (Ka 65, De 69a, De 69b, Dr 70): (b)
either a magnetic or an electrostatic field can be ap-

plied transversely to the beam (Fi 68a, Fi 68b, Ca 70,

Ba 70).

The intensity-variation method was suggested
by Kay (Ka 65) in 1965. The technique is to correlate the
relative intensities with the velocity of the ions or, as
modified by other workers (Du 70), the normalized inten-
sity with beam energy. The charge state of the ion res-

ponsible for a spectral line can be identified by comparing
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the intensity variation as a function of beam energy with
that of well identified lines. The normalized intensi-
ties and the energy for the maximum intensity are good in-

dicators for the charge state to be identified.

The intensity-variation method has the ad-
vantage of simplicity. A comparison of relative intensi-
ty at five different engrgies would, in general, provide
good information for charge identification. However, the
following difficulties limit the reliability of the method.

(a) Normalization of the beam current is diffi-
cult at different beam energies. Furthermore,
the beam current as monitored by the Faraday
cup at different energies may not represent
the same number of ions per second crossing
the carbon foil because both the charge state
distribution after crossing the foil and the
number of secondary electrons ejected from
the foil per impinging ion are energy-depen-
dent. Scattering of the beam by the carbon
foil presents an extra difficulty in the
normalization of the beam current.

(b) The intensity depends also on the lifetime
because the observation is, in general, made
laterally and covers only a small section of
the beam. The observed intensity is not pro-

portional to the initial population of the
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apper level unless all the lifetimes of all
the observed transitions are the same. If
axial observations are employed, it is ne-
cessary to collect the light from the en-
tire radiating length of beam.

(c) Blended lines of different charge states give
an intensity variation which is difficult to
analyze.

(d) The available accelerator energy range may
limit the identification to only certain io-
nization stages. For instance, the machine
used in this project can be operated stably
only in the range of 0.5 ~ 1.5 MeV when
heavy ions are accelerated. Both 0IV and
0V populations peak at higher than 1.5 MeV
incident beam energy and these populations
rise at essentially the same rate as the
energy increases (Sm 69), hence no confident
identification of OIV or OV is possible. On
the other hand with a high energy machine
which can not be operated at energy lower than
1 MeV, it would be difficult to distinguish
0I from OII.

In order to avoid the difficulty of nor-
malization of the beam current, the method employed in this
project was to plot the normalized relative intensity

against the beam energy. The intensities were normalized
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at 1 MeV and the relative intensities were calculated with
respect to an averaged identified 0III line. Fig. 4.1
shows some of the results. Fairly certain assignments
were found for most of the lines, but in few cases it was
difficult to distinguish 0I from 0II , and 0V  from OIV.
The energy range of observation was centered at 1 Mev
which is about the optimum energy for 0III lines, and the
relative intensities were with respect to an identified
0III line, which optimizes the identification of OIII lines.
The identification of lines due to other ionization stages
could be optimized by centering the observational energy
at the optimal energy for that charge state and the rela-
' tive intensities calculated'with respect to the identified

line of the same charge state.

4.2 Charge ldentification: Charge Deflection Method

A more direct approach in charge identifica-
tion is by the charge deflection method. Observation of
the emitted spectra can be made on each of the spatially
separated beams (Ma 65) or the poppler shifts due to the
transverse velocity can be measuréd for each line and
hence the charge state can be identified (Ca 70, Ba 70).
The experimental arrangement is shown in Fig. 4.2. Doppler
shifts are observed along the dzrectzon of the electro-
static field.

Suppose the field is applied as shown in

Pig. 4.2. The displacement of the ions along the direc-
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tion of the field is given by

Y = l'- i—g’z z
4 E (4.1)

where q is the charge of the ion, & the field intensity
2 the distance that ions have travelled in the field
and E is the incident beam energy. A conversion of the

units used in Eg. (4.1l) gives

- -~ 96427
Y 2.5 x 10 E (4.2)

where g is in the units of electronic charge, £ in kv/cm
E in MeV, £ and Y in cm.

Writing § for the velocity acquired along
the direction of the field and using the same units as in

Eq. (4.2) we can readily obtain that

¥ = 6.95 x 105 9&&_ (4.3)
/ME

where M is the mass of the ion in a.m.u.

Table IV.1l presents the calculations according to Eq. (4.2)
and (4.3). The Doppler shifts per charge state expected
for a line at 4000 i from an ion produced by an incident
0% beam of energy 0.5 MeV, and 40 KV/cm field intensity
are listed on the last column (An incident beam of 0: ions
at 1 MeV dissociates at the foil giving 2 o% ions at 0.5

MeV for each incident molecule).
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TABLE 1V.l1 DOPPLER SHIFTS DUE TO A TRANSVERSE

ELECTROSTATIC FIELD (40 XV/cm)

(-]
Distance Displacement Velocity Doppler Shift at 4000 A

2 (cm) (10"2ecm)  (10%cm/sec) AX ()
0.5 0.5 4.92 0.66
1 2.0 9.83 . 1.31
1.5 4.5 14.85 1.97
2 8.0 18.66 2.62
2.5 12.5 23.57 3.28
3.0 18.0 29.44 3.93

The appropriate position for observation is determined by
the amount of Doppler shift which is required, and by the
rate of decay of the line intensity. In order to be able
to see as many lines as possible, it is best to observe

the radiation as close to the foil as will produce a wave-
length shift that is enough to distinguish one charge state
from another. 1In ord;nary experimental conditions, the
center of the spectral line can be easily determined to an
accuracy of = 0.5 i. Hence about 2 i shift per charge
state is necessary for a confident assignment. It is to be
noted that the field direction can be reversed and a shift
in the other direction obtained. Thus about 1 i shift per
charge state in each direction will provide enough infor-
mation for the charge identification. 1In the case of a

blend of lines of different charge states a total
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of 4 R shift per charge state would be required because of
the relatively low resolution of the spectrometer when used
with slit widths of 100 microns or more, as is normally the
case in beam-foil studies.

A charge deflection chamber was built and
tested in this project. The operation was not completely
satisfactory as a relatively poor vacuum limited the maxi-
mum field to about 10 XV/cm. 0bser§ations were made at 2.5 cm
from the foil and hence only strong, long lived lines could
be detected. Fig. (4.3) shows two 0II lines which are both
shifted by 2 i. Fig. (4.4) presents an OIII line shifted
by 3.8 A. Pig. (4.5) indicates a blend of O0II and 0III cor
0IV lines. The main peak is shifted by 2 A while the
subpeak is shifted from the lower-wavelength-side of the
main peak to the higher-wavelength-side. A definite assign-
ment of the subpeak would require a larger wavelength shift.
However, the intensity variation with energy of this blend
suggests that it is a mixture of OII and OIII.

The charge deflection method has the advan-
tage that it is actually a direct measurement of the charge
of the ion, hence no comparison with known identifications
is necessary. But there is the drawback that observations
are made comparatively far from the foil so that only
strong and long lived lines will be detected. In the va-
cuum ultraviolet region, the lifetimes for oxygen states
are mostly shorter than 1 nsec, so that it would be diffi-

cult to apply the charge deflection method.
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The major technical problem in the electro-
static field charge deflection experiment was sparking be-
tween the field plates and between the electrodes and the
chamber walls. A good vacuum is important to reduce
sparking. The field intensity should be made the highest
possible so that measurements can be made close to the
foil. Pields as high as 80 KV/cm have been reported in
other experiments (Ca 70). A higher beam current and an
optimal foil thickness can easily ;ncrease the line in-
tensities by a factor of 5 to 10. With these improve-
ments, the technique should be useful well into the va-
cuum ultraviolet region.

The beam energy is an important factor in the
measurements. Eq. (4.3) indicates that the Doppler shift
for a line emitted by a charged ion in an electrostatic
field is proportional to the length travelled in the field
and inversely proportional to the square root of beam ener-
gy. That is, the Doppler shift is proportional to the
time elapsed in the field. Fig. (4.6) shows a plot of Eq.
(4.3) for ions produced by an incident beam of 0? ions at
various energies. The solid lines represent Doppler shifts
per charge state at different energies and the broken lines
represent the decay in line intensities of different life-
times. The abscissa is the time in nsec and the intercepts
of the solid lines represent the distance between the foil

and the edge of the field plates, which is 0.5 cm in this

case.
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4.3 Possible Contamination.

The possibility of contamination of the ion beam
has been examined for each of the experiments discussed in
this thesis. No significant contamination was found ex-
cept for the 1968 experiment (Pi 69a). The spectra in the
visible region have been taken at both 90° and 30° to the
beam and the Doppler shifts for each line examined. The
velocity of the ions responsible for the radiation was
thus determined. Suppose the 0: beam is contaminated with
CO+ or HI, the velocities of the impurities can be com-
pared to the velocity of the O: beam as follows:

vZ(ND)  m(03)

v2(coh) . = = 1.14
v2(03)  vi(03) m(NZ)

Therefore, the velocities have a 7% difference which can
be detected by the comparison of the spectra at 90°and 30?
Although the spectra have proved that no significant impu-
rities are contained in the beam, all possible transitions
due to carbon, nitrogen and oxygen ions have been consi-
dered in the assignment of any spectral line.

Carbon lines have been detected in the region
1000-2000 i. They are all weak and due to carbon atoms
ejected from the foil. This carbon contamination becomes
more serious at lower energies and for beam particles of
higher mass (Be 70a). The Doppler shifts of some of the

carbon lines have been observed with an argon beam at 1 *teV.
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The shifts detected at 30° are generally less than 2 R,
indicating directly the low speed of the emitting ions.

Hydrogen lines at 4861 and 1216 5 have also been
detected. The line at 1216 ; is very strong and has a
decay curve characterised by times of 0.17 and 1.51 nsec,
assuming the speed is the same as the oxygen ions. The
decay of Lyman-a has been studied carefully by Chupp et
al, (Ch 68) and resulted in decay times of 1.61 and 18.0
nsec. This suggests that the hydrogen contamination is
mainly ejected from the foil. Four facts have been observed
for the hydrogen lines:

1. The decay in intensity as a function of
distance from the foil is also present up-
stream of the foil and follows the same
pattern.

2. The radiation at 1216 i can be detected
from the beam without the foil.

3. The radiation is present with beams of
oxygen, argon and nitrogen (De 70).

4. The intensities are strong and favor lower
energy.

In summary, it is concluded that the beam is
essentially free from contamination, but that ejected car-
bon atoms may be significant at lower energies and hy-
drogen lines seem to be present with various energies and

beam particles. Nevertheless, these contaminations do
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not interfere with the lifetime measurements. On. the con-
trary, they provide interesting problems, further investi-
gations of which may result in important contributions to

beam-foil spectroscopy in the future.

4.4 Line Assignment and Observed Mew Lines

One of the major difficulties met in beam-foil
spectroscopy is the accurate determination of the wave-
lenéth of the spectral lines. The line width is generally
broad due to the Doppler effect because of the high speed
of the radiating source and finite acceptance angle of
the instrument. In principle this broadening can be elimi-
nated by refocusing the spectrometer (St 70) or used to
increase the line intensity (St 71). The line width may
be as high as 10 i, depending upon the wavelength of the
line. The cause of the Doppler broadening can be illus-
trated by Fig. 4.7.

Let A% be the angle subtended by the focusing
optics or the grating in the McPherson monochromator, then
the instrument accepts a spectral line with a full line
width given by

AN = A BA® (4.5)

The speed of the emitters is in general about
1% of the speed of light and the acceptance angle of the
instrument is about 0.1 radian. Hence for a line at 5000 i,
the broadening due to the poppler effect is about 5 i.
This, plus wide slits of 200-500 u, make accurate wave=

length determination difficult. Therefore the assignment
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of the transition responsible for the spectral line is not
always a simple matter.

In the assignments of observed lines, the
charge jdentification results, the published tables by Moore
(Mo 50, Mo 59), Striganov et al (St 68), and Kelly (Ke 68)
have been used to identify the ttansitioné. Notice has
been taken that nitrogen, carbon and hydrogen may be pre-
sent as contaminations. Beam-foil papers on oxygen (Ma 70,
Sm 71, Le 68, .... etc.) have also been used as references.
The reported values on radiative lifetimes, and sometimes
the relative intensities, are valuable in the assignments.

A computer program has been devised to pre-
dict all the possible transitions between the known energy
levels listed by Moore (Mo 49). Many of the new lines can
be identified by the results of the program (see Appendix
11).

A total of 17 lines are jdentified by the
computer program as well as the intensity-variation method
of charge jdentification as new oxygen lines. They are
listed in Table IV.2. Most of them are due to 0III, except
the lines at 1501 and 4434 A (due to 0TI) and the lines at
1165 and 1695 ; (due to 0IV). The lines at 1197, 1317
and 4533 ; may be blends of transitions due to 01I and OIII.
It is interesting to note that many of these 17 lines in-

volve inner shell excitation, e.g.,

2522p(2P°)3s ’P° - 2s52p? (“P)3s ’P



Obs.
1165"
1174¥
1197°
1209"
1240°
1267°
1311%
1317"

1358.5%
1389"
1501™

1605¥
1727"
2510%
44347
4516"
a533%

Waye-length (2)

Calc.
1164.5
1172.5-74.6
1197.5-02.6
1205.6-09.9
1237.7-41.1
1266.2
1308.6-13.0
1315.6-20.4

1358.3-59.4
1388.8-90.6
1501.1-04.1

1604.6-04.9

2503.7-20.3
4437.2

4514.1-19.2
4530.6-35.5

TABLE IV.2
OBSERVED NEW OXYGEN LINES

Charge

Id.
o1Iv
OIIX
01I12,I11
OI1I
OIIX
OI1I
OIIX

OI1I,IIX

OIII
OIII

011

o1v
OIIX
0oIII?
OII1
(028 ¢

OII,III
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Possible Assignment

Ion
OIII
OI1I
OIII
OIII
OIIX
OIII
OIII
011
OIII
OIII
OIII
OIII
oIl
011
orv

OII1
OII
038 §
OII

~Transition
2s2p3d/ 2F°-2s2p4df’ %G
2s22p (2P°)3p°D-2822p (?P°) 4d °D°
2s22p(2P°)3p *D-2822p(*P°)4d’°F°
2s22p(?p°)3s °’p° -2s2p? (“P)3s’P
2s22p(2P°)3p *D-2s2p? (*P)3p°D°
2s22p (?P°)3p 1g-2522p(?P°)5s'P®
2s22p (2P°)3d *Ps2s2p? (“P)3a@ D
2s22p? (®P)3s “p-2s22p? (®P) 5p“P°
2s 2p2(“p)3p°-2szp2(20)3a"n
2822p (2P°)3d°F°-2s2p? (*P)3d°P
2s22p(2p°)4d Ipe-2s2p? (2D) 34’ °F
2s22p(2P°)3d *p°-2s2p® (“P)3d ’F
2s2p"2D-2s22p? ('D) 3p *P°
2522p2(3P)3pZD°-252292(‘D)Ss'ZD
2s24f 2F-2s? 6g %G° (Br 70)

?

2s2p? (*P)3d °P-2s2p® (“P) 4p Spe
2s2p? (*P)4s “P-2s2p* (*P)5p ‘D°
2s22p? (’P) 4s “P-2s2p* (*P)5p “P°

2s2p? (°P)4s “p-2s2p? (’P)Sp “D°

a Intensity of the line, s=strong, m=medium, w=weak.
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CHAPTER V
ANALYSIS OF RADIATIVE LIFETIMES

5.1 Beam Velocity

To relate the radiative lifetime of an upper
level of a tr;nsition to the intensity decay of the spec-
tral line, the velocity of the jon responsible for the
transition has to be known. The beam velocity can bé
calculated from the estimated energy loss in traversing
the carbon foil and the incident beam energy. If the
actual beam energy is given in MeV and the mass of the
beam ions in a.m.u., the beam velocity, v, in cm/sec would

then be

v =1.389 x 10° /E/™ (5.1)

Another approach is to measure the Doppler shifts
-]
at angles different from 90° to the ion beam and the ve-

locity is then calculated according to the equation
A, = A = A,(Bcost + BB2 + ceeee) (5.2)

where 8 is the ratio of the beam velocity to the veloci-
ty of light and 8 is the angle of obuer%ation. In the pre-
sent experiments, the beam velocities have been measured
at various energies by observing at both 10° and 30° to the
beam. The results are plotted in Pig. 5.1. Each point on

the graph is the average velocity at the energy based on
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the observation of several strong lines (0II 4346/49,

4367, 4378 and 4415/17 A).

The incident beam is not strictly monoener-

getic and, furthermore, it suffers a straggling in tra-

versing the carbon foil. Fortunately, the dispersion in

beam energy does not present a significant problem in

lifetime mea
ditions (Cu

5.2 Evaluat

surements under the present experimental con-

70).

jon of Radiative Lifetimes

The decay of the intensity of the spectral line

as a function of distance from the foil has been measured

by photon-counting techniques. At the time of measurement

the decay was plotted on semilog graph paper. The plot

served to gi

at what posi

ve a rough idea of the decay pattern, to judge

tion to make the next measurement and to in-

dicate any abrupt changes in experimental conditions, e.g.

foil breakag

Es

e, vacuum loss.

timations of the lifetime, using - singly or

double exponentials, are then made from the slope of the

plot and the beam velocity. The final evaluation of the

lifetimes is

ter program

made by a least-squares-curve-fitting compu-

(Appendix I). For curves which appear to be

a single exponential decay, the data are fitted to a sin-

gle component curve,

s‘.__ Ae-t/-r e oo e (5.3)
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For curves which appear to ke a multi-exponen-

tial decay, the data are fitted to a double-component

curve,

S2 = ae T/ + BeY/, vee. (5.4)
1 2

An accuracy parameter, which is defined by
2
2 e /ey
Ap = 1=;g: veee (5.5)
NEy )

i=1

with C; the number of counts at data point i, ACi the dif-
ference between the computed and the observed number of
counts and M the number of data points, is also calculated
by the computer program and is an indication of the good-
ness of the fit. This parameter is simply a sum-of-squares
parameter modified to take account of the fact that more
intense lines tend to give more accurate lifetimes (Pi 70).
The linearity of the semilog plot of a decay
does not guarantee that it is a single exponential decay.
Fig. 5.2 illustrates that the summation of two exponential
decays, with the jifetime for curve b twice that for curve
a, may appear to be a single exponential decay. Therefore,
for each line witgA}inear semilog plot, the possibility of
blending and cascade repopulation of the upper level must
be investigated. Observed examples are the 0II 4189, 4592,

-]
4660 A and OIII 3350, 3385 A lines.
cascading is a major problem met in the analysis

of the radiative lifetimes. It can pe shown that, for a
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cascading scheme given by Fig. 5.3, the decay of the light

intensity is given by

1=2e"t  + Be %/ vee. (5.6)
i k .
: N. - Aki Nko )
where A= KAij io 1, - 1/,
i k
. N
B = Bei Nko )

+ Ve, . )

and Aij' A ., are the transition probabilities between the
level i - j and k » 1, respectively; N,/ Nko are the po-
pulations at t = 0 for the ith and kth level, respectively.
Both A and B are positive for the case of blending, while
B can be negative for the case of cascade. If A and B are
both positive in the case of cascade T; must be smaller
than T, thus the lifetimes for the ith and kth level can
be indentified. In some cases, €.9. the lines at 510 and
526 i, double~-component curve-fitting does not give a good
fit. Three-component fitting has been tried for these
lines without too much improvement. Considering the sta-
tistical error of the measurements, curve-fitting with more than
three components does: not seem to be meaningful, unless

very large counts can pe accumulated for each data point.

5.3 Error Estimation

Statistically, the mean square deviation of the

signals obtained in the photon-counting technique is given
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FIG. 5.3 DIAGRAM FOR A CASCADE TRANSITION
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by

T =n cees (5.7)
That is, the mean square deviation is proportional to the
most probable photon count. Therefore, in the least-squares
fitting process, to each (ASi)2 must be given a weight of
1/ 51. Here ASi = deviation from the most probable number

of counts at the ith

observation point, §Z. The computer
least-squares program is thus designed to minimize the
quantity

N
= 2 /S
D - ifl(Asi) /Si o eoec o (5.8)

where N is the total number of data points. Dividing D by
N gives the average weighted least deviation, which in
principle yields 1 for an ideal decay curve

N
a=D/N= < ((ASi)z/E_i')/N =1 ... (5.9)
i=1

The value of a for each decay has been calculated and it
indicates the relative reliability of the observed data
for lines of the same intensity. Since line intensity is
an important factor in the accuracy of the observed life-
time, a better parameter to indicate the uncertainty of

the measurement is 8 defined by (Pi 70)
a/(mean intensity)k
(AS, 2
g Rt

i=1 i

The percentage error due to the statistical fluctuations

w
L]

N =—%
= S;)

= cee. (5.10)

of photon emission for a single exponential decay is then
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about 208 (Pi 70). PFor most of the cases, cascading or
blending are involved and the estimation of the error
becomes more difficult. The value of B for each decay
curve is also computed; thus the relative accuracy can be
compared, A larger value fdf B indicates a lower accuracy
for the observed lifetime. Other factors such as beam
velocity uncertainty, foil aging (Bi 68b) and the noise

to be subtracted from the observed signal have to be added
to obtain the total error. The contribution of these three
factors was estimated to be about 3%.

Considering the errors mentioned above, total
uncertainties for single exponential decay curves with
medium or strong intensity are about * 10%, the same as is
obtained by comparing the lifetime values reported by other
workers (Pi 70). The uncertainties for multi-exponential
decay curves should depend on the relative intensity of the
components. The weaker component would be strongly effected
by the fluctuations of the stronger component so that the
accuracy of the lifetime value obtained for the weaker
component must be worse than that for the stronger one. In
these cases, the lifetime values are probably uncertain to
about * 20% or worse.

In summary, for single exponential curves it is
possible to calculate the uncertainty arising from the sta-
tistical fluctuations of photon emission, and to combine
this with the contributions arising from the various expe-

rimental factors mentioned above. The resulting error
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estimate of + 10% agrees well with the variation found
between data obtained at different laboratories for sin-
gle exponential decay curves. In practice, however, most

decay curves must be fitted to a function of the form

I= A.exp(-t/r ) + B.exp(-t/T ) + ceeee
i k

for which the statistical fluctuations normally preclude
the justification of more than the first two terms. For
such double-exponential decay curves, the contribution to
the uncertainty of the lifetime T arising from the ;ta-
tistical fluctuations will exceed that forecast by the
factor B which assumes a single exponential decay curve,

but will approach this forecast value as the ratio B/A

approaches zero.
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CHAPTER VI

RESULTS

6.1 The Spectrum

The spectra were recorded in three regions (2000 -
5000 A, 1000 - 2000 A and 370 - 1000 A) at different ener-
gies, using three different photon detectors. The uncer-
tainties in wavelength were estimated to be * 2 ; for the
region above 2000 i and = 1 3 below 2000 i. The half
widths of the lines observed were about 4 - 5 i. A total
of 112 lines were identified as due to oxygen and their
distributions among the charge states and regions of ob-

servation are summarized in Table VI.1l:

TABLE VI.1 NUMBER OF LINES OBSERVED FOR OXYGEN

Region 01 0II 0III 1347 0V  Total
2000-5000 A 0 34 16 0 0 50
1000-2000 A 2 3 18 4 1 28

370-1000 A 5 8 10 7 4 34

Total 7 45 44 11 5 112

Pig. 6.1 gives the partial spectrum of oxygen at 0.5 MeV/
atom taken with the arrangement 3 described in Chapter III.
The lines at 1129, 1188, 1279, 1296 and 1330 i are due to
carbon ions ejected from the foil. The line at 1216 R is

due to hydrogen and is strong at all energies employed. It
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is mainly due to hydrogen ejected from the foil as discussed

in section 4.3. The lines at 1197, 1209, 1249, 1267, 1273,

1311 and 1317 i are new lines identified as due to 0OIII.
Fig. 6.2 presents partial spectra of oxygen at

two different energies. The intensity variations with ener-

gy are dramatic for the line at 1153 i which is identified

as due to 0I and the line at 1165 A which is due to 0IV.

Some of the intensity-variation plots are given in Fig. 4.1l.

6.2 Lifetimes

Lifetimes for about 90 lines were measured with
values which ranged from 0.1 to .several x 10 nsec. The
decay curves show that cascading or blending is present for
most of the lines. Fig. 6.3-6 represent typical decays and
their decompositions. The measurements of Fig. 6.5 were
made at 1.4 MeV hence the time scale is different from that

for which the beam energy was 1 MeV

for the rest of the decays. Fig. 6.6 illustrates a line
decomposed into three components and also a line which is
difficult to analyze. The final lifetime values are obtain-
ed by a computer least-squares fitting program. The re-
sults, including comparison with other works and theoreti-
cal values wherever available, are listed in Table VI.Z2.
The theoretical values are strictly speaking only upper li-
mits as they are simply the reciprocals of the sums of the
transition probabilities calculated for transitions from
the level in gquestion, SO that unless all possible transi-

tions have been included, the theoretical "jifetime" will
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be too long. The accuracy of the theoretical transition
probabilities on which the theoretical lifetimes are
pased are indicated in Table VI.2 by the scheme:

A accurate to within = 3%

B  accurate to within * 10%

C accurate to within = 25%

D accurate to-within + 50%

i less accurate than * 50%

The listed wavelengths are taken from the publications by
Moore (Mo 50, Mo 59) and by Kelly (Ke 68) or from the com-
puter output for the new lines. The column T, may sometimes
represent, instead of a cascade lifetime, the decay life-

(]
time of the second component of a blend, e.g. 0II 538 A.
The uncertainties estimated for the lifetimes

are about 10% for strong and medium lines following normal
decay patterns and about 20% or worse for weak lines or
lines which have strange decay curves (see also section 5.3).
This includes the statistical error of the data and sys-
tematic errors such as uncertainty in beam velocity, foil-
aging and the subtraction of the noise as was discussed

in section 5.3.

N.B. Since the preparation of Fig. (6.4), the decay curve
o
obtained at 610 A has been re-assianed to 0IV.
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Reference
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Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference

Reference

{ Bi
[Ga

[ He

.[La

[Li
[Ma
[ Sm
[ We
[ We
[Wi
[ Br
[Ce
[Dr
[Le
[Pi

{ Dxr

77

69]

68]

68]

70]

69]

71}

71)

69a] -
69b]

66] unless otherwise cited

701

"70)

69]
69]
69b]
71)

Brackets indicate lifetime observed at

different wavelength

Initial replenishment ratio R(o) = (1 - T1/12)/

(1 + A/B), where A and B are the initial inten-

gities of the two components.

Smaller values of

R(0) indicate that the radiative lifetime mea-

surement is less perturbed by cascade repopu-

lation of the radiating level, R(0)<0.1 indi-

cating that the error introduced by cascading

is probably less than 10%.

Uncertain in the lifetime value
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CHAPTER VII

DISCUSSION

7.1 The 0I Terms™

3s' 1p°: The decay of this level has been measured
by many workers (Ma 71, La 70, Sm 71, Ga 68). The results
are in good agreement. The average of the values listed in
Table VI.2 gives 1.85 * 0.2 nsec which is noticeably shorter
than the theoretical value, 2.22 nsec. The value given for
12, 5.77 + 1.0 nsec, may not represent the true cascade
1ifetime because the decay was followed only to about 10 nsec
after the excitation. Three possible cascades are listed
by Wiese et al. (Wi 66) in the infrared region with life-
time 38 nsec from 3p' 'F, 21 nsec from 3p' lp, and 46 nsec
from 3p' ‘p. Smith et al. (Sm 71) reported an experimental
cascade lifetime of 10 * .2 nsec..

3s 3g°: The observed lifetime, 1.42 * 0.2 nsec,
appears to be rather low. The results obtained by other
workers agree very well and average to 1.77 = 0.2 nsec.
Allowed cascades to this level are from the 3p 3p level with
a calculated lifetime 35.7 nsec and from the 4p 3p level
with negligible estimated transition probabilities. The
cascade lifetime given for this levéi may not be correct for
the same reason as for the multiplet 3s' lpe. The a-value

(Eg. 5.9) for this line was 2.0, indicating some source of
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error in addition to statistical fluctuations. The uncer-

tainty in t for this line has therefore been set at *20%.

7.2 The 0II Terms

3d %F: The line at 485 A can either be from the
2p? 2p° - 3d ’F transition or from the 2p® 2p° - 34 %P
transition. Theoretical calculations give the 34 2F level
a mean life of 0.40 nsec and possible cascade mean lives
of 4.32 nsec from the 4f 2G° level and 11.8 nsec from the
5¢ 2G° level. For the 3d 2P level the theoretical mean
1ife is 0.84 nsec and the cascade mean life from the 4f °p°
level is 5.5 nsec. Comparing the observed results,
T.= 0.37 = 0.05,12 = 3.08 + 0.5 nsec, with the théoretical
values, it appears that the 2p*® ?D° - 3d 2p transition is
dominant.

2p“ 2p: Two transitions were observed for the
level: 2p3 2p° - 2p“ %P at 538 A and 2p® 2P° - 2p“ 2P at
581 3. TheAiransition at 538 i was a blend with the tran-
sition 2p? “s° - 3s “P. The decomposition of the decay
curve gave mean lives of 0.17 = 0.02 nsec for the 2p* *P
level and 0.82 + 0.2 nsec for the 3s “P level, following
subtraction of a third component with 1,= 6.3 nsec. The
measurement for the 2p° 2p level at 581 3 was more accurate
because no blending was involved and the initial intensity
of the second component of the decay was only 1/15 that of
the first component. The lifetimes obtained from the ana-
lysis of the two decay curves, 0.12 * 0.1 nsec and 0.17 =0.2

nsec agree excellently with the value reported by Martinsonet

al. (Ma 71), 0.12 = 0.03 nsec.
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— (-]
3s “P: The decay was observed at 53R A, a

blend with the 2p® 2D°-2p* ?P transition as discussed for
the 2p* 2p jevel. Cascades to this level were observed
at 1317 i from the S5p “P° level, 1654 R from the 4p ‘D%
level, 4345-66 A from the 3p *P° level, 4639-76 A from
the 3p “D° level and 3726 A from the 3p “S° level. The
lifetimes for these cascades were 1.78, 0.21, 7.7, 10,
and 4.8 nsec, respectively. 2 +hree-component curve
fitting for the decay of the line at 538 3 gave a third
component of 13=6.311.5 nsec, which might represent the
mixed cascades lifetime to the 3s “pP level.

3s 2P: The observed lifetimes were 0.26:0.3
nsec for the decay and 5.28+1.0 nsec for the cascade.
The calculated values are 0.37 nsec for the decay and
34.8 nsec for the cascade from the 3p 2S° level, 8.84
nsec from the 3p 2D° level, 6.8 nsec from the 3p ?P°
level and a negligible contribution from the 3p 4so level.
It is possible that the 2p? 2p°-3s 2P transition was
blended with the 0IV 2p? 2p-2p3 2p® ¢ransition at £17 A
for which Martinson et al. obtained a value of 0.27:0.3 nsec.

Sp “P°: The measurement at 4434 A gave 1 =1.78¢
0.4 and 1,-16.3:3.0 nsec. The decay of the line at 1317 A
was followed to 20 nsec after the excitation, giving
lifetimes rl=1.78:0.2 and Tz=11.322.0 nsec. It is possi-

ble that the 0III 34 *F°-34d 3p transitions between 1315.8 and
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1317.7 A and OIII 3p °P° - 3d °D transitions between
1315.8 and 1320.4 i may have been involved in the decay.

3p 2P°: This level was observed both at 1501 A
for the transition 2p“ 2D - 3p 2P° and at 3973 A for the
transition 3s 2P - 3p 2P°. It is to be noted that the
measurements of the decay for the two lines were made
with different arrangements (different photon detector,
monochromator and scanning mechanism) yet the lifetime
results, 5.0 + 0.5 and 6.0 * 0.6 nsec agree within ex-
perimental error. Druetta et al. (Dr 71) obtained 7.1
nsec for the line at 3973 i, A theoretical lifetime for
this level is 6.8 nsec.

4p “D°: The decay curve for this level is very
noisy. One component of the decay, which has a lifetime
of 0.21 + 0.04 nsec, is possibly significant but the
second component, T, = 1.58 + 0.5 nsec, is doubtful. Mar-
tinson et al. (Ma 71) reported 0.93 * 0.15 nsec for the
decay.

3p’ 2D°: The transition observed was 3s p -
3p’ 2D° at 2445 A for which Striganov et al. (St 68)
Listed transition wavelengths of 2444.26 and 2445.55 A.
The repopulation from the 3d’ 2F level was observed at
4701 A with an experimental lifetime of 0.81 * 0.1 nsec.
Two exponential curve fitting was not attempted because
of lack of intensity. The single component fitting gave

3.72 + 0.4 nsec for the decay.
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3p _“s°: The decay curve for the transition
3s “p - 3p “S° at 3726 A was multi-exponential. The ana-
lysis gave 4.80 * 1.0 nsec for the decay and 2.09 £ 0.5
nsec for the cascade. Possible cascades to the upper
level are 3d “P with a theoretical lifetime 0.25 nsec,
3d “D with 4.5 nsec and 3d %F with 0.4 nsec. The life-
time for the 3d “D level was measured at 4119 R and re-
sulted in 4.46 = 0.5 nsec; in good agreement with the
theoretical estimatioﬁ. The calculated lifetime for the
3p “S° level is 5.6 nsec.

3d_“F: The transitions 3p *D° - 3@ “F were ob-
served at 4072, 4075, 4087 and 4096 A. The lifetimes ob-
tained: 7.76 + 0.8, 8.61 + 0.9, 8.82 + 0.9 and 9.64 + 1.0
nsec, respectively, are high in comparison with the values
obtained by other workers (Dr 69, Dr 71) and the theore-
tical estimation. The decays of these lines were not
followed long enough for significant decomposition.
Druetta et al. (Dr 71) reported a second component life-
time of 20 nsec for this level. The 3d “F - 4f “G° tran-
sitions might have been blended in the measurements of
the decays at 4087 and 4096 R.

3@ “P: The transition 3p “P° - 3d "D has a
theoretical lifetime of 4.5 nsec which agrees excellently
with the observed value, 4.46 * 0.5 nsec. Repopulation
from the 4f “F° level has a calculated lifetime of 5.5 nsec.
This cascade was actually observed at 4276 R with
t = 4.22 = 0.4 nsec. Blending with the transition 3p “P° -

3@ “P at 4121.48 A may have been involved. The transition
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at 4121.48 A has a calculated lifetime of 5.46 nsec.
The cascading and blending in this case would effect the
measurements of the lifetime only slightly because the
lifetimes are essentially the same.

gg_:g: The measurements of the decay of the
lines at 4140 A and 4151 A gave 1.82 = 0.4 and 1.97 * 0.4
nsec for the decay of this level. The value obtained by
Druetta et al. (Dr 71), 4.23 nsec, may be too high. The
theoretical estimation is 0.25 nsec. Two observed cas-
cade values are 7.20 = 1.5 and 9.28 * 2.0 nsec (for 4140
and 4151 i respectively) whereas Druetta et al. reported
10 nsec.

33’ 2G: The transitions 3p’ ?F° - 3@’ %G were
observed at 4185 and 4189 i. The measurements at 4189 i
were more accurate because the cascade correction was
applied. The result, 5.59 *+ 1.1 nsec, agrees with the
values measured by Druetta et al. (Dr 69, Dr 71). The
cascacle from the 4£' 2H° level was observed as a strong
line with a lifetime equal £6 6.19 *+ 0.6 nsec. The mea-
surements for the aecay lifetime for 4189 i may thus be
more indicative of the cascade lifetime.

4£’ @°:This level is responsible for the re-
population of the 3d‘%G level. Two possible transitions,
4253.74 and 4253.78 a, are listed for the 3d°% - 4f’ 2@°
multiplet by Striganov et al. (St 68). No allowed tran-
sition to the upper level was found by the computer pro-

gram. The observed lifetime for this level is 6.19 nsec,
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and Druetta et al. (Dr 69, Dr 71) obtained 4.35 and 5.48
nsec, all noticeably higher than the theoretical value,
3.8 nsec.

4f “F°: The decay of this level was observed
for two transitions: 3d “D - 4f °F° at 4276 A and 3d *F -
4f °“F° at 4313 A. The latter transition was weak and the
measurements may not be as accurate as for the former
transition. The decay of the line at 4276 i indicated a
lifetime of 4.22 = 0.4 nsec for the 4f “F° level and
Druetta et al. (Dr 71) reported 3.96 nsec.

3p “P°: The transitions 3s “P - 3p “P° were ob-
served at 4345, 4349, and 4366 i. The measurements for
the first two lines gave 7.05 = 0.7 and 7.69 + 0.8 nsec
for the decay of the level, agreeing excellently with the
value obtained by Druetta et al. (pr 69, Dr 71), 7.7 nsec.
But cascades from 3d “P, 3d ‘D, 3d 2p and 3d 2P are possi-
ble of which the 3p °"P° - 3@ “D tramsition predominates,
and was observed at 4119 A with a lifetime of 4.46 * 0.5
nsec. The cascade from the 3@ “P was also important and
observed at 4140 and 4151 A. The experimental lifetimes
may be somewhat low because no cascade correction was
applied. The observation at 4366 i was a blend with the
transition 3p !D° - 3d 2D at 4369.28 A which has a theore-
tical lifetime of 0.93 nsec. In theory, at least three-

component curve fitting must be used to analyze the decay

of this curve.
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4£' 2F°: Both the decay and the cascade life-
times obtained were much shorter than those reported by
Druetta et al. (Dr 71), 4.0 and 25 nsec, respectively.
No theoretical lifetime is available.

3p 2p°: The transitions 3s *P-3p 2po at 4415,
4452 3 were measured and gave 9.92#1.0 and 8.83+0.9 nsec,
in good agreement with values measured by other workers
(pDr 69, Dr 71) and theoretical estimation. Cascades
from the 34 “D, 3d 2F, 34 2P and 3d 2p jevel which was
observed at 4701 i as a weak and short lived line, hence

the cascading effect iay be negligible.

3@' 2F: The transition 3p' 2F®-3d' 2P was
observed at 4447 A and was a blend with the 0III 3p Sgo-
3d SP transition at 4447.82 A with a theoretical life-
time of 7.5 nsec. The 34’ 2r jevel has a calculated
lifetime of 0.38 nsec and can be populated by the 2f' %G°
jevel with a cascade lifetime of 4.5 nsec. Analysis

of the decay gave Tl=0.9020.2 and 12=7.8131.5 nsec, in

fairly good agreement with the theoretical estimations.
3p' 2F°: The transition 3s' 2p-3p' 2F° was
o
observed at 4592 A. The average of the two most reliable

measurements gave 10.13:2.0 nsec for the decay and
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4.60 + 0.9 nsec for the cascade. Cascading from the

3d’ 2G level was observed at 4189 A and the measured life-
time was 5.59 nsec. Reference (Dr 71) reported 14 nsec
for the decay and 4 nsec for the cascade.

4f 2F°: The decay of the 4f *F° level was ob-
served at 4610 i as a weak line. The measured lifetime,
6.30 = 1.5 nsec, agrees with the theoretical value, 5.5
nsec. Druetta et al. measured 4.4 nsec for the decay and
25 nsec for the second component.

3p _"D°: This level was heavily repopulated by

upper levels. The transitions

(-]
4106.03 A,

3p “D°- 34 “F in the range 4072.16

3p “D¢- 3d “p in the range 3864.13

(-]
3926.58 A,

3p “D°- 3d D in the range 3842.82 - 3883.15 A,

and 3p “D°- 34 ZF in the range 3851.47 3575.82 i
are allowed. The first transition was measured with a
jifetime of 7.76 = 0.8 nsec. The rest were not individual-
ly observed but the sum of all these cascades certainly
affected the measurements of the 3p “D°® level. The upper
levels of these cascading transitions were again popula-
ted by higher levels as shown in the energy level diagram
(Fig. 7.2). The results given. in Table VI.2 are doubtful
because of the complicated cascading problems. Druetta

et al. (Dr 71) had the same problem; they reported 12, 10

and 19 nsec for the measurements at 4640, 4650 and 4669 i.

Y,
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7.3 The 0III Terms

3s *P¢: The experimental lifetime for this level,
0.30 *+ 0.03 nsec, agrees well with the calculated value,
0.26 nsec. Repopulation of the level was observed from
3 p at 1209 & (0.25 nsec), 3p °P at 3045 A (2.52 nsec)
and 3p ’D at 3754, 3759, 3773 and 3791 A (averaged 6.4
nsec). The cascade lifetime; aé obtained from the ana-
lysis of the decay curve of the line at 374 i, was 3.89 * 0.5
nsec.

2p® 3s°: The lifetime obtained for this level is
in excellent agreement with the value obtained by Heroux
(He 68), 0.10 = 0.01 vs 0.105 + 0.012 nsec. Calculated
values are 0.067 nsec by Wiese et al. (Wi 66) and 0.071
nsec by Westhaus et al. (We 69b)

2p® ‘P°: The 2p® 'P° level was observed via the
transitions 2p? 'D - 2p® 'P° and 2p? s - 2p® 'P° at 526
and 599 i, respectively. The transition at 599 5 was a
blend with the 2p* D - 2p° 'D° transition, hence the
measurement at 526 i was more reliable. The lifetime re-
sult again agrees with the value obtained by Heroux (He 68).
The cascade from the 2p* 'D level was observed at 1138 A
with 12= 0.43 = 0.04 nsec, in good agreement with the

(-]
result from the analysis of the decay of the line at 526 A,

-
[

2

= 0.38 = 0.08 nsec.

»? p°: The calculated lifetime for this level is

0.147 nsec by Wiese et al. (Wi 66) and 0.181 nsec by

(-]
Westhaus et al. (We 69b). The decay was observed at 599 A
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which was blended with the transition 2p* *S = 2p® 'P°
and resulted in 0.25 = 0.03 nsec. Three -component curve
fitting was applied to the decay and the lifetime for the
third compconent was 6.8 * 1.6 nsec.

2p* !D: The tramsition 2p*® “P° - 2p° !p at

1138 2 was essentially single exponential and was res-
ponsible for the repopulation of the 2p? 'P° level as
discussed before. The observed lifetime for this level
agrees with the value obtained by Martinson et al. (Ma 71)
as well as with the value from the analysis of the decay
of the 2p® P° level.

4d ®D°: The computer program predicted six
possible transitions for the multiplet, 3p 3p - 44 °D°
6 1170.6 - 1175.5 A. The line observed at 1174 A was
weak and resulted in 0.72 = 0.07 nsec for the decay.
Cascade from 3d' °F was observed at 1359 A with T o= 0.57
0.06 and T, = 2.81 ¢ 0.3 nsec.

4d °F°: The transition 3p ‘D - 4d °*F° is again
identified by the computer program. The measurements
were made at 1197 i and resulted in 2.37 = 0.25 nsec for
the decay and 5.77 = 1.5 nsec for the cascade. The ini-
tial intensity ratio for the two components is about 2:1.
Martinson et al. (Ma 71) observed a line at 1195 5, which

they classified as originating from 0I-II, with a life-

time 1.8 .= 0.2 nsec.

-
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3g p: Five possible transitions were predicted

for the multiplet 3s p° - 3s (p in the wave;ength range

1205.9 - 1209.9 A. Possible cascades are from the
3p °D° with a theoretical lifetime of 10.6 nsec which is
too high as will be discussed in the next paragraph, and
from the 3p °P° level with a theoretical lifetime of 6.8
nsec. The decay curve for the line at 1209 A indicated
two components of about the same initial intensity with
jifetimes 0.25 = 0.03 and 2.66 * 0.6 nsec, respectively.
3p ’D°: Five transitions are allowed within”
the multiplet. 3p *D ; 3p ’D° in the wavelength range
1237.6 - 1241.1 A. The theoretical lifetime can be ex-
tracted from transition probabilities given in the table

by Wiese et al. (Wi 66), but it will be too high because

important transitions such as the one being discussed now

are not inclbded. cascades to the upper level are
allowed from the 3d *F level with a calculated lifetime
of 6.3 nsec and from the 3d 3p level with a calculated
1ifetime of 4.9 nsec. The transitions from the 3d °F
level were actually observed by Lewis et al. (Le 69) at

©
3727.4 and 3729.1 A. The reported values are 11.3 and

[+ (-]
10.3 nsec. However the observations at 1389 A and 1311 A

gave 2.11 nsec for the 3d °F level and 1.09 nsec for the

3@ D level.

5s ‘P°: The assignment of this level is not
2
certain. The computer program predicted a trangition

N N (-]
within the multiplet 3p'*S - 5s ‘pc at 1266.2 A. The



measured lifetimes are rl=0.3210.03 and 12=2.46i0.5 nsec.
Martinson et al. observed a line at 1268 i and identified
as 0I-II with 1=1.5%0.1 nsec.

3d ’p: Six allowed tramsitions are predicted
for the multiplet 34 3pe-3d4 D within the wavelength range
1308.6-1313.9 R. The measured lifetimes are 1.09+0.1 and
5.81+0.1 nsec. The theoretical value extracted from the
transitions 3p °D°-3d °D and 3p 3p*-33 3n is 4.9 nsec.

3@* ?F: The transition 4d *p=3d’ 3p was observed
at 1359 i. The two components gave 0.57:0.06 and 2.82%0.5
nsec for the lifetimes with an initial intensity ratio of
about 4:1. Two transitions at 1358.3 and 1359.4 A are
allowed according to the computer program. The transi-
tion 44 3p°-34' ’p at 1361.1 ; may have been blended with
1359 Z in this measurement.

3d ’F: Three transitions are allowed within
the multiplet 3d *P°-3d °F, in the wavelength range
1388.8-1392.8 i. No apparent cascading was indicated by
the decay of the level and the lifetime obtained was
2.11*0.2 nsec.

4s 3Po: The decay of the line at 1590 A gave
0.55+0.06 nsec for the jifetime of this level, and
2.82+0.6 nsec for the cascade. Martinson et al. (Ma 71)

obtained 0.44:0.06 nsec for the decay lifetime.
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4f 3G: The decays of the lines at 1768, 1780,

and 1788 i are very noisy and follow the same pattern.
The possible transitions for these three lines are listed
in Table VI.2. The line at 1768 i was much stronger than
the other two lines and the decomposition of the decay
gave 0.83 * 0.2 nsec for the decay. A single-component
curve fitting resulted in 1.45 * 0.3 nsec. The other
two lines were weak and only single component curve fit-
ting was attempted resulting in 1.38 = 0.3 and 1.61 = C.4
nsec. Martinson et al. (Ma 71) also observed the line
at 1768 A and reported 1.2 + 0.1 nsec for the lifetime.
3p !S: The transition 3s !p° - 3p !S was ob-
served, at 2445 R. The line was weak and gave essentially
a single exponential decay. The exéerimental lifetime
was 1.78 + 0.2 nsec, in agreement with Druetta et al.'s
value (Dr 71). The theoretical estimate is 2.5 nsec.
Cascade from the 34 °P level is allowed but its effect
on the measurements may be neglible as the transition
probability is small.
4p 5p°: Measurements were made at 2510 i, a
new line identified by the computer program. Druetta et
al. (Dr 71) observed the same multiplet at 2288, 2497,
2509 and 2515 A and reported values of 3.3, 3.7, 3.6 and

3.4 nsec. The result of the present observation was

3.60 = 0.4 nsec.



94

22_12: The decay of this level follows a single
exponential, Possible cascades from the 34 l1pe, 34 *F°,
and 34 !'P° levels were not seen in the spectrum. Druetta
et al. (Dr 69, Dr 71) and Lewis et al. (Le 69) have also
studied themultiplet and their reported values agree with
the present observation.

3p_°P: The observation was made at 3045 A. The
decay gave 2.25 * 0.4 nsec for the decay and 0.06 nsec
for the cascade. Cascades from the 3d °D° and 34 °P°
levels are allowed, the former has transition wavelengths
at about 305 i and the latter at about 313 R. The theo-
retical lifetimesfor these two cascading levels are 0.06
and 0.1 nsec, respectively. Druetta and Poulizac (Dr 69)
measured the lifetimes for the 3@ *P° and 34 *D° levels as
2.43 and 2.86 nsec, respectively. In their measurements,
cascades from the 3d °P° - 4p ’S transition (theoretical
T = 5.8 nsec) and the 3d °D° - 4p ‘D (theoretical T not
available) might be strong. The 3p °P level has been
studied by Druetta et al. (Dr 69, Dr 71) and Lewis et al.
(Le 69) and the results are in fairly good agreement:

3d ’F°: The experimental lifetimes for the two
components are 4.97 + 1.0 and 2.13 = 0.4 nsec, respectiveiy.
The theoretical value for this level is 4.8 nsec, in ex-
cellent agreement with the present results and other
worker's values {Dr 69, Le 69, Dr 71). Cascading from the
4p 'P level is possible but may be neglected in comparison

with the cascades from the 4p °D level, lying between
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2372.21 and 2388.20 A which are listed as fairly strong
lines by Striganov et al. (St 68) .

3p p°: The strongest line in the multiplet
3s Sp - 3p Sp°:is 3350.99 R. The observation was made at
3350 i and resulted in 10.2 * 2.0 nsec for the lifetime.
Cascading from the 34 D level was seen at 3385 i with
an experimental lifetime of 15.2 + 0.2 nsec. The thedc=
retical lifetime for the 3p °P° level is shorter than the
observed value, indicating a strong cascading effect.
Cascades from the 3d SP°level are also present although
no line was strong enough for lifetime measurements.

3d °D: The transition 3p *P° - 34 °D has a
calculated lifetime of 4.8 nsec and the measured value is
15.2 + 2.0 nsec. Cascades from the 4p °D° level (2475.73 -
2492.2 A) and the 4p SP° level (2421.2 - 2454.21 A) are
listed by Striganov et al. (St 68). The computer program
also predicted allowed transitions in the far infrafed at
about 2.9 u, in the visible region at 3260-3280 i and in
the ultraviolet region at about 1920 3. Lifetime values
reported by other workers are completely different, refe-
rence (Dr 69) gave 2.12, 1l.44 and 2.84 nsec for the obser-
vation at 3063, 3075 and 3088 i, reference (Le 69) gave
25.2 nsec for the observation at 3382.94 i and reference
(br 71) gave 8.6 and 7.0 nsec for the observation at
3385 and 3088 3. These widely different values may be
caused by the strong cascade effects, since different ex-
perimental conditions can result in different cascade

contributions to the final decay curve.
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3d °F: Two lines were observed for this. level:

3450 and 3455 A, corresponding to the 3p Spe - 34 °F
transitions. The measured 1ifetimes agree with the cal-
culated value and the values obtained by Lewis et al.
(Le 69) and Druetta et al. (br 71), although possible
cascadings from the 4p Spe (2285.07 - 2288.36 3) are listed
by Striganov et al. (St 68).

3p °D°: Two lines were observed with T = 7.65 %
1.1, 12'= 3.01 + 0.6 nsec for the line at 3700 A and

5.40 0.8, T_ = 3.31 x 0.7 nsec for the line at 3736 A.

T
1

The latter was a blend with the 0II 3p' 2pe - 4s' %D
transition at 3735.94 3 which has a theoretical lifetime of
4.1 nsec. The cascade from the 3d SF level was observed

at 3450 A witht/= 7.6 nsec. Druetta et al. (Dr 71) measured
10.6 and 10.4 nsec for the decay and 5 nsec for the cascade.

3p 3p: Measurements were made at 4 wavelengths

with the following results:
(-]
3754 A T = 5.00 0.7, 12
1
7.09 £ 1.0, T = 2.25 ¢ 0.4 nsec,

1 z

6.50 + 0.7 nsec,

+

1.66 = 0.4 nsec,

14

(-]
3759 A

~+
n

(-]

3773 A T,

1]

3791 A 1 = 6.99 = 1.4, T = 1.68 = 1.4 nsec.
At least two cascades were involved in the observations.
The 3p D - 3d *F° transition was observed at 3260 A with
7z = 4.97 =+ 1.0 nsec and the 3@ 3F° level may in turn be
populated by the 4p Ip level. Another cascade is from the

3d ’p° level with a theoretical lifetime of 0.06 nsec.
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Therefore, at least three-component curve fitting is need-
ed for a correct result. Three component fitting has been
attempted for these lines but only in the case 3759 R was the
fit significantly improved, giving the three lifetimes
10.87, 2.56 and 0.77 nsec. It may be significant that
this result,10.87 nsec, is in better agreement with the
theoretical value than are any of the other values.

3d °F: The line at 4516 A was identified by the
computer program as arising from the transition 2s? 2p(2P°)

4d 3p° - 2s 2p? (*P) 34 °F, one of the two two-electron

transitions observed for 0III. The experimental lifetimes
are T, = 1.48 + 0.3 and T, = 33.3 + 7.0 nsec.
7.4 The 0IV Terms

2p? %p: Experimental lifetimes for this level
are 0.21 + 0.04 nsec for the decay and 1.63 * 0.3 nsec
for the cascade. Martinson et al. observed a decay life-
time of 0.17 * 0.04 nsec. Theoretical lifetimes obtained
from Wiese et al. (Wi 66), Westhaus et al. (We 69b) and
Weiss (We 69a) are 0.121, 0.139 and 0.135 nsec, res-
pectively. Cascades to this level were observed from
2p? 2D° at 1339 and 1343 A and from 2p’ *P°at 922 A which
had their own cascade problems. The 2p? 2p° level has an
averaged experimental 1ifetime of 0.62 nsec and the 2p?® 2p°
level has 0.26 nsec (Table VI.Z2, Ma 71). The experimental
lifetime for the 2p? ?P level may be too high because of

the complicated cascades, especially as the cascade from
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the 2p® 2P level has a lifetime close to that of the level
of interest.

2p? 2S: The measured lifetime, .24 * 1.02 nsec,
is in good agreement with the value obtained by Martinson
et al. (Ma 71). Mo cascade transition to the upper level
was observed. The 0III 2p® °D° - 2p* 3P transition may
have been blended in the measurements.

4f 2G: The line at 1165 A was found in reference
(Br 70) and identified as from the transition 3d 2F° - 4f 2%G.
The observed lifetimes are T= 0.39 £ 0.04 and T, = 2.95 ¢
0.6 nsec, whereas reference (Ma 71) reported a higher
value, 0.65 * 0.08 nsec.

2p® 2p°: The transition 2p? *P - 2p® 2D° was ob-
served at 1339 and 1343 i. The line at 1343 i was stronger
and might give a more accurate lifetime value. artinson
et al. (Ma 71) reported 0.67 *+ 0.07 and 0.65 = 0.07 nsec
for the measurements at 1339 and 1343 i, respectively.
Ceyzeriat et al. (Ce 70) obtained 0.9 nsec for the line at
1339 A.

6g 2G°: The line at 1605 A was identified as
arising from the 4f 2F - 6g 2G° transition (Br 70). It was
a weak line giving 11 =1.18 + 0.2 and'r2 = 4.37 = 0.9 nsec
with an initial intensity ratio of about 7:5. Martinson
at al. (Ma 71) reported 1.42 = 0.10 nsec.

7.5 The 0V Terms
Five transitions were observed for OV: 2s? 'S -

o
2p 'P° at 630 A, 3d *D - 4£ °F° at 681 A, 3a !D -4f 'F° at
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228 A, 2p *P° - 2p? P at 760 A and 2p ‘P° - 2p* 'D at
1370 i, but only the lifetime for the 2p? 'D was measured.
No apparent cascading or blending was involved in the
transition and the observed lifetime was 2.93 = 0.2 nsec,
in excellent agreement with the values reported by
Martinson et al. and Ceyzeriat et al., 3.2 = 0.2 nsec,
(Ma 71, Ce 70) and Bickel et al., 3.0 = 0.1 nsec, (Bi 69).
Theoretical estimates are 1.49 nsec by Wiese et al. (Wi 66)
and 2.29 nsec by Linderberg (Li 69).
7.6 Systematic Trends of f-values in Isoelectronic Sequences
The dependence of the f-value on nuclear charge,

2, can be derived from perturbation theory and reads (Wi 68,

We 69a)

-

£=f, + £ z"+f2 27" + 2 ceee (7.1)
The first term £, is equal to zero for transitions with
An = 0. It is interesting to plot the f-value against 7~
and investigate the systematic trend of the f-value in an
isoelectronic sequence. The beam-foil technique is par-
ticularly suitable for this study because of the capabili-

ty of producing many atomic species in an isoelectronic

sequence.

No experimental study of the z-dependence of the
f-value was attempted; but f-values obtained by other beam-
foil measurements for many seguences are compiled and com-~

pared with the values observed for oxygen in this project.
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Theoretical values are also taken either from Wiese et al.'s
tabulation (Wi 66) or from Weiss's SOC (superposition of
configurations) calculations (We 69a).

The plot of the f-value against 7z * provides use-
ful informationm concerning the oscillator strength as well
as the electronic configuration. Fig. 7.5(A) represents
a case in which the values obtained from the theory based
on the single configuration independent particle model do
not agree with experimental values. The configuration in-
teraction is important in this case and the SOC calcula-
tion is required to obtain more accurate results. Fig.
7.5(B) shows the trend of the 2s® 2p P° - 2s 2p? *s
transition. Experimental values agree very well with Weiss
calculations (We 69a) and Wiese et al.'s tabulation (Wi 66),
although the latter are not plotted on the graph. Fig. 7.6
gives some more examples of the variation of the f-value
with nuclear charge in BI and NI sequences.

The experimental values always fit fairly well
to a smooth curve although the data are obtained by diffe-
rent laboratories, indicating a good reliability of the
beam-foil measurements. The theoretical values are, for
the most cases, accurate; but when the configuration in-
teraction is severe, more elaborate treatment is necessary
to bring the theoretical values closer to the experimental
ones.

1t is worth noting that additional f-values may

be obtained by extrapolation or interpolation from the
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Z2-dependence plot. This is particularly useful for the
highly ionized ions because of the difficulty in producing
these species. The available f-values, both theoretical
and experimental, are rare at the present. Much work re-
mains to be done before a complete establishment of the

Z-dependence trend for the known transitions will be possible.
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CHAPTER VIII
SUMMARY

The beam-foil technigue has been employed to
measure the radiative lifetimes of excited oxygen levels.
Over 100 lines were observed in the wavelength range
370 - 5060 i. The ionization stages of the ions detec-
ted ranged from 0I to 0V, with 0II and 0III being the
most populous. The 1ifetimes were measured at 0.6 - 1.4
MeV 0: incident beam energies. The analysis was based
on the beam velocity measured directly from the beam by
observing the Doppler shifts. Lifetimes as short as
0.1 nsec were measured with an accuracy of about = 10%.
The decomposition of the decay into two, or sometimes
three, components for the 1ines which appeared to be multi-
exponential was made with a computer least-square fitting
program.

Charge identifications were mostly made by
the intensity variation method. The charge deflection
method was also employed in the visible region and con-
firmed the assignments. for many strong lines.

About ten carbon lines in CI through CIII were
detected. That the carbon jons were ejected from the
foil was verified by a direct measurement of the ion

velocity, which was small in comparison to the ions
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accelerated by the machine. Seventeen lines were iden-
tified as new oxyden lines which had not been observed
previously in more conventional light sources, mostly
being due to 0III.

The results are generally in good agreement with
other workers' values. Disagreements happen only when
severe cascading or blending is involved, where the
assignment becomes uncertain and the degree of cascade is
different for each experiment. The reliability of the
1ifetime value for each multiplet is discussed and com-
pared to other measurements. The possibilities of cas-
cading and blending for each line are also investigated.

Some of the lifetimes have been transformed
into oscillator strengths. The systemaéic trends of
f-values in isoelectronic sequences have been studied
wherever the f-values in the sequence are available from
other beam-foil measureme.its. Some theoretical values
‘are also included for comparison.

More than twenty laboratories are now engaged
in beam-foil work and at least forty elements have been
used for the research (Ba 70). The technique has been
proved to be a powerful approach for lifetime measurements,
yet the lifetime data are still far from complete. Many
investigations about the beam-foil technique remain to be
done. Some of the interesting problems which can be. studi2d are:

a) £foil structure and excitation mechanism.

The process of the excitation and the effects
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of the foil thickness and foil material on the excitation
have rarely been studied. Investigation of this problem
may lead to important conclusions for the beam-foil in-
teraction.

b) ejected carbon and hydrogen ions. The
ejected ions have been observed by several laboratories
but no systematic study has been attempted. Observatigens
of the spatial and velocity distributions of the ejected
ions may clarify the cause and process of the ejection.

c) foil-aging or beam intensity effects on
1ifetime values. The problem of foil aging was first re-
ported by Bickel (Bi 68b), and the effect of the beam

intensity on the lifetime by Oona and Bickel (0o 70).
of these effects
The causes-are not well understood and other factors such
as foil material, foil thickness and incident beam energy
may have some effect and need to be investigated.

d) weak intensity and broad lines. These pro-
blems make measurements inaccurate and identification
difficult. Furthermore, the lifetime data is limited only
to strong multiplets. The development of an optical sys-
tem that would reduce Doppler broadening and collect more
photons, or the development of a more sensitive photon
detector, say with higher gquantum efficiency and lower
dark noise, would improve the capability of the technique
greatly.

e) identifications of new lines. Assignments

for new lines are usually not certain. Experiments
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leading to line identifications, such as charge deflection
and Zeeman effect experiments would be very useful and im-
portant, particularly for highly-ionized ions for which
the conventional studies are so incomplete. Imp;oved
theoretical calculations of the unclassified =nergy levels
will be necessary in future beam-foil research.

£) the second order Doppler shift. The second
order Doppler shift can be verified, at least qualitatively,
by measuring the wavelength shifts in a direction perpen-
dicular to the beam for different energies. The aligﬁ-
ment of the optics may not be exactly perpendicular, hence
the first order shifts will still be seen. However, the
first order shift is linear with respect to the beam ve-
locity. Thus appreciable deviations of the shift from
linearity would provide measurements of the second order
shift. The Ha line at 6563 i should have second order
<hifts of 1.8, 3.5 and 7.0 A for 0.5, 1.0 and 2.0 MeV H;

beams, respectively, which could be easily detected.
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APPENDIX I

THE LEAST-SQUARES-CURVE-FITTING PROGRAM

Object
To fit the input data to a single or double

exponential decay by a trial and error method. The pro-
gram is to find the intensities and lifetimes for the com=

ponents that minimize the quantity, D, given by

S iy 2
p- & (BU) - SW!)

i=1 B(i)

where B(i) are signals calcu;ated from the trial para-
meters and S(i) are the observed signals less the back-
ground noise.
Limitation on Parameters

Number of data points: N < 40

Number of sets of data: Unlimited

Oorder of Input

1. Beam velocity card

col. 1-5 Beam velocity F5.3
(turns/nsec)
2. 1Identification card
col. 1-6 Wavelength of the line F6.1
col. 7-12 Number of data points I6
col. 13-18 Estimated intensity Ix F6.0
col. 19-24 Estimated lifetime T, F6.2
col. 25-30 Estimated intensity I2 F6.0
col. 31-36 Estimated lifetime T, F6.2

col. 37-42 Averaged background F6.0
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Foil position cards

Col. 1-5, 6-10 ... Foil positions 2014

(Two cards if number of data points is greater
than 20)

Signal cards

20F4.0

6-10 ... Signals

Col. 1-5,

(Two cards if number of data points is greater

than 20)

Repeat (2) to (4) for each set of data taken

at the same beam velocity.

Output

Wavelength, intensities and lifetimes for the com-

ponents as‘labeled on the top line of the output. The values

for a and B as defined by Egs. (5.9) and (5.10) are also

printed.

The program

DIMENSION Al(5),A2(5),T1(5),T2(5),X(40), S(40),NX(40)
80 FORMAT (/'WAVELENGTH',15X, A' 10X,'T1' lex,'B',10X,
1'T2',16X,DEVIATION"'/)
FORMAT(FG 1,16,F6.0,F6. 2,F6.0,F6. 2 F6 0,F6.3)
FORMAT (20F4.0)
FORMAT (20I4)
WRITE (6,80)
READ (5,100,END=300) W,ND,AIl,TT1,AI2,TT2,BG,SPEED
TT1=TT1*SPEED
TT2=TT2*SPEED

100
101
102

10

IF (ND.GT.20) READ(5,102) (NX(I),I=1,20)
IF (ND.GT.20) READ(5,102) (NX(I),I=21,ND)
IF (ND.LE.20) READ(5,102) (NX(I),I=1,ND)
IF (ND.GT.20) READ(5,101) (s(I),I=1,20)
IF (ND.GT.20) READ(5,101) (S(I),I=21,ND)
IF (ND.LE.20) READ(5,101) (S(I),I=1,ND)
po 3 I=1,ND
X (I)=NX(I)
X(I)=X(I)/100.

3 CONTINUE
SUMS=0.

DO 16 I=1,ND
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S(I)=S(I)-BG
SUMS=SUMS+S (I)
16 CONTINUE
XND=ND
KK=0
DIVI=10000000.
DAl1=AIl/4.
DT1=TT1/2.
DA2=AI2/4.
DT2=TT2/2.
20 DO 40 J=1,5
AJ=J
Al (J)=AIl-DA1*0.5*(3.0-AJ)
T1(J)=TT1-DT1*0.5% (3.0-AJ)
A2 (J)=AI2-DA2* (3.0-AJ)
T2(J)=TT2-DT2*0.5* (3.0-AJ)
40 CONTINUE
IF (ABS(AI2) .LT.50.) A2(1)=0.
IF (ABS (AI2) .LT.50.) MM=1
IF (ABS (AI2) .GT.50.) MM=5
DO 60 M=1,MM
DO 60 L=1,MM
PO 60 K=1,5
Do 60 J=1,5
DIV=0.
DO 50 I=ND
V=Al (J) *EXP (=X (I) /T1(K))+A2 (L) *EXP (-X(I) /T2 (M))
SB=AMIN1 (S(I),B,BG)
DIV=DIV+ (B-S(I))**2/B
50 CONTINUE
IF (DIV.GT.DIVI) GO TO 60
IF (DIV.LT.DIVI) DIVI=DIV
IF (DIV.EQ.DIVI) AIl+Al(J)
IF (DIV.EQ.DIVI) TT1=T1(K)
IF (DIV.EQ.DIVI) AI2=A2(L)
IF (DIV.EQ.DIVI) TT2=T2 (M)
60 CONTINUE
DA1=DA1*0.5
DA2=DA2*0.5
DT1=D®1*0.5
DT2=DT2*0.5
KK=KK+1
IF(KK.LT.6) G) TO 20
DIV1=DIVI/ (SUMS*XND}**0.5
DIV2=DIVI/XND
TP1=TT1/SPEED
TT2=TT2/SBEED
IF (ABS (AI2) .GT.50.) WRITE(6,200) W,AIl,TT1,AI2,TTZ2,

1p1Ivl1l,DIV2
IF (ABS(AI2) .LT.50.) WRITE(6,201) W,AI1l,TT1,DIVI,
1p1v2
GOTO 10
200 FORMAT (F10.2,10X,2F10.2,10X,2P10.2,10X,2F10.5)
201 FORMAT (F10.2,10%X,2FP10.2,40X,2F10.5)
300 STOP
END
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APPENDIX II

THE ALLOWED TRANSITION PROGRAM

Object
To compute all allowed transitions between the

listed energy levels according to the selection rules:

1. parity changed

2. AS =0
3. AL=0, 1, 2
4. AT =0, =

1 (0 > 0 excluded)

Limitation on Parameters

Number of energy levels: NL < 250

Number of sets of data: Unlimited

Order of Input

1. Number of energy levels card

col. 1-3 Number of energy levels I3

2. enefgy level cards

col. 9 Value of 2S5 + 1 Il
col. 10 Value of L Il
col. 11 Parity (04d=1, even=0) I1
col. 12-13 Value of J X 10 I2
col. 14-22 Level (cm™') F9.2

One card for each level

3. Repeat (1) and (2) for each ion

Output
Wavelengths of all allowed transitions and the upper

and lower levels.



120

The Program

10
100

50

101
102

DIMENSION DESIGN (250),JS(250),L(250),IP(250),
1ELEVEL (250) ,J10(250)

DIMENSION W(5000) ,ELVL(5000) ,ELV(5000)
READ(5,100,END=300)NL

FORMAT (I3)

po 50 I=1,NL

READ (5,101) JS(I), L(I),IP(I),J10(I),ELEVEL(I)
WRITE (6,102) JS(NILL(NL),IP(NL),JlO(NL),ELEVEL(NL)
FORMAT (8X,311,12,F9.2)

FORMAT (10X,A8,311,12,F9.2)

LT=0

NLI=NL-1

DO 11 I=1,NL1l

I1=1I+1

DO 10 J=I1,NL

10
11

14
17

IPD=IABS (IP (I)-IP(J))
IF (IPD.NE.1) GO TO 10
JSD=IABS (JS(I)=JS(J))
IF (JSD.NE.0.AND.JSD.NE.1l) GO TO 10
LD=IABS(L(I)-L(J))
IF (LD.NE.0.AND.LD.NE.1.AND.LD.NE.2) GO TO 10
JD10=IABS (J10(I)=J10(J))
IF (JD10.NE.0.AND.JD10.NE.10) GO TO 10
IF (J10(I).EQ.0.AND.J10(J) .EQ.0) GO TO 10
LT=LT+1
W(LT)=L./(ELEVEL(J)-ELEVEL(I))*10.**8
ELVL (LT)=ELEVEL (I)
ELV (LT)=ELEVEL(J)
CONTINUE
CONTINUE
DO 20 K=2,LT
Kl=K-1
IF (W(K) .LE.W(K1l)) GO TO 20
IF (W(K) .GE.W(1)) GO TO 16
DO 14 KK=]1,kl
IF (W(K) .LT.W(KK) . AND.W(K) .LT.W(KK+1)) GO TO 14
M=KK+1
GO TO 17
CONTINUE
M=1
=W (K)
EEI=ELVL (K)
EEJ=ELV (K)
=K-M
DO 18 LL=1,KM
ILN=K-LL+1
ELVL (LN)=ELVL (LN-1)
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ELV (LN)=ELV (LN-1)
18 W(LN)=W(LN-1)
ELVL (M)=EEI
ELV (M) =EEJ
W(M)=WW
20 CONTINUE
po 60 I=1,LT,3
60 WRITE (6,200) W(I),ELV(I) ,ELVL(I) ,W(I+1),ELV(I+1),ELVL
1(I+1),W(I+2),ELV(I+2),ELVL(I+2)
GO TO 10
200 FORMAT (10X,9F12.2)
300 STOP
END



