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ABSTRACT .
o Ny

Atomic spectra and radiative mean lives for 52
ions of the elements B, N,.'O, F, Ne, Si; P, S, Ar, and
Kr have been investigated by the method of heam-fcoil
"apoctroscopy. Fxperimental and analytic fechniques have’
beenydeveloped to produce religble meaﬁ-life resﬁits
for transitions in the vacuum ultraviolet region.- Mean
gyives of about 300 terms have been measured, involving
fransitions in the waveleﬁgth.range 250—2000 &. Thé
recognition of systematic trends:inlatomic propefties
has led to proposed classifiéatiéns of several previoﬁsly
unassigned transitions and h;s éhébled externsive correla-
tions to be made among derived oscillator spréﬁgtﬁé for
tfansitions within isocelectronic sequencés. Over 40
oscillator-strength trends are discussed. Detailed
;omparison is made with previous expefimental ana theore—
tica( work, and several new trgnds are established. Many

of the atomic transitions studied are prominent in the

spectra of astrophysical sources.
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FOREWORD

Tﬂe beaft-foil spectroscopy prognam at the
University of Zlberta was initiateh by Dr. E.ﬁ.
Pinniﬁgtun in 1967. In association with Dr. J.A.
Kernaéan and Mr. C.C. Lin, equipment was developed
“ﬁand"éxperimenté were performed from 1968 to 1970 to

study spectra and lifefimés of sevepgl elements in
the visible and ultraviolet wavelerigth regions. 1In
1970, a vacuum ultraviolet spectrometer was purchased,
and Dr. D.J.G. Irwin and the author joined the beam-
foil groug. Since that time, improvement of the
experimental system and techniques has continued,
with emphasis being placed on studies in the vacuum .
~ultraviolet region for nuitcrous elements. Mr. Lin
obtained his Ph. D. degree and left the group in 1971;
'Dr. Pinnington enjoyed a sabbatical leave Qf absence .
from'ﬁid—l9;l to mid-1972; Dr. Irwin completed his
postdoctoral reseérch with the group in 1973. |
The nature of beam-foil spectroscopy experi—A
ments normally'demands aigroup effort, particularly
for éhe efficient acquisition of large qdantiéies of
data, although individual contributions to certain
aspects of the program may‘differ. In this thesis),
the term "our project'™ is!usedAih various ways through-
: ’

*out the text in recognition of the collective effort

that has been involved in obtaining the basic results



that are being presented. The data for these results
were obtained during a series of‘4- to 8—wéek experi-
ments in'Ma; l97l, July and August 1972, February
1973, and hugust 1973.

The author has made extensive ContributiSns'to.
-all staqégiofithé‘proqrwm;'thé”pféparatith'for‘”"
experimenés,.the directiﬁg of experiments and the
acquisition of‘dat@; the computer reductién of data,
and the anélysié}éndainterpretation of results. The
maih emphasig o% thelauthor's reseafch initially lay

. ‘ l .

in ;hé development of experimental and analytic pech—
nigques for the generation of reliable geém—foil reéuits.
This led to concentration upon.the detailed interbre-
tation of these resu;ts, enabling comparison and éig—r
nificant criticiém to’'be made regarding eaflieriwork’
in t%é field, as well as éxtending Fhe Lnowledge of
atomic properties by the utilization of systematic
trends in the analysis. 1In éaréichlar, all.interpr§~
tations and @iscussions invoiving new spectroscopic ‘
clqésificaﬁions and;homolpgpus and isoelectronic cor-

relations among related iens in Chapters V and VI

represent individual work by the author.

e ’ -

vi
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CHAPTER I

INTRODUCTION

The technique of beam-foil spectroscopy was
introduced a little more than ten years ago (Ka 63,
Ba 64), and it has since become.eStablished'as the
most versatile laboratory source for the production -
of aetropﬁyeicallyAintéteétihg spectra. This o i
"relatively new method of atomic excitation utilizes
jonized atoms or molecules that have been accelerated
-to a high speed_by an ion accelerator and d}rected
through a thin foil, usually made of carbon;' The ion-
foil interqction produces further ionization and
electronic excitation of the beam'constituehts as
well as dissociation in the case of a molecular beam.
The resultant characteristie spontaneousﬁemission by
the atomic ioﬁs thatware produced is detected on the
"downstream" side of the foil. AAlthough the idea of
studying atomie prgperties with ion beams .is not new,
the use of foil excitation provides several outstand-
ing advantages and unique feature:TWhen compared with
the earlier beam-gas method and with ether'Spectros—
copic emission sources. | |

One unique characteristic is that the very small
thickness of the f01l deflnes its position as the, &l uw

2
/

precise point of excitation. A typical foil thickness



)

(N103 2 =107 m) and ion speed (Vv1 mm/ns = 10° m/s)

13

yields a foil traversal-time of +10 -~ seconds. The

ion speed}}s essentially constant so that position
downst:gam from the foil simply represents time since
excitation. Hence, the em;ssion can be studied
spatially along a linear time scale'possessing a
precisely definéd‘origin.

A second pafticulai'advanta§e>of“the foil
excitation mechanism is its efficient pfoduction of
multiply-ionized beam atoms. For example, simultqneous
emission from traﬁsitions in the eight loWest ioniza-
tion s{ages Qf“argoh can be observed in a foil-excited
Ar+‘beam (see Ch.III)ahd, at véry high incident-ion
energy, hydrogen-like Arl7+ has been produced with the
technique (Ma 72a). The implication of such widespread
ionization by thevbeam—foil interaction is that vir-
tually all excited electronic states within these ions
should be broduced. This non-selective excitation
results in a spectroscopically rich emission source,
allowing a wide range of ions agé transitiqps to be
studied within a single beam. fhe price pgld for this
'profusion\is line-blending and identification diffi-
‘culties in spectra ‘and cascading cbmplications in
intensity—deca& méasﬁreﬁents of atomic lifetimes.

. The requirement of high-vacuum conditions in

the accelerator beam“line (and hence at the foil) proves



to be ahother advantage\. Collisional effects such as

recombination of electrogs and ions and collisional
de-excitation of excited ipons are absent. Furthermore,
trapping'of reaonance radia ion' is unimportant bécause
of the low particile densiticsd in the beam. The spon-
Lancous decay of excited levels is observed and level
lifetimes tén be mgasuréd direckly. Jupling’a
vacuum’ spectrograph to the target\ chamber, a windowless
‘system is availablé for studying eyen XUV radiation.
Details of these and other advantages of the beam-foil
technique are given- in review articles by Bashkin
(Ba 68) and Bickel (Bi67a). The most comprehensive
reports on results of various applications of the
technique, and on related subjects, are the published
proceedings of the last two international beam-foil
conferences (Ma 72a, Ba 73a). '

The most widely known application of the beam

foil technique is in the measurement of radiative mean

. * N
lives. The method is, in principle, simple, direct,

The expressions "mean life" and "lifetime" are often
used interchangeably. In this thesis, lifetime refers
to a single energy level, whereas mean life represents
a weighted average value for all the levels within a
single term and is obtained from the multiplet
transition probability (as defined, for example, by
Wiese et al (Wi 69)). A lifetime is a mean life only
when the term is actually a single level (i.e. a singlet
term or an L = 0 term). The difference between the life-
time of a level within a term and the mean life of the.
term is small if the-wavelengths of the transitions in
the multiplet are nearly the same, as is usually the case.



and prgcise. Distance measured along the beam down-
stream of the ﬁoil represents time elapsed qffer.~
excitation. The mean life of a partic¥}%%“ekcited i
state of a chosen ion-beam component is“found by
monitoring the (exponential) intensity decay of thé 69.
emission from an appropriate transition, with dis-
tance from thé foil. For multiply-ionized atoms,
. beam-foil mean-life measurements are often the only
exper;mgntal'results available.

| Mean lives can perhaps be categorized as basic
atomic data and their measurement justified solely
on that basis. However,’they are important in laser
“studies, &Here relative levgl pbéulations are critical,
and they are useful for verifying atomic energy level
struéturesa. Wider application arises from the many
instances where mean -lives can be converted into
‘transition probabilities or oscillator stfengths (f-
values). Reliable determinations of these parameters
servélas gﬁidénce for theoretical atomic structure
calculations, particularly in heéyier eléments where
elect;qnic sfructures become incfeasingly compiicated.
Probably the.mqst appealing applicatioﬁ, though, is in

astrophysics: abéolute f-values are often needed to

’ s 3

derive element abundances in stars. These abundances

provide crucial tests of solar and stellar models and



theories of nucleosynthesis. Beam-foil measurgme;ts
in iron (Wh 70) and chromium (Co 71) repreéent th
instances where the experimental results have /
revised previously acceptea (soiaf) aﬁundances.

Even when a lifetime result representing a
particular ion ox transition is not directly useful
itself, important conclusions can often be drawn for
a related ion or transition Qf;inﬁerestmbyhthe”use
of'welljknown systgmatic trends in atomic properties.
For experimental or phyéical reasons, a certain tran-
sition may be difficult to study directly, énd the
above indirect approach can then frequently be applied.
Cleérly,'it is impértant to establish reliable trends
involving a wide variety of elements, ionization,stages
"and transitions. The beam-foil téchnique is ideally
suited for tﬁe'establishment of such trends for life-
‘times and f-values along isqelectronic sequences, and
it is to this gréblem that the major section of this
thesis is devoted. . S e

Ope objective of.this project was to dévelop
experimental and analytic techniques for obtaiping
reliable beam=-foil spectra and mean lives in
the vacuum ultraviolet region. Possible sys-

tematic errors associated with vacuum ultraviolet
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: '
-beam-foil wdrk were recognized and eliminated or

«rehuced gy modifying equipment ‘and dats—collection
a
methods. . A multi-exponential curve-fitting program
mas dévéloped to extract mean lives from experimen-
tsl‘intensity-decay data and to assess the'reliability
of the results.

The second objectlve was to apply these tech-
Anlques to the study of atomic transitions in elements
of direct astrophysical interest, such as those‘-\
employed for solar abundance calcﬁlations (Po 62,

En 70) and those observed in le-density interstellar
gas clouds'(Mo 73). Extensive beam-foil studies were
carried out on scveral ionization.stages of nitrogen,'
oxygen, and neon in the second period;‘siliCQn, phos-
phorus, sulfur, and argon in the third period; and
krypton in the fourth period.

The final objective involved'the'recognition
and utilization of systematlo trends in atomlc pro-
pertles, that have recently been shown to be espec1dlly
useful for the lnterpretdtlon of f- value results
(Wi 68a,b). Spectra and mean lives for related ions
among the abovs elements have been correlated for the °
investigation of such systematic trends,'and several

important classes of regularities have ‘been confirmed

or established.
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CHAPTER II

EQUIPMENT

‘h
- The basic experimental arrangement necessary
for beam-foil spectroscopy is now fairly well-known.

A schematic diagram of the system used at the University

of Alberta is shown in Fig. 1. A block diagram of the

electronics employed to monitor or control experimental

conditions, and to acquire data,” is shown in Fig. 2.
Brief descriptions are given below for the individual

i
/

components of this system,

~y

1

~The Accelerator and Ion Source

w‘!

The particle accelerator is the horizontal 2 Mv
MbdeerK Van de Graaff belonging to the Radiation
Research Laboratory of the University of Alberta. The
ion source utilizeé radio-frequency excitation cf the
chosen source gaé, and normally produces singly-ionized

atoms or molecules. The source-gas container has two

storage chambers, with individual outlets to the

ionization chamber and independent thermofmechanical

leak-raté controls. This alléws two difﬁerent‘gases‘
to be availéble at one time. Beams of singly—chargéd
positive ions with an energy in the range 0.2 to 1.8
MeV were utilized for the beam-foil investigations‘to

be discussedfin this thesis. Ion currents of up to
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several microamperes were available for most ions,
although currents of 0.5-1.0 HA were normally used

to achieve beam stability and to prevent premature

-

foil-breakage.

The Bending Magnet

An electromagnet is employed to allow mass
selection in the source beam. Field strengths of up

to 5 kilogaqss_areuapplied vertically to deflect ions

of up to about 200 amu through an angle of 8 degrees.

The field strength is monitored directly with a gauss-.
meter. A drift path“® 3 meters between magnet and
target chamber yields a calculated mass separation at

the target champer of about (200/m) mm/ami, where m is

the ion mass in amu (e.g. 10 mm/amu for Ne+ and 2.4

mm/amu for Kr+). In ptictice, sharp beam focussing

was rapely obtained,‘owing to limitations in the .

“available focussing Controls, and neighboring mass-

beams usually overlapped.

The Beam Viewers

Beam conditiQns can be monitored.with (twe)
optional beam viewers that are normally placedrbefore
the magnet and before the target chamber. Each COn—v
sists of a vacuum-tight houSing (Wlth viewing Window

on top)Ckontaining a 2 inch square quartz plate that

can be manually rotated into the beam path. The quartz



fluoresces under bombarément by beam ions and is a
cénveniént indicator of such characteristics as
stabilify,,uniformity, and width of the beam. ' In
particuiar; ciosely-spaced mass cbmponents can be
obsérﬁed simultaneouSly in tﬁe.(downstream) viewef,
thus allowing the idengification‘of more than’cne
isotobe for neon:&nd for kryptoni- The predicted mass
separations may be roughly’&erified in this mannef.

The Target Chambers ‘

Two foil chambers héve been used for the. present
beam-foil studies: the lifetime chamber for'the'reéordQ
ing of most spectra and the measuring of intensity
decays; the velocity chamber for the determination of

ioh‘épeed following passage'fhrough the foil.

(a) The vélocity chamber

The aesign and operation of the .velocity ghamber
have beén reported previously (Pi 69, Pi 76). .Thevioh
speed is determined by measufing_the shift in the
waveiéngth of a spectrum line whiéhzis gauéed by the
Doppler effect introduced by viewing the beam at an |
angle other than 90° to its axis. The applicatibn bf‘
this technique to the vacuum-hlfraviolet fegién is to

be described in Cch. III.



‘formulated d
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(b) The lifetime chamber -

The basig design of the lifetime chamberewas
,Bj{f; an earlier project (Li 71). Several

subsequent modifications and a more complete descrip—

tlon of the chamber are to be reported elsewhere

(Ir 74a). Fig. 3 is a photograph of the llfetlme

chamberVWithiitS'hou51ng removed. The’ fo;l and

Faraday cup'are'attached with a.fixed separation

(84 nm) to a common base that is moved along the bear

axis,‘past the spectrometer'entrance_slit, by a pre-

" cision screw mechanism having a pitch of 1 mm. The

4 Screv is driven (via a vacuum feed—through) with a

stepping motor (Slo-Syn TS 25-1009):thch; in turn, is

controlled by a stepping-cgntrol circuit (Ir.74a).'A

Eight different foil step sizes between 0.1 mm andv8‘mm
are available.‘ The chamber and stepping motor are
shown in Fig. 4,” secured in normal operating positioh
on the spectrometer ehtrance slit”housing; A detectdr
is attached to the exit.slit hou51ng.- F01le‘are <

mounted, in pairs, on slides that can be manually

positioned in a guide by use of a combination slide

.,magazine/§lide‘remover, operated via a vacuum feed-

through. In Fig. 3, a foil slide is in position and
the partially-filled magazine, attached to its mounting

flange,.is shown separately. Alep‘visible are a beam

11



Fig,3. Partially
disassembled lifetime
chamber.

Fig.4. Lifetime chamber,
with stepping motor,
mounted on the spectrometer
.entranée slit housing. . '

t

Flg 5. Panel face of
stepplng -motor control
-unit.




collimator a?d an (optional) voltage plate used for

sweeping elettrons out of the beam.

The §Eéct}oneter

o Radiation emitted hy the foil-excited ions is
»analyzedAwith_a,MCPherspn”MQdelfQZSMone—meter.vacuum
v>moncchromator. Two concave gratings, blazed at

1500 A and 900 & in first order, are used to dispersep
radiation emitted between 1050 & and 2000 A and below
leéO'X, respectively; The;gratings are_Bausch'and'
Lomb aluminnm replicas (600 rulings/mm) overcoated

with magnesium fluorid% and with.platindm, respectively,
to enhance optlcai“qff1c1ency Each is of tripartite

n'\

design hav1ng full w1dth 96 mm and helght 56 mm. A
mask is normally piaced over the front of the gr 't.ing
to decrease the horlzontal acceptance ang* f the
eysten an@;allow intensity decay measurements to begin
_closetbtc,the foil. The mask may be moved into
positicn fFon outside the spectrometer without diéturb?
ing the-vacuum|(Ir 74a) . The importance of employlng
gratlng masks for decay measurements is dlscussed in
Ch. III.

® : ' .

The Detectors

-

An EMR 542G photomultiplier (with lithium

fluoride window) is employed for the detection of



"beam current. The pfint—out control transfers ‘the

14

radiation in the wavelength region 1050 A to 2000 R,
while a Bendix 4219 Spiraltrohlelecﬁrdn%multiplier'
(windowless) is used for wavelengths below 1100 a.

L

Typical dark count rates were observed to be about

0.4/sec for the EMR detector and less than 0.1/sec

for the Spiraltron, under our normal operating condi-

tions. A-proﬁééfion circuit has been designed and

built for the Spiraltron to disconnect its high voltage

‘supply if a destructively high output current should

arise. This may occur, for example, when there is a

sudden rise in the pressure inside the spectrometer.

Electronics

The block diagram of the data -acquisition 'syst*
in Fig. 2 illustrates the components employed to moni-
tor the‘pﬁoton counts and beam curfent, as well as the

~

stepping-motor control and the Teietype output facility.

A detaikxideséription of this system is to appear else-

- where (Ir 74a). The amplifiers, discriminator, rate-

meter, and scalers represent a standard pulse-counting
facility. The current digitizer allows normalization

of the photon count ‘to a pre-set quantity of integrated

contents of chosen scgler channels to a Teletype 33
ASR printer and its paper-tape punch. The stepping

control circuit allows the foil to-be stepped or

K



advanced continuously in either direction between
pulse~-counting periods. Afte?’ménual initiation of
a counting sequence, data acquisition and foil
adVancement proceeas automatically. The step size
may be altered during'the sequence. This stepping
facility is alsc «daptable to the McPherson wave-
length'drive for photon ‘counting of spectra. Tﬁe

face of the Stepping control unit is shown in Fig. 5.

15



CHAPTER III

EXPERIMENTAL TECHNIQUES

The development of consistent experimental pro-
cedures and the recognition of possible sources of
systemat1C‘errormare both necessary if,reliable“resqéts
are”to be obtained with the beam-foil technique. some
early work in the field suffered, in particular, from -
a lack of attention to certain systematic effects that
were revealed by subsequent investigations (see, for.
example, Chapter V). Lxperimental techniques that
have been developed during this prOJect for the meéasure-
ment of reliable beam-foil spectra and mean lives in

',the vacuum ultraviolet region will be discussed in the

present chapter.

3.1 Source Gases

The‘restriction to gaseous sources imposed by
the method:of ionization in the accelerator allowed
the use of high- purity nitrogen, oxygen, neon, argon,
and krypton. “The third—period elements silicon,
'phosphorus, and sulfur are not gases in nature, and
,suitable gaseous‘compounds were needed to allow beam-
foil studies of these elements. Following Berry et
al (Be 70b), we used SF6 gas to. investigate snlfur,

and the success with this source led to the use of PFS

16
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fo; phosphorus. As expected, fluorine emission was
detected in the spectra of several of- the ﬁass—
analyzed beams that resulted from partial dissociation
pf.thesé molecules in the ion source. However, strong
silicon} boron, and oxygen emission was also observed,
presumably as a result of interaction of fluorine with

the walls of the pyrex ionization chamber,. the major

\

i

constituents of pyrex being SiO2 and 8203. This
allowed studies of silicon aﬁd,borén.to-be accomplished
simultaneously with those of sulfur and phosphorus.

Our beam-foil spectra of sulf;r and silicon have been
reported previously (Ir 73d). Figure 6 shows a section
Qf the spectrum recorded from unresol&ed SF+, SiF+, BFE»
beams 'in whichlboron and silicon'feaﬁures are prominent.

~

Fluorine emission was positively identified onlYﬂbelow

:

700 &, and the obse;véd transitions ére shown in Fig£‘7.
| A ébnsequencéhéffwo}king with'multi—eleﬁent

;‘beams is the increased probability of line'blending

and, in particular, the difficult§ in‘unambiguous%y;

identifying unknown lines.  However, blending has been

only én occasional‘problem in these studies. Vefy

often, emission fromicertain ions can be enhanced

with respect to tﬁat from Others by a suitable choice

iof ion energy (see ‘Section 3.2 and Ch. V). Alterna-

tively, uﬁresolved molecular.compénents céntaining

elements of interest may be produced in different

'j
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proportions for Warious masé beams, so that an unwanted
element can sometimes be suppressed by the choice of

an appropriate mass beam. For example, Fig. 8 illus-
trates the relative amounts of silicon and phosphorus
found in each of the observed masé Beams from the PF5
source. The element contribution§ are based upon the
observed relative intensities of the isoelectronic
.35;3p ﬁrénéiti;hs in Si-iV.éﬁa P>V.ih“each béam..-Tﬁe
-F! and -F! beams are most favorable for studying

2 4
phosphorus, whereas the —F; beam is best for silicon.

.

3.2 Foil Ionization

Perhaps thé outsténding feature of the i;n—foil'
interaction is itélcapability of producing numerous
ionization stages of the beam element(s), even for a
single ién‘energy. By variaglgn of the incident ion
energy, this capability can .be exteﬁdéd)or else usedaé
to suppress selectively the higher or lower stages of
ionization. TWO sgctiéns of the argén spectrum
- recorded at various ion energies.are shown in Fig. 9.
Lines of‘Ar I and Ar IT dominate at low eﬁergy, but
are répidly suppressgd with increasing energy. Higher
ionization stages are clearly represented at all i

energies except 0.2 MeV, and at 0.4 MeV the presence

of both Ar I (1048 &) and Ar VIII (700 &) implies that

19
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eight stages of ionization in argon can be whserved
simultaﬁeously (sée also Ch. V).. Lifferent lnten51ty/
energy characterlstlcs are apparent between the Ar v
and Ar VIII Tines as well, with Ar VIII dominating at
the highest energy. On this basis, the line at 721 A
should belong to a high ionization state of argon,

althOugh the a sicament is not known (see Ch, V).

Similar feature:. t.1r the beam-foil spectra of neon

have been discussed in our report on that element

?Ir 73b) .

3.3 Spectra

Beam-foil spectra are normally recorded in
ahalog form b} photoelectric detection, although some
early work utilized photographic methods. ‘A section
of the beam immediately downstream of the foll
normally yields hlghest llne initensity, as well as
giving the best approximation to tpe'actual relative
intensities of transitions at the time of'excitation.
Transitions possessing very short decay times can be
easily overlooked tf even gs little as the first
miilimeter ef beam is excluaed from the section
accepted by‘the spectrometer. Several.additional

factors that affect the reliability of beam-foil

spectra are discussed below. ’

.

22



« Residual gas excitation
As mentioned in Ch. I, the high vacuum conditions
in the target chamber eliminate several possible

effects that gqﬂﬁ% otherwise'be.éauséd by residual

\v'-“:.
gas atoms or molﬁpules. One such effect is the

collisignal-egéitation of both beam analgas molecules
that occurs for sufficient residual gas pressuré (é.g.
jbeam4gasws§ect?oscopy typically employs a gas pressure
of %O.l torr). A result of this éffect is illustrated
in Fig. 10. A 1.0 MeV Kf' beam was directed into the
target chamber (in.which the f;il slide had been
removed) and tﬁe préssure allowed to rise abdve lO-4
torr. -Gas excitation of the two strongest Kr I linés,
as well as iéﬁ excitation of promingnt,mﬁltiplets in

0 I and H I from residual gas atoms, was ébservéd.‘
Névother feditures were seen betweéh,lOSO A and 1800 R.
Such excitation is not observed at nérmal beam-foil
chamber pressures (less than 10—5 torr). It is obvious
thaf high vacuun conditions must be maintained if all
emission is to be attributed to the ion-foil inter-
.actioﬁ.. |

v

Wavelength resolution
Two factors contribute to limitations in wave-
length resoclution in beam-foil spectra. The emission

intensity is intrinsically low, necessitating the use

- 23
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of relatively fast.optical systems or wide spectro~;
meter slits. . Also, the motlon of the source w1th
respect to-the obgerver causes 31gn1f1cant Doppler
broadenlng of em1551on lines in many 1nstances.

The latter problem is a consequence of the finite
'acceptance engle of the spectrometer,:which -thus
drecelves -radiation emltted w1th1n a flxed angle

about the dlrectlon of the optlcal ax1s of the system:
If the ion speed v, is much less than the speed of
light, c, then,the Doppler broadened llnewldth is

simply
v ’ ‘ . o
Ax= 2A z sin(8/2) o L

for an acceptance engle ® and radiation of wavelength
A . For the ion speéeeds and acceptance angles employed

during this project; the condition

“

pA/A < 5x107 4

was elwaysif&lf;lled. ‘This represents less‘than’O.S i
T at lOOd i and, compared With‘odr'typicalvinstrumental-
linewidth of about 2 A was us&ally not 51gn1f1cant
- Since Doppler broadenlng is proportlonal to wavelength
V'the effect becomes large in theﬂv151ble reglon, and
technlques have beeh developed Spec1f1Cdily to: ellml—'

.nate 1t (St 71)

e’
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The impcrtance of achieving good wavelength
resclution is illustrated in Fig. 11 for a complex
regipon of the argon spectrum. Our-l97l experiﬁent‘
~on argon (Li 72a) was limited to minimum slit‘widths'
of 300-um\by'instrumentai problems((Ir 74a) . Our |
mcre extensive_l972ﬂexperiment had no such‘iimitation,

" and 4 comparison.of spectrum traces for ‘the same reqions'

from each experlment reveals that a great deal more

1nformatlon is prov1ded 51mply by the’lmprovement in

wavelength resolution.

:Ehergy dependence of spectrum line intensity _ , ..

The variation of intensity for transitions from
different ionization stages- has been illustrated'%arlier
in this'chapter for argon. This importaht characteristic

-of beam f01l spectra is exp101ted in nearly all studles N
)

.........

experlmental technlques and to a531st in the 1nter—‘
pretatlon of results (see Ch. V). fThe pr1nc1pal reason;
for the varlatlon is actually the energy dependence of
the charge state dlstrlbutlon resultlng from the beam-
foil interactlon,.as studied, for example, by Smlth and
' Whaling. (Sm 69) . | |
| An instructrye example'of_Spectrum ahalysis
emplcyiné the ehergy.dependehce of lire intensity is
.'I,‘he,h'igh-%Wav'eleng‘th rqember of the

N »S_

A
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resonance doublet in N V is blended with a strong N I
‘multiplet at 1243 A. At 0.25 Me{( the N I feature is
isolated,. and at-l:4 MeV the N:V'ddublet appears with
the characterlstlc 2:1 intensity ratio predlcted by

LS coupling. Clearly, a llfetlmebmeasurement performed
atrl243 A at an- 1ntermed1ate energy could yleld an
ambiguous result, partlcularly since the mean llves

of the two upper states dlffer by less than 30% (Ke 74)
In praﬁtlce, a measurement at 1239 & should clarlfy the

N V situation, but the N I tran51n}gn shbuld be mea-

sured at low energy to obtain a reliable result.

o
"

Photon-counting spectrum méasurements

: . Beam- f01l spectra often display COmpllcated blends
of‘emisslonrfeatures uaéally resulting from llmlted
resolutlon,.comblned with the presence of radggtlon
from more than one stage of 1onlzatlon. In many o ﬁ&
instances, careful analog recording ylelds-adequate -
. results, but more detalled studies are found to be'
necessary at tlmes. For example, the sulfur spect;um

‘near 660 R contalns ‘an unresolved feature in our

Vo't

analog data (Ir 734d), involving several multlplets

of S IV and S V. To resolve these transitions, photon
counting at uniformly.spaced wavelength positions

(0.125 A) was performed in tne-second'grating’order
~ ' . 3.:.
using 75 pm slits, the data being accumulated automatically.

e 5



1onlzed a%pms, even - at 51gn1f1cantly lower ion energy, ve

28"

" with the stepping/pulse-counting system described in

Ch. II. Fine-structure components representing three'
different multiplets have been reSOIVed as shown in .
the lower section of Fig. 13, The results are in
~excellent agreementrwith the same section of a beam—

gas spectrum of sulfur reported recently by Beyer et al

 (Be 73). Us1ng thls lnformatlon, we have been able to-

/

perform the flrst rellable mean-life measurements  for
these multiplets (Ir 74a). It is interesting to note
that beam-foil excitation is seen to be more efficient

P I

than beam-gas excitation for the production of highly

as preVIously noted for argon by Brldwell et al (Br 70).
A worse blending situation is the coincidental
overlap of the resonanceumultipletsrin'0 II and 0 III

(834‘3), involvihg seven components of similar inten-

'sity (Ke 73) distributed over 3 R (see Fig. 14). The

data in Fig. 14 represents photon counting under the
k

Eﬁtf""i’f;same condltlons used for the sulfur example abcve, yet

full resolutldn has not been achleved The use of even
hlgher gratlng orders or 51gn1f1cantly narrower slits
could improve the-situation, but the‘intensity loss
woula be severe, Desplte these difficulties, we have
been able to dlStlngUlSh the mean lives of the two

states lnvolved (1.2 ns for 0 II 1.6 ns for 0 III)

~by measurlng decays at high energy at 835. 5 A and at

/
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low energy at 834.5 A.

34 ~Ien:Jelocitxmeasurements

The ion velocity downsfream from the foil must
be known precisely if a precise time scale for life-
time measurements is to be'oﬁtained., A ﬁechnique for
measuring the ion velocity directly,.uéiﬁé'tﬁé Doppler‘
éhifﬁiin Q;;eiéhggﬁudfnﬁﬁe emifﬁéd‘gadiééiéﬁ, Qaé
developed in this laboratory by Pinnington and Lin
énd_has been:épplied to emission in the visible
region (Pi 69, Pi 70). Durin§ this project, the method
has been utilized in the‘vacuumuﬁltraviolet régionl 
(between 1200 R ‘and 1800 X), usgag magnesium fluoride
. overcoated mirrors. The Dopplerlsﬁift fqr;a.given

ok

"velocity is proportional to quelength, so’thé shifts
in thi;Jregion aré Qﬁly aboﬁt ohe—third‘the magnitude
of those in'the visible. Analdg recordings of the
oxygen'Spectrum detectea'at 90° with respect to the
‘béamvaxis-(unshifted) and ét 30° from the axis (blue-
Shifted) are shown in Fig. 15. All identifiable oxygen
features are shifted by’more-than 10 &; whereas the
emissidn from foil—ejectéa cafbon and hydfogen atoms

is eésentiallf unshifted.x Thesé results show the speeds
of foil-ejected particleé.to-be much less than those of
the beam particles. This can be used, for exaﬁple}‘to

verify that the prominent unassigned line at 1727 R'is

emitted by a beam ion.
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frecise velocity measurements, however, require
photon codntiﬁg with suitable linés; The strong N IV
2s2p lPO 2p2 lD transition at 1718 A is an ideal can-
didate in tﬁis region since it is an isélated single
line with high wavelength, and consequently greater
shift. Photon-counted peaks for this transition,
detected at 90° and 11° to the beam axis at three
‘different energies, are shown in Fig. 16. The il°
mirrér Has been éligned by laser to bétter than 0.1°.
. The peaks are counted; using the'stepping—motdrvsystem
déscribed in Ch. II,‘from the low-wavelength side of
the 11° peak; through both peaks, without interruptioh,
to évoid péésible systematic errors in determining the
wavelength difference. The optics is manually shifted
from ll°‘v1ew1ng to 9O°.v1ew1ng while the stepplng motor
'approaches the 90° peak. 4 |

By repeated me*rements, the ion speed can be:
defermined‘to within one or two percent at higher
energiés,vand,good'agreement is obtained with velocities
predicted from the,electronié energy  loss values.éf
Nopéhcliffe and Schillihg (No 70)'for ion§ in. carbon.
At lower enéfgies, where‘the'nuélea; energy loss becomes
important and.predicﬁed speeds are iess ceftain,ltﬁe
Doppler—shifé method is élso iess precise.’ Waveiength
shifts are smaller and suitablé peaks  are 'harder to fihd.'

However, virtually all mean-life measurements during
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this project involve ions and energies for whlch the

.,

nuclear energy loss is negllglbly small

3.5 Decay measurements

_ A number of important characteristics of beam—
fcll spectra are naturally reflected in the technlques
Hfor the decay measurement of line- intensity A com;
promlse between em1s51on 1nten51ty and wavelength
resolution (that is, the choice of slit width) should .
‘be considered for every measurement, and intensity/‘
entrgy propertles should be explolted whenever p0551ble
_The condltlons of the beam and the foil become more
important now, since precise‘relatiye‘intensities are

desired. Finally, the_recognition of geometrical limi-

tations and time-resolution capabllities of the system

. 1s mandatory for the production of reliable‘decay data.

Photon ccunting

Decay data has been accumulated during this
‘project by photon counting technlques, which average
over beam fluctuatlons and provide data in a form
d;rectly suited to numerlcal analySLS. The stepping

. System descrlbed in Ch. II was emplcyed for all decays
measured after 1971. To obtain goéd.counting statis-
tics over sufficient portions of the decays;,counting
times were normally chosen tc‘yield wt lRast 2000

L3 N
. v
" .

™
”
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counts at the decay peak. This procedure provides better"

than 10% statistics over at least three decay times of

the primary decay comPOnent (e3: 20); Since the

decays were nearly al&ays follOwed to below the 100-
count level, data were thus obtained over more’ than three
primary llfetlmes. Where 51gn1f1cant cascadlng was .
present, much lQnger.decaydestances were monitored.
Countihg periods at. each point were normalized

a
to a preset 1ntegrated beam current. This'apprdach is

oy
frequently used in beam- foil work in an attempt to

ellmlnFte the‘effeqts of beam—current fluctuations

upon the emission_rate. .The distance between foilland
cup was kept constant so that scattering of beam ions
by the foil ‘did not introduce a systematic error in

the normalization. Beam—current normalization was

.found to be unsatlifactory only when large current

1nstab111t1es per51Sted durlng a. decay measurement.

Choice- of wavelength position

An obvious problem in.lowereso;ution'beamffoil
spectra is the isolation of a particular transitieh
or multiplet of'ihterest for decay measﬁrement, eSpec—l
ially_fer complex regiocns sueh‘ae those-descrrbed in
Section 3.3. Reliable spectral data is a fundamental
requirement for the planhing of. lifetime investigations,

since the relative intensities of known transitions and



‘.the possible appearances of new lines or impurity
lrnes normally are unpredictable in beam—foil spectra.
‘Exrensive wavelenéth surveys -at several ion energies‘
and under various beam conditions‘have been.performed
Jfor all elements studied during ¢his,orojeCt; using
the highest resolution for which reasonable intensity
could be obtained. Where blendlng or near- blendlng of
lines}weshindieated the wavelength p051tlon for a «
decay was carefnlly choeen and narrow slit widths were
often used, this usually;demanding eﬂsignificant increase
in counring time. 1In adéition, decay measurements were
frequently‘performed at more than one energy for'a

given transition to reveal or eliminate suspected

b%gnds.

'4

_A‘single difay was always performed ps;;g only
a single foil. Deeay data‘that was' interrupted by foil
breakege hes been rejected (except’possibly where
breakage occurred very near the end of the decay) .

For heavier ions and lower energles the fd‘&s tend

= -

e

to break much more qulckly than fon,llghte§§1ons and
higher energles The malntalnlng of‘%ﬁﬁhlform beam
den51ty over the entire f01l area was observed to

'1ncrease foil survival time.
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For intact foils, there was found to be no
significant aependence of decay times upon foil
"age" underJionvbombardment, although changes in the
visual appearance of a foil were oftgn observed.
‘Ageing effects would probably be most noticeable with
résuect to ion ehergy losses, as a result uf apparent
struutural changes in the foil. Fof‘all but a few'of
our décays,»however,'the energy IOSS‘involued'is only
a few percent, and hence changes in the energy loss
would not.affectvour lifetime résults.' The decay of
a-giveu transition was almost always measured more

than once, often under different fouil conditions.

Time resolution

Characteristic mean lives of terms that are de-
populated by vacuum ultraviolet transitions are found

to be 0.1 to 1 ns, much shorter than those fqr terms
de- populated only by hlgher wavefungth transitions,

For typical ion velocities, these values represent. decay
lengths (i.e. distances pverdwhlch tﬁe intenéity falls ‘
by a factor of e) of fO.l ﬁo 10 mm. 1In measurements
of these short aecays, the geometrical limitations of
the apparatus must be cwnsidered.. fhus/ a transition
which @ecays by‘a factor of e in a distance of 0.1 mm
wouldvdecrease in intensity by a factor:of more than -

20,000 over 1 mm! Failure to initiate a decay measure-

ment immediately after the foil, or the spacing of data

o



points by distances much dgreater than the actual deeayh
length, can result in the true primety decay heing
overlooked. Very often only the ‘long-lived cascade
1 gomponents, yhich are normally present, would then:be
ebserved._'Tge elimination of such time resolution
problems was one specific aim of_this project. Some
results will be presented in Ch. V.

'g The geometrical- llmltatlon 1hvolved in beam=
fell measurtmcnts is 1llustrated in the lower part of
; Fig. 17. The flnlte acceptance angle of the spectro—;
meter, o, dettrmlnes a flnlte length of beam, 3, from
which light is recoived. The 1ntegrated 1nten51ty-l
received from this length of beam is proportional to
the actual beam ;ntensity at the mid-point of the
segment observed. Clearly, there exists a "first
| meaningful" data point at a distance £/2 from the foil.
In an otherwise-fixed geometrical systempAgtis deter-
mined by the width of the grating. We have introduc g
masks in front of the grating'to decrease the accep-
tance angle, and thus allow the first meanlngful polntv
"to occlr closer to the foil. Although thlS decreases
the total intensity received, this technique does
enhance thevintensity'of a primary deceyvcomponeht‘
with respect to its cascade component. Equaily'impdr—

tant, we utilize very small steps between data p01nts

(0.1 mm) durlng the 1n1t1al part of a decay measurement
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and aecay data for three transitions (above),
illustrate different degrees of cascaaing and the
of good spatial resolution along the beam.

“"he integrated intensity at. x, I(x), is

the_actuaL intensity, y(x) =aexp(-bx), Dy
N 2 . s =
(x) = 5 slnh(bj) yi{x),

-
4

where s is *ne¢ beam length accepted.

' 96 (unmasked] -
: o Beam [F ' 1
vz 1.9 mm/ns:| Lengths :
. 10mm
‘|04 = [ b ) Accepted | p—i mon;k
e | Foil l . )
c .
3
o - - ¢
[&] e, 4 l
’ |03- '.‘ .
: oo X e NeIl ¢ Ne(un)
S, 7184 . 461 A - . 528 A
102} L T .
-‘-allmm’(- - : o
1 1 ] 1 1 I 1 i 1 1 1 ] 1 1 1
'* Mask Grating
lon Beam _
3
‘Beaﬁ Length
Accepted i
; (Plaon. View)
Fig.17. oChOmatlL iilustration of the geometrical
linmitation for beam~foil intenSity decay measurements(b(low),

‘chosen to.

Lmportance

crated to -
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to accdmulate‘more information in this critical region.
The upoer part of Fig. 17 displays actual decay

»

data (on a common semi—logafithmicvplot) for three
typical tran51tions, as well as the beam lengths sub;'u *
ended by an unmasked and masked grating (on the samé"“
horizontalvscale) in our system. The decays were ali\
measured-“using the 10 mm mask, as implied by the |
mdistance between the fOll and first data p01nt 1nd1~-~
cated for each. They were ohosen to 1llustrate three
qualitative degrees of cascading, ranging from almost _fs
non-existent to relatLNely strong.. The-0 11 tranSition
displafs.no appa;ent‘cascading and shouldibe readily
-measurable for any reasonable resolution at any section
of beam below the foil; depending on the initial
intenSityd On the other hand, the 528:& decay is mofe
-typical,.andAinSpeetiOn of the diagram reyeals that
the use of an unmasked grating_ﬁodld reduce .the rela~
tive‘contribution-of the primary component in an'
1ntenslty measurement at any pOSitlon. The eXtraotion
- of a reliable primary mean life from the data would |
then become more difficult. The necessity for closely-
spaced data points 1is alsoﬂappafent. Analysis of this
decay indicates that the‘primary oomponent'contributes
"significantly'to.the intensity only for the first few

points. Each such point is particularly important, and
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the data suggest that even smallqr steps would not be

inappropriate fdi,this type of decay. It isVCertainly
not tiue that the smallest'step size should be at
least as; large as the length of beam from which light
“is collected at any given settlng. i

Growing=in cascades

'. Good time resolution is also 1mportant for a
'ttansition.in whicnlthefinitial_rate;pf intensity
decay.is slowér near the'foll than lt'is farther’
dOwnstrean."Tnls characteristic is oéten called

fgrowingéin", and normally can be attributed to re-

»
3

. population of the. radlatlng legel by a cascadlng
'transition‘from a level hav1ng shorter lifetime (De 68
Pi. 69) A fast cascade of suff1c1ent strength can
contrlbute s1gn1f1c§;tly to the 1nten51ty near the
f01l,‘and should be accounted for in a precise decay
analysis (namely) as a negatlve exponentlal compOnent)
. " The 3s- 3p doublets of sodium-like ions all are
exp ted 'to exhibit this type of cascading from their
3d ?irms. Decay‘dataafor the 3s—3pAtransition in S VI
(934 A) ‘and its 3p-3d cascade (712 A) are,Shown in
Fig. 18. The computer fltS to these decays are 1n—
:dicated, and tpey are each consistent with the fits

obtained for three other measurements of each doublet.

/ - . o
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in charactérlstlc is evadent for 934 R. The values
obtalned by subtractlng the decay data of 934 & from .
its. 0.69. ns fltted component have also been plotted

in (a), and the negative-deeay ¢omponent of the.

934 & fit has been superposed. The linearity of these.
"values on the éemi—log plot‘sndicates that the growing-
Aln”may~QF»attr1buted_to a elngie fast deeay component
The con31stency bétween the.grow1ng—1n mean life

(0.2840.10 ns) and the 3d mean life (0.2520.04 ns)

.strongly suggests that ‘the Bp 3d transition is the e

only 51gn1f1cant fast cascade into the 3p term.

These characterlstlcs thus demonst%ate that
decay data very near the foil is required for the -
recognlt;on'of such ‘fast cascades.“The failure to.
account for this type of cascading could‘lead‘to mean

lives that are too long. ¢



CHAPTER IV

ANALYTIC TECHNIQUES. -

o Thé analysis 6f‘beamhfpil decay data ﬁay be
sﬁbdivided’ihﬁo three'phaées: (1) the prepgxation of

. . "
data for,the curve~-fitting program; (2) the preliminary
numerica1 anaIysis.of_the data,“inVOlving;one or“twé
cﬁrﬂb—fitting "runs" on each data set; (3)'tﬁe,final
analysis and inteipfétatipwn égﬁ@iving further computef
runs, comparisons of related.déqay fits for consistency,
recognition of the physical situétion for each transi-
‘fion; and comparisonfgf.tﬁe‘final‘resﬁlts with theore-
tical or othér‘experimenéalfv51ues and with systematic
trends. Detailé of these'phéses will be described

tor

below. -

4.1 ~Preparation of Data

The exbeiimental deéay data %s'accumulated
dipectly on pdnched.papér:tape (see Ch? II). This
is converﬁed by :t 'Y ~omputer to a punched-card férmat-
for convenient access. o individual data sets (all
‘compdter-analysis has beenvperformed‘o; the IBM 36d/67
at the UniVersity of Albérta Compﬁfing‘Center).‘ ion

"velocity and detector dark.count are inéqrporated into

"each decay data set, and a truncation of one or more’
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of the initial data points of each decay is performed
to ensure that no data before the_first'meaningful. c
data point (see Ch. III) is used for the curve fitting.
(The original data always remains on the da%a cards,_
hoyever.) Modifications such. as truncation and darkf
count correction are accomplished indirectly,by the
insertion of appropriate Controlmparameters_into each
data set, these being monitored by the'curve—fitting
program and applied to the data‘before fitting begins.

[y

- 4,2 Preliminary Numerical Analysis

All fitting of decay data is performed using the
computer program HOMER (Ir 74b). -This program yields
.a nonlinear, least—squares fit to multi—exponential-

decay data, prov1d1ng 1ntenSities and decay times that

represent a fit to 2, 3, 4, 5, or 6 parameters.‘ Initialv

£

estimates for the 1térative'routine are calculated R
automatically from the d&ta, and error estimates are
provided for the final parameters of the flt The'
program is deSigned to attempt a 4- parameter (2- exponen—
tial) flt and At this.succeeds, a 6 parameter fit.

The fits to 2, 3, or 5 patameter%bige available as
default optlons that ¢can be triggered for certain
statistical or phy51cal ‘reasons during a 4- fit or a

.6—fit._ Initial estimates may be inserted manually, as

well, causing the initial-estimates subroutines to be.

‘y
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bypassed.

' The preliminary numerical analysis involves a
first'runifor each decay, followed by inspection.of
the results for indicatiéné of inappropriate truncation ' °
and for the failure of an iteration seguence to converge
toia solution, Further truncation is nofmally required
when the first fitted data point (i.e. that closest to
“the foil) 1lies significantly below the fitting value,
with sdbéequent_pbints lying above their fittingAvalues;

.as indicated below. This situation frequently

C ounts )

“ e

~ -
Pl

Time

a1

-

qharactefi:es a'aecay tﬁat'is measured usiﬁé é foil
“with relativeiy_largé unsupported area (V1 émz during
this_pfojeét); as a result of foil bulging caused b§,
the bea@—ion pressure. .in principlé, thié may élso |
indicate agrQwi%?—ip}component, élthéugh.more evidernce
is redﬁired to‘cogfi;m sjch a‘phengmenon'é see Section

v Al r\-
v



Failure to converge sometimes ﬁay'be overcome
simply by increasing the allowed numbe; of iterations
(normally 30) and re-runnihg'the~daﬁa, aithough non-
convergence is more often .an indication that the

-number’of'pqrq?eters used for the fit is inapproériate;

The latter situation requires the insertion of initial

estimates. However, if the goodness-of-'"it indicator

el

e ey SRR S e e . . A : e - Lo
(xz/d;f.)‘ monotonically increases as 1teratlon.proceed§'

it is poseiﬁle that the number of parameters is correct,

but that the initial estimates are poor.

" » : - : — _
Chi-square (xz),<for a set of N fitted values"{yi},

is defined as

[\)
1R A

1 f£. + b..
1

where {fj} are the fitting values. , If the {y;} are |
assumed to be governed by the Normal distribution (which
is essentially the same as the Poisson distribution for
reasonably largs values of y;) then,.for the proper fit
to the data, is ‘approximately equal to the numbefbof
~degrees of freedom (d.f.) of the data set, i.e. N-p,
‘ Bere p is the number of fitting parameters. Thus, '
/d.f. should be close to the value 1.0 for a fit with
: the appropriate number of parameters to data that obeys
Poisson statistics. ThlS factor, x° /d . referred
to as the "reduced X N A

46
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In general, the object of rthe prellmlnaxy ana;y-
sis is to obtaln at least one satisfactory flt w1th {iﬁb

appropriate truncatlon,lfor egch set of dec y data. . "' ,

f
a TR B .
, §

“ - o <

4.3 Final Analysis and Interpretation -

Following the preliminary analysis, further runs o

may be necessary to achieve the best fit to the. data,

]

. but various consistency checks as well as the' recogni-

tion of the experimental and physical situation are now

' correlated with the npmerical analysis.

Consistency checks

(a) Systematlc dlscrepan01es

Poor fits_ to the beam~f01l decay data are always

1ndlcated by high reduced— 2 (see footnote, page 46)

" values and usually are characterlzed by - systematlc

Ty e '

_ dlscrepanc1es between flttlng Values and flétéd values.

A typical 51tuatlon is 1llustrated (qualltatlvely)

below, which might occur with a 4 -parameter (2—exponent1al)

Counts

\

Time

PR LN
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fit to 6-parameter decay data.' The fitting curve is

systematically‘below ghe‘data at the head and tail

of the‘decay, and aone thé"daﬁa ét thé center of the
decay.’ This fypeLof fit clearly indicates that more

paraméters are needed.

(b) Ddta rejecéion

| ‘It is to be expected thaglgccagiqnally_qn;
individual-datum value will.éhow,a‘signiﬁicantl§<‘
larger deviation from the iitting'fundtibn than fhe
remainder of the data in-'the set. This may résult

éroﬁ an'extréme fiuctugtion in the'Poissoﬁ'distribution
or from seme non-statistical éource 9f scatter. A

|
mechanism whereby such anomalous'valueé can’be rejécted
from the fitted data set has been-incbrpéraééd into
HOMER (Ir 74b) . iTh;s bfocédure is }nvokeé sparingly
“during the analysf%, primariiy where an appérenﬁifﬁ\f
"best fit" yields‘a high redu;:ed—x2 vélue. NorhallY{
therrejection of one.or‘more andmalous Qaiues in such
a data set Qill noticeably deéréase'the reduced-—x2
value without affeéting the paraméter'values?signifi—

cantly, thus'enhancing the reliability of thevfit.

(é)'Repeated.ﬁéasufements . . .
The best way to verify an éxperiméntél result or

to estiﬁate'its unceftaihty,’is‘to measure.itia number

éf'tiﬁésﬂA-A mean iife can be re-measured in‘a.numbéfg.
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of ways: using the same transition, or using another
nultiplet member or branch transition, under the

same conditions; or using eny of these under different
conditions (in partlcular, with different ion energy).
“Con51stency among primary and cascade components'ls |
important during comparlsons of these results, although
‘dlscrepan01es can arise for a number of reasonsL; For
'example, one or more multlplet members or branch tran-
sitions may be affected byvblends. I1f the blending
tran51tlon represents a different. 1onlzatlon stage,

the contribution may be energy dependent. - Time resol—
; : s
. ution is velocity’dependent (and hence energy dependent)
so that low-energy measurements of fast deoays may -
yleld prlmary mean lives which are too long, and are
longer than measurements performed at higher energy.
‘Repeated measurements using different tran51tlons and/
or/ion energies are most useful’for dlStngUlShlng these
systemaric effects. However; several measurements under
identicel conditions are usually needed for the sub-

sequent determination of a reliable best-fit to a

particular decay.

The experlmental 51tuatlon . ‘ o C .
The experlmental conditions that ex1sted during
a decay measurement may sometimes account for the in-

ability to obtain a satisfactory multiéexponenuialiflf
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or for hhé disagreement among thé :esultstof repeated
measurements. Uﬁreliable,daﬁa may be produced for a‘
number of reésonsg unstable Beamgéondrtions, changing
foil properties (e.g. undetected foil deterioration
prior'to an observea"breékage), or low-count data.
0f course, such conditions are noted during é measure-
ment, but the mbst'satisfactory procedure is to re-
measure*thé-décay;'if possible~undérrimpgoved~copditiogs*»

‘Disagreement among rgpeated msgsurements can )
frequently be attribu;ed to unreliable data, althougﬁ
'real differences may exist if the wavelength resolu-
pion,;time resolution, orvion energy gaS‘been altered
“for.tﬁé re-measurement: In particular, a chéhge iﬁ
wavelength resolution or ion energy could allow Cértain
deCay~componentg to.appear:'td di;appeaf, or at least
”tovdisplay different relativg~intensities. However,
this would nbrmally‘indicatenthe presence‘éf_blehding
aﬁd.thué be helbful in the'aﬁélysis, as ménfioned
'earlier, Time resbluﬁion is’dependent upon ioﬁ velocity, -
as meptioned previously, as well as. upon the acceptancé
anglewavthe spectrométer;and.the step size between»data
points (see CB, III). Allbof these éonsiderations afé

relevant Q&eh comparing the results of repeated measure-

" ‘ments.



The physical situation

Apart‘from resolution effects and the energy
dependence of intensity, whicn are physical effects

that can be controlled by experimental techniques,'the_
] -

foremost problem in the analy51s of beam- foil mean
lives is cascade repopulatlon. Cascade .contributions .
usually necessitate multl—exponential curve-fitting

analyses which, in principle, can be misleadlng‘(Wi 70).

L.,

' Fortunately, decays: of “vacuum’ ultrav1olet transxtlons

rarely exhibit more than one 51gn;f1cant cascadc, and-
this is often weak relatlve to the prlmary component I
The accurate determlnation of cascade mean llves from

secondary decay CQmponents is difficult, however, owing

to the low intensity of these components relative to

_the prlmary as well as -the p0551blllty that one or more

weaker cascades are also contrlbutlng to the decay .
Unless a realistic comparison can be made with a
directly measured (dominant) cascade mean life, the
approach taken durlng this WO% has@been to seek the

best fits for which agreement wrth repeated measurements

is demonstrated. (The best fit is generally taken to

be that whiCh under given truncatlon and rejection
condltlons, displays the lowest reduced- y2 value without
possessing a large (z 50%) statistical uncertalnty for

any fitting parameter.)' More detdiled techniques
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for handling cascade corrections have been developed
by Curtis (Cu 70b) One comparlson involving one‘
such technique will be_dlscussed.ln,Ch. V.

A particular type of cascade that occurs rela-
" . N +

~tively infrequently is the growing-in cascade. ™ is

characterized by a negative exponential ‘component in -

the decay, representing a short caseade'mean life (see

Fig. 18 and the accompanying discussion_in Ch. III)%

Since growing-in effects normélly are sidgnificant only
very near the foil, they may be confu-~d with the
effects of a bglging'foil. Confirma'i.i ~ £ the grdwing—

\ .
1n component from the results of several decay measure-

ments, involving different foil conditions) is therefore

desirable. -Often, a fast cascade can either be predicted

or measured dlrectly to verify that the growing-in com-

ponent is real

v

. Comparison of the mean¥life.results,with those

¢ Ty
-,

of other experiments -or theor?, either directly or
withwrégard ﬁo syé%ematic erehds, is also important
when assessing the phy51cal 51tuaplon. Other beam—f01l
meesurements should, of course, yield ﬁhe same prlmary
mean llfe and should also display similar cascad;ng
Large dlscrepanc1es may 1nd1eate llne blendlng (perhaps

B

due to beam impurities) or, for short decays, time:

* « L@ . . 5
resolution limitations. Different analytic techniq?es

.
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may also contribute to*ﬁlsagreements: Several such
comparisons are ‘to be discussed in Ch.‘V;

Reliable theoretical mean lives are normally

s
available for only a few transitions of an 1on.‘

- *

'They"are particularly useful for indicating large
:errors in experimental results,'for example, where a-
-mean life-is well below the resolution capabilities of

a system and~bnlyﬂthe cascade mean life will be observed,‘

Alternatlvely, predlctlons based upon COnflguratlon—

" 'interaction calculatlons can 1ndlcate where anomalously

long mean lives are to be’ expccted. Often .these cannot

'be'measured with the beam-foil method since the tran-

.sition’ 1nten51t} does  not decay suff1c1ently over the

length of the chamber.

Systematlc trends among- experimental and theore-

tical values can be equally powerful, however, both in.

the direct predlctlon of 1nd1v1dual results and in the
indication of characterlstlcs of atomlc structure.

Regularities along 1soelectr6nlc.sequences are often

employed in-this manner, and a largeinumber of these

trends are to be discussed in Ch. VI.

4.4 Final Results

The findl value for a mean ljife is obtained by

calctlating .the weighted mean of the results of rebeated

y
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measurements. ° The weight is defined to be the inverse
squafe.of the error estimate provided by HOMER. ‘The* *

t

‘statistical uncertainty of this final value is taken

"to be either the wéighted standard deviation of the

\
i#dividual'results or the weighted meah of thévHOMER'
error estimates, whichever is larger. These two e

'quahtities are frequently of comparable magnitude,

4

_which suggests that the HOMER error estimate generally =<

provides a reasonable approkimat}on to' the statistical
uﬁcertéinty of the mean life. fﬁe-uncertéiﬂty in the
,Qmeasgredfpegm'velqg;ty (ségCh..III)J“i?cludini.the
'uncertaiﬁty in foil thiqkness,‘is‘combihed Qith gﬁe
}'stéfiétiéél”uncértaiqtyvto-pqpvi&?ﬁﬁieryef és@imqte;

for e mean-life value. This: efror estimate should be
regarded das rlepresenting one stahdard déyiatiop.,

!

.
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at scientific. Meetlngs and 1nternatlonal oonfqtences
- s

(see Appendlx I). T?c dlscu551ons in this W{%ﬂﬂhe
;\ e }
follow;ng%chapterWhummarlze some of the, md&e JﬂtérEst—

v

»

”~ . w.r I~
ing results, concentratlng on orlglnal{ a',sas ﬁ&ﬂ’

interpretations. ¢ ' ' o (gf'

5.1 SEectra 'd';. Lo RS ;:“ S \
. : ’ k

‘ M 1
‘Ion energies raaging from 0.2 €9 ¢)81ﬁxv~wercf

* . . i

. '* . W' ik . ;,,o-_ ! -
used to record spectra-and measure decays. -Lmﬁ551ou

was observed in the vacuum ultrav1ulet for botm

neutral and 1unlzed atoms, but only&ﬁJr tha‘?ﬂyons ¢
‘ot o ) ‘f Y u‘ .
formed by . ﬁrméva}~of up . o (h 1) clcetrons from the o v
i - ; .
%, This comprlses,’for Al S

»

nwelectrun outermost shQ&

¥

example, Your atomk; sgec1es in. slklcon, and eight - '~ Lo
) p . .
in argon. More- hlghiy ionized stdtes usually requlre
. o . S v
A¥ . greater ion energles,(see;Bashk1n>et al.(Ba 73b%), and .
. . v . N G -u g

e many of the promlneht trdnS1tlonE ‘in thelér SPeCtra h
uccur in thé (UV reglon,fwhlch we are unable tu detect fkf
R S - CoT R
Theflow wavelenqtu response.cf our system down CUh
) . - M oo

to ZSEJ%fls shown in Flg '19 for thc oxXygen specﬁrumﬂ_ ‘ ;Eff.l

The,, spectrum is weak below abuut JOO X prlmdrlly as L
oF . o o ’

d.reSQlt of xapldly decred51ng eff1c1ency of the :
N »

reﬁlectlo?@grarlng'feg decreasrng wavelenggh THowevér, ‘;
. - . & -
5? ' dl; fedtures are readply 1dent1ff€d as ongen trans$-~ T
' . £ ' S o
tions." Three“dlfferent relatlvo 1ntensrty scales are -iw'aﬁ.
’ ;bscd“ih Fig:.l9‘td 1ndredt“ how the observed 1§tengftreé A-?.J?
‘ ) VJ:‘ = b & S “.d. :'“ ?3n531 i- R I
, . ;_ o f%ﬂ ﬁ-_fg: _ . " . f;
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vary within'this spectrum. The lower trace also-

indicates the max1mgm;wavelength resolutlon capablllty

¢ 2§

of our system, i_?’
» M

Of the el bz' lements for whlch we performed,
¢ ' -
extenslve studles \the spectra of oxygen and nltrogen
are the best rnown,‘and we'have been able to cla351fy o
: "‘é:es &bﬁerved 1n our

"

‘\

wavelength compllatlon° (Ke‘7°);/ Most of the observed

strong~transitionsnin, thc\hlghér Z eiements studled 3

have also been hﬁi‘lncly c2e351f ed in this- way,*__ ‘
although a largt numb&f of new anes appeafT t hlgf~’/—“~__~

enerqgy ln,the neom argon, and. kr pton spectra. Mean-

- life renults‘have beeh reparted fo . twelve una551gned

A Y

neon tran51tlons as 'part of our beam foll survey of

-

':jg;thls element (Ir73b) .In that report we a%so presented

5]
llfetlmeéqﬁﬁr sevcral recently a551gne&*%unpubllshed)
‘ }\ - D e
NQEM and VI tran51tlons Slmllarly, 1nvest1gatlons of

sulfur and algon have ylelded llfetlmes for recently

'a551gned trahsltrons 1n'Ar,V (725 A)‘and SV (696 R).

52These recults are olscussed in Ch. VI in the context

\

of .trends for 1soelectronic sequences (Figs, 47 and.

64 _, respectivcly)ﬂ Spettra and prellmlnary llfetlmt

v «

rcbu&ts for. several SQCUndwperlod and thlrd perlod S 1]

elements haye bcen reported at the Third. Inter‘atlonal

Conference on Beam Ioll Spoctroscopy {Ir 73c, Ir 73d).

[

r . .
i : - . .
- . 3 v Co
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. & ‘ 3 . .



59

A systematiccstudy of the beam-foil spectra of
argon has been undertaken during this prOJect with
empha51s on the region below lOOO . where ‘the most
promlnent tran51tlons are found. An early report

Fl

(Li 72) on a falrly low~resolutlon study of this

-

- element presented a large numb r of new llfetlme*

-

‘l‘here for completeness ) Argon spectma between 1050 ﬁ

They will be discussed below and are only lncluded

54,. :w;',

ly4lonlzed spe01es.aa
.""£

't'ons,were observed

s PEEUTES, " partlcularly 5 ¥ multi

Many unassighé& arqog tra

T N
between 1100 m?'_x-fqoy._;{g; i

\\','

his Wavélength :‘* is Compll—
NI I.“'gﬁg IIT lines

’ \‘ 2 q Dg"vbrb
as well as (1n beam- f01l spec ra)

At low ion ener

cated by a highy, den

ous 1mpur1ty e

lines from foil-ejeécted carbon atoms and ions.

-\Featurei!@hich'persist at nigher energies should'fall
. by - 0

.into neié.!b.of these categories, except p0551bly for
D

a few very strong, well -known carbon multiplets. In

" Table ,5.1 are‘presented“llfetlme results, for thoSe

1

transitions,.studied that do not become weak at hlgher ..

.

energy;u (The 649 R and 72l R llne‘,are the only pro-

Y
~

mlneﬁt tran51tlons below 1000 ﬁ yet a551gned -

ap§w1700 A, recorded durlng a hlgher resolutlon study,

are shqwn r: Figs. 20 and zr « lhe features above' i.f Lfﬁ}lj.'”
1100 & in Table 5. l probably represent tran31tlons ‘:'f ,- é%
F ' A . ”‘é%ﬁ.ﬁ% *
' ‘ - o
o SN \_4¥§



" Table 5,1
Lo _ Unassigned Transitions in Argon
“ﬁ/.ﬁ‘l‘ ~ _ . - Decay;componenﬁs (ns) - - '?ﬂi
B A i S I, §§__r_o_n_9£e£ -~ Other
T 649 W i<~,“;A,‘.g,21 0.03 - 1.50.5 )
721 9 20,2 P
1163 © 0.35:0.06 5 &
e ‘1303 7 .+ 1.0 0.2 - P 3.5:0.9
ooy o 1909 p0oz T -
| 1416 | 1.0 £0.2° : -
1425 . . To.37:0.06 . o d.7003
1435 1.3 1006 . -
1454 o 0. 50*& 05 4 4+ 1
1516 , ro 95, e
.. 1585 | $0:8 A0 ssiio
. 1614 N ' ~2.5”¢o,5 I T
1625 ¢ 1.3 0.3 ' ST o ‘
1632 0. é 0.2 -, -
1638 . 0.7:0.1 o -
‘1648 BURTREE N - RET R 9+ 2’
| ﬁ*“'.f< e, ‘ . | :t:
(a) hstlmated wavelength uncertalnty-fﬁ A. ’ e ”_ 

(b) A conftant background componénc is usually. present

,ln these single- exponentlal cases, 1t may reflect

‘31

the presence o%?very long llveu cascades
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-

involving high-lying terms in Ar IV and higher ioni-

' ] . s

zation stages.~ .

The more . recent 1nvestlgatlon of thls—,lement

,_-__f*-w~employed better resolutlon for both wavelength and
\' p : a4
decay;measurements: In part;cular,fspec@ra were

Jﬂﬁéforded between 400 R and-1000 & ‘using ion

{ Ed
|

*_ energies of 0.2, 0.4, 0.8, 1.2, 1.8 Mev. These are

.',..

shown in Flgs..22 tOJZ&n,aDecays were measured for

(“\?11 prq:Dnenx tran51t1Qns 1n these Gpectra. Many of

_the lifetime results are 1ncorporated into the.dis-

cussiong of oscillator strength trends along iso- .
electronic sequences in Ch. VI.

‘A detailed study of obsetved wavelengths,

~

intensities, and lifetimes in these spectra, along

with comparisons of energy levels'and oscillator . '
strengths7€§r iscelectronic ionSJ.has resulted in a
. - . ’

..rnumber of qew proposed cla551f1catlons in argon

Two cla551f1catlons of observed phosphorus trdn51tlons

: N

hdve also resulted from this 1nvest1qatlo v gfk

< b
A R

‘results are: summarlzed_ln Table 5. 2 All_of these

> } _transitiqns disp#@y 1ntensity/ion—energy properties "
) R 3 !)_ .. 1: . ) . % » ] .
that are characteristic of transitions from several- &,
. . 'v"t\‘)l“’_,- P . ’ . .
) e 1 ot "
times-ionized atoms. - .
. o

- ' ' »  The two phosphorus multlplets and thelr isa-

electronlc counterparts in Ar VII-are dlscussed in

_/ ' . '_-;—_-_. — o " /‘ . & .

. : i v : Cl L
) : . - "
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Ch.- VI w1th regard tm g Value trendé dlong ﬁ&m Mg I

*_1n agreement w1fh t%ngalues in- Table-5:2 . The"

® | v v
: : . © . 2 5

a

f . WAL . o, )
1soelectron1c se nce ({:cﬁ’L 1gs. 64 and 67) R. ) X
w ¢ ,. 3 ‘ q, 11'%

> : g "au :
Hallln (prlvate COmmu%1Cdtlon to Ikbelg (Lk7l)) hdS

11 '..'-v.

‘Q,l ‘,»

L4 & Y ST L

. ]
1ndependamtly suggested teq}dtlve wavelengths ufq ’di@ﬁ;ﬁg
. ’ J. . C
© 3% b ang v

b 1 % o g
D tranSLtlons 1n argon, respectlvely, ! o

“7 & avd 1063 55 & for- the 353p

&

?‘
o
<

1.07 A véluc 3CgﬁlML“tb the prev;ously unknown L!
- \ , o 3 2
150

_353d;1D level and,,51ncc th 354p P levol 15 RnUWHg

63'.

4claséifié*'1uns, the gth@T‘bLlng 3S3d D 3s4f
v

'f JLSO lnép v (Ke 7J);f“1ho ¢1&531flcat1mn1;ﬁn ﬁ%@ié,

Mo 49) ) the 3s3d. lD 354p
& -v.

Qran51tlon wyvclength o
& be ﬂ&tcrmlned precmsa

JlC 03 A 'ThiS is*iﬁ;
81tlon d-t )O’K
4 S

.

8 *poSSlble e

.‘; 3 3 q..'. :9. Q.‘
L)v“ . .

/1

»o L e » . "

a - o .-_q»,,‘s

‘is groposcd pllmdrlly’UP tho ba51% ut %hn %errlmc

~g ropults, lﬂ cbmpquson with -Jd]d%ﬁnt memb;rs 01 e QPE
» _ :

[ * N .
MJ‘& 1%0 lortronlu quUCNCL.' Thc f-vdlue aellved frume;i”
. R 4 S

the prlmdry llfetlmc appears to deur thefclassification“

.

[ . R o . L

'1n Edble 5.2 (coyglro Flgs 64 od 68 in Che VIy, ﬂnd'

thetdcgrcc of” gase@dlng cbs;rv 24 1s consistent; with -

T‘ : B s .
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f-udr omseryatlons UL cqscddlng fur ng 5dnme transitiun_

..'

ﬁn Ar v11~(go*a\ able 5.2) and 5V (096 Rotae 7470,
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< R s . R

,leaslirxatlon dgleesfwrll W1th Lh ;N 2rgy 1evel trend

fuT Lhe buqucncc (Sce.flg.
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PREEN . v X YR ‘ ﬁ
Js.’)d 3p- 3p3d 3F‘ multlplet in P IV haﬁ been foﬂ?ld <
» ‘

. . at 1367/73/78 & The observed Wdelengths and. ,/__f  Y
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¥ . . (Ba 73bq) : ThL rt,lat,lvre rnte&gsﬂﬁes of the rcsol{?ed -

2.

‘
‘0

' - - j - .' '
compo‘hents are approxlmatelv thnq@ oxno?f-nﬂ for e - zg .
. R A 2 P A S . - o
- s (A

ng (1 Q_."‘l 3 2). Thl mult.g, let ms dlSU been AR A
| i E "

e

R %, : '..‘4 . { ' o !_ - - .
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Bighe
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g T ey
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K) 2
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N T e : o . & ot A
R ,;_s}na'Ly,s:Ls uL Uur arller argon reQiliib_(le 72) , al‘though
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< time.. The f-valud derivcd ~frof‘n thc 3p‘3d F miean llfe ‘ ‘%S
1% T * : B . '
e e visg also cuns*ls,te,nt w1th the «eque_nce 'trenc ’Ch vi, .~ " S '
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--wfﬁ_term pos;tlons, using extrapolatldh along the 1so—

* }";electrOnlc sequences._Only tw; of the promlnent un— .
a551§ned&1ne$ in+ thls reglon, 64}& and 721 &, could-
- not be cla551f1ed by thls method o T - : .
- - K ‘
‘:\‘;{/_ 2 © A syftematlc st %dy of the va?:uum ultrav1olet, .. ‘;-v'
"spectra of . krypton'has also been undergaken Specv ﬁ;gn'j?ﬁi
 tra have becn recoyded at’ varlouo len energles for o F?f

R Wavelemgths from 40dﬁﬁ to 1800 ﬁ The hr,IV to

QTII systems are poorly de{Z?mlned in the vacuum

urﬁraV1olet w1th only eldﬁﬁ&xnultlpiets anOlVlng

g vt
i:ﬁégk_ allowed trdn51tloﬁs b013$52000 A thlDO been q}%s"' j!}“ K
et ; i ;
;5]*“. 1n these flve LLDS Ke ]35 wAS 1ﬁ argon these p w‘éfg
L o f ﬁ ; : ~*.:“lx‘{g
R promlnEnt mu tlplets dll lla below lOOQ ng 28 ML
. P . . . ‘,‘._ L k) -
shpws the beam fumﬁ)spectrum uf &{ypton ln thls R T
\ . - Y ’ ‘: b -, . . < -
reglon, Lecorued at’ hlgh 1dﬁ'e£Ergy o thancc cthe 2T '
b - : S
;ﬁ;-emlss;bn f?om hthQr Junlzatlon stages Allﬁbut‘the v
weakestrof the'eleve “Anown multlplets hsve been
. . ) _ -*
o vldentlfled 7n thlS;Spectrum dnd many prumlnent un=--o g
ST - } @"‘
assigned lines. are aLﬁo observed. Tran51tlons from
S Y . A : S 5 . : ,
. Kr I-TIT have been‘ideptified in spectra recorded -
lOwerfenergies' ~ s o R - : s (
oo e A strlklng 51mllar1ty is apparent betwLen thre & - -
'a T : Vd .
Wdyelength Vqluos of h&mmﬁigaﬁéff.‘nslt;pns ;g,argWa e
. R T T BN, s e »~~<‘*-‘4-‘3‘$‘g‘?”§t; &
and krvptun For Ltn rVO"ran lons &he averength a;J Sy
1re‘nearly Lh> same (usually sllghtly lower ln krypton), :
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a ‘correSpondence that is not ‘observed betweeh h’omo-5

‘slogous tran51tlon.> in neon and a,rgon. For An ;é 0 . ‘v :
Foe transi’tions however, a. pronounced J'.Wcrease in A L
EEINY + SR : e [
1" wavelength is obEerved; for-dhe &rypton tr‘rsﬂ;;,o"hs. A T
e - . o N N
(Mu.ch the same‘ é:racterfsti"é:g aref»diSPlaye'd between ol o
krypto ,L,and 6enon transwlré)ﬂs ) Llectronlc shells ._ ' B

¥

e
»
.

.|‘.

-'relatlvc. term&energy spaxslngs Wlthln an outer shell

- A

, g '
ialﬁnq a homolpgous group of Llements,, , Thgge.latlve,

@

: From’ thn r;_ur*leus to. 3.1125&7 roxa.matp prese.rvatlo- 2 of .

hav1ng¢n 2 appear'to -'be raﬂaaldy far enough removed

\ ‘ Iy S 3

&5 .‘.* R - .

s‘epdratlom,of dlfferent eldﬂronlc shellsu d@cre'

vy
. +

WJU& 1ncrease oL nuclear charge Z along a, g»'r 3

L R coet 'vs e

BN
hqwover, rébsultx,ng in hi‘g’ or wavel ngths for transl—'

4 .
A a e R

"-’ - tlonc' cmnn\ect,,lng these shelk 15. e : S o

G

.

-t

.:?\

being better undcretood 111 all stagfs of 1‘&nlz(t.1on.-

A\

- . " - .
ST .

3: Thls cor"rc,vpundencc is ve{y ugaeful for: com=
- T g8 . 'g - .
parlng kryptun spectra.with drgon sﬁaectra, tho latter
o ' “ :'. L lkvw
g L AR A
Iﬁ adiiltlon, ‘simce f- values %homolc@'é"us traﬂ‘%tlonr; R
. Py - R

~,

Care .nomally ;1bout qual if coupling Char&CtCI‘,thJYCb are )

‘e 'sam.en‘(wi 69), Lhc sunllarlty of waw,lohgths lmplle<c'

Yy o .
that mégm llve§ u‘&c upper L u“mC’"‘er in= 0 trans;Ltluns .
- o -

13 .
also s;lould b‘\ﬂearly equal YJs:mg these wa\/ele gt .

anc‘ meﬁn l‘lfe gqldellnes, .alung vuth rela.tlhe ,multlple L

-’ 4 u

1nt nqltie _and »1nts..n51ty/1un ag;rrgy LhardCtLI‘lStlLS,_
s - ]

several claeq1f1<\atlons &n I\r v, v, and \{II-'.‘are proposcd.
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T 1uterpstlug Lo nute that Lhc larq qiscrep@nCLes exlst<

e sel
.

Al

&>

Table 5. 3 summarlzes wavqlength

- u;’

‘Elon for promlnent homofogous tran

¥

L

vproposed cla551fxmatlons 1n krypton are 1nd1cated
v ' N !

*n by asterlsks. B

-

B For all the ‘transitions measuted in Kr IV-VIIL S

n : ‘ s
?g 4.:l ? I ’ o c """ .

--.' m ¢ . .
ooy thg ‘mean Llfe is - found to be shorter thdn that fo;

R R IR . ,
a b thomafﬁon _TdHSJtLUD § In about half thp cases t
. w [ "‘1" R '

- ]

e °ﬂlf¥erenve 1s £a1rlyllmall (]O -20% ), although several
: A s .
! tldel}lonS dlsplay°ldrgur dlbcrepanc1cs.‘ It lS

L3 - "
- N E W ‘ - “

- L

-t

@

,, u%ly!for mgdn91tlons thut “are known to 5,68 *trung;y
Mo g » * - ‘# ' o . ~ : ; - . . -

dffectud py Cmelqurdtaun 1ntcrduulon in argon (t

.

- i_argvdenoteq by Lhc%guparsc* pt "b" 1n'Table 5;3).-‘-' ; *Q

¥

'.hgly Teducmd bv Bhe lnteraction, which

is reflectud as an lnLrOdbC in the. mé%ﬁ llfC The ‘ .
- C ’ .l,

.kryptun results suggest that ‘the curr@spondlng con=- H_\_"

.
glguratlon anerCtluﬂ’Lfbefb in’ the fo&\fh pcriua .
N .

G . . : .
10 rd perlod bcdtrdi,, . , 'iﬁ

; ' oo - ! ‘ ’
third-perrod sequenges ’1anlV1nq such’ lntcfactlons
N N B ' . o4 .
%, ‘are discussedgiri C}}.' ‘VI. 1 ~ S
: ) C L T , . .
The . ckrro pondpnpo UCLWPtn medn Jch for . .

.t' ’

se 0 in thc tli

t _aré‘ye&kcﬁ than tl

¥ ..

.

argon and kr»ptgn dppgarb o chak down fur b-s

ﬁurdHSlthHS'ln the ncutldl dhp s;ngly 1onlz ed atoms
- o« .o , . | ;
(the three final eritries in Tavlc 5.3) . This is - . ‘

Yoo, : : <
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- .mental work.

Crepresent -the first oxperimental determinations for

=

e,
. ,

"partly due to the existence of®*significant deviations

from LS coupling for these transitions. Intermedi,

v . oy N

coupling calculationsbbygAymaQ'et ‘ iAy7O)Aéhow

. L

that the coupling charactefist"
a ' \

homqlogudsvanelgggths diffef’conéiderably in these
b ’

S - R |

as well, and.cause further f-value %

! S
N .

An ¥ 0-transitiop
. . . A TN

“
o~ [ -SEP NN e e
<oy \lu.q\,;_g;yu“\,

Tk

[T i T R U AR B
L11a GCnCl Al 1
.
- “

values agree well with intermediate coupling calcula-3

e

Y . - : . .
tiens for the five.p-s transitions far. whitvh theory -
. . .. P '4‘ A - i ./ «’ 4 . * R '~
is available (ite. for all buit the Kr II trarsition).
2 .
e ‘ - . -y L s
% S A S
5.2 Mean. Lives . .; o :
\ . Mean~life results obtailned during thl&ipfeject
S . : L -SRI s
SV

~about 100 termg in 50 ions of 10 clements. Nearly

’ . . ‘ . - . -
200 aother term mean lives have been measured for

made with prcvious,é;peri—
, , - : :

~
.

which conip. ~18¢n can be
Significant a%fcrepancées from the .
carlier. work havd# been fuund,;or aeon,a’d-sulfur and,

- LSS : i ' ; , §\§'

to a ¥esser extent, for siljicon aﬁdtphq§pho§us. ThHe -
: " . . » ) o T o . °

A - _ . ; _ Yol,
'H'siiipon»reSults,havg'been‘fully4reported\elséwhere( ’
. . X . ‘ " » . . “. X L i —o
- ) - ey ~ ) o T ) L. S, .v R :;‘ - » -
A{Ixn 73a) and will not bLé discussed here. L R A .
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'Neon - ;o .

Our beam foil results for neon (Ir 73b) may

be compared with rcsults reported pruvaouslgxby

Kernahan et al (Ke'72, who had performed the most.
“ .
exten51ve beam~foll study of neon ln the vacuum ¥ .

v

'ultraviolet. Agreement is- found for only flve of'ﬂ,

D

thc fourtgen COmparlsons, w1th dlbcrepanc1ﬁs of mere

'. 'J‘» +

than a faqtor.of tWU xltzfng 1n bpth dlrectlgns.

'Lomparlsonfog‘both scts or fGSuitG bdﬁ*b?‘Wﬂ‘b w1tn‘m"5

o R Y

A i- P
recent; falrly reliable calculatluns Of NlColaldes'

v .~

(Ni 73a). Fur Mﬁ p0351blc omparisons, pur results

chld a mean dcq&atlun uf gbout 12 .ﬁ For 8'poSSiblé

.Q L™
omparlsons, the.mean deviation of Lhd Kernahan L
N ‘ . S o
‘et ‘al resu]ts is about, 4] : r"urthc‘r'rrm'-ré, examiﬁatipn 
.- M ~ . .
€ e

of osC1llator stxaﬂgtx tronds-diong 1coelcctifnlu 2
PR ) L
BT A

bequcnce (SQQZChﬂ 1) cwnfjrms thc'rLL11b11J£y of

»our néon resulto.-v B S )

ance flVQ of tho»nlnb dlSCILpJnCl es, ihvuLye

La 51gn1f1cantly luwer me JP‘]lf 1n thc ea111 r‘repuLL

-
- P . »

IOQ%EflC& SNt t%’t r@soiutlon cannof agcountufur.all
diéf"f-erenc'ez‘. "’I‘his_‘ may - be thc- caus “of thg.Lk)Urﬂ
. ) ‘?’~ P . vd._v._ 4"‘?‘.”

. discrxep@ncies in whigie we rcpurt the ng‘ vg}uc
. .. RS -

v s
. . v

hdwevarﬁ‘31nceﬁthe mean. l;ves arc ery’ shkrt ln each

Lo VA gt ‘w \. P
paee qnd iarge st@p‘sb?&s'(Q.) - comparq@ t“ @ur 0.1
- N “ ,'. a‘ . . ‘.
- werp uS@d 1n tue ear11 r cxperlmpnt (ierna!hn,,‘

,_. * N v, %

K
»

private commpnicatyqn).# uOmLWhut thheﬁﬁlon Speeas.,“
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_%than ours - were emploxed 1n that work which should

S
ujplonger than wouLg oc ﬁradmuted by 159electronlc dom-

l

gartlally compensate For thg Jower spatlal resolutlon

One" probahle source of~error is the use-of
‘graphical -fitting in theic analysis of the' decay
.. ] ) [N . . !

'7comp0nents'of the multidexponential curves. ' When
o ] CLoY

' vcascading is weak or when only two Pllients with

' Very dlfferent mean llves are present

P

o

I nyflcant CdoC&dlﬂg, herpdhdn et al }eport nedrly
) o

f@”:\ ‘same’ result in thret cases, thelrviourth result

"a?\

x
TN TR v »

'L;er cascadlng,‘and‘reSUlﬁE @btd@neﬂ ;

w
. A ""i" )
'-@)Tht flrst detazktd study of- beam foll spectra

\@' Y ,
~an

d llfetlmes Of sulfur was performed by Berrv et al.

&¥70p),who 1nvo§§1gdtéd tho Wavelength-reg10n

< .-

V6OU— 4000 A. AS polntLd out 1n thdt repor%’ the . *"

".tmegn llVeS ﬁouhd fon @u; vac wransltldns Ain s IV,

[ '.J ‘ ' A

v, VI obsethd below lOOO 5 re systematlcally much

”

'i parLSoAs ‘It‘was suggest@d.thdt lnablllty tg”detett -
R . L S i
~'-"fa,s_t'decay components wayﬂiespopSLble forﬂ@he' VT

v
. .
e s w’

of two low.&_ The remalnrng transrtlons'i'

' .9:?'.'"\
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discrepancies.'_'heir decays were measured by v1ewlng

a5 mm beam length and usrng 2.5 mm steps between
/ -
data pornts. “The consequent tlme resolutlon llmlta—

-

tions were SLgnlflcant slnce each step corresponds ‘ , -

to 3-10 predlcted mean llves (at L“L4} 1lghest ion .

speed) for typical tran51t' bel OOO K We % . .

performed a beam- foll @tud sulfur in the vacﬁum

ultrav1olet spe01f1ca71y tc obtaln the corfect méan . g S
. e 7 . . L .
~lives :for. tnese transatlons-enﬂ to Env estrgate Utaern%’F:

’ ‘prumlnent sulfur tran51tlons in tﬁls reglon Qurtﬁfin
s PR . i i . .q.

. i ", -
‘acceptéd beam ltngth was less: than 1 mm and our mlnlm 1 ~_2 :
£ Lo v t‘"d - A - '..
ﬁstep size was O 1 mmg. We obtalnec slxorter mean llvew -

J‘n . .‘ NI .
(by factcrsvgf 2 lO) for a]l ﬁzéc trans;&runs"and the L

'ﬁé-ra.-"" =
' resulps show exce lent agreement w1th trends aiong
- s L - EE T PR
',1soe&ectron$c sequences ‘see Chﬂ@VIﬂ , lﬁ éddltlon, .
’ . AL b ‘*‘*n : g
‘we conflrmed t&t result of Berry Bt al for’ the long~ o
. . ¥ - - v B

v e

lived resonance mu!tlplet in, S*IV ahd measured mean’ * -

\

,w llvgs for ten‘other multlplets @% St ITI-~ ~VI- btlow

- V" N

lOOO ﬁ,ﬂnone,of whlth have been determrned
. \' - . . o . E
tally elsewhere . Aﬂrcportﬁén Qur %ompletu
. . ~ .\y‘t‘A$ M‘ .

‘%ulfur LJ\ bout tcxbe pre eﬁtedpf' publrcatxon’

: Y LW, YR ' R
. PR A o . v . A . .
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Fdrti;_e vai'(Cu 7Ib) have studled beam forl B
S . . " J . .._ e . . lo -
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“sis. " A= numbgr of Ldepla int

3exp rn.ental trends alung 1buu]actron1c s quences

‘lntegrated over varlous (cugpon) 1ntéxvals to geﬁw

2200 ﬁ. We have recently re- mea5ured mmst of their

o~

v \ . [ r3

e

tran31tlons,;along with ¢ veral 3;ansitlons thatz

have ‘not been prev1ously studled (Ll 74)4# Reason—

‘.4 _u
able agleement wrth thelr results has

for onby about half of the lﬁ-compagksodg

~ :
.)t‘ g

N

-
-

are syékcmdtlcally 1n bcttor agfea t w1th %pé.

V .
S "3’

s

. N (X . ..

“than, dTe-thoso‘pf'Luréls et al. - Q'j,“
OnejMGt%pénused lnﬂgaelf work lsvthe arbltfir
lyrnorma]iéed;decay~curve'(ANDC) cascade'dn:lyélsvbl
technlqug (Lu'ﬂa) B; thlS éroccdure,‘qrbltfzggly ;
normaigz d prlmary and CdSCdde détqf Lurves are’ fh;;/Ww
o . A . i

-
-

qrate a fdmlly of lrnear rLlJtlonshlps betwegn %hc

- Ly . . R T Lo
prlmary llfctlmﬂ and the replenlshment ratio (Cu’ zoa) S
A sharp‘lnt ctldﬁ among the Vdrlous lﬁ%es 15 A S .
N ""7 S 1 ~°" A R
requ;red to lndlcata that all 51gn1f1cant cascadlng ’;” _ ;

. 4, ; \’ RN .
has been dccounted for, and the llfetxhe can then be LT
reaé dlqgctlv off the graph Lurtms et al usea thls:' E .
Ltchnlque to qnvlyze‘decay% for the 3p 3P r3d 3D :‘Aj“ : ‘

' S I S , RN R L "
- ’ < ‘ o - " . :
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(825-R) transition and its strong cascade from 4p ~P

. \ »
(1488 &). We have also measured these decays, but
we find disagfeement with both their results, as shown

beloW:

Transition e Mean Life (ns)

‘This work Curtis et al

- P R .,. . . *_; - - . .. :
825 R.(3p 3p°-3a °D) Primary:  0.2510.03 9.3610.05
. ,
Cascades: 2.1 0.3 1.5, 3.3
4 3 ‘ 3 o . _
1488A (3d "D-4p "P )Primary: 2.1 0.2 1.1 +0.3

- . Cascade: ;- . 303

Our results represent the mean of three different decay
measurements for each transition. It should be noted
ﬁere that the 3d 3D‘Q§gn life obtained directl;'frqm
the ANDC plot of Curtis et al (Cu 71b) is actually'abcutﬂ%f
0.40#0.01 ns, although:the abowe value (0.36 ns) -is
'reportea in their table of resdits. ' -
The ANDC technique has been applied to our data
for these decays énd'the results appear in Fig. 29. .
Plots$ (a) and (b} represent;different decay measure-
meﬁts for 825 2 combined with the_séme-measuremeht
of 1488 R. Although the intefsection in kb) is

sqmewhat diffuse, both plots are consistent in indi-

cating the 3d 3D mean life to be about 0.324£0.02 ns.




——n—— e

P
4p 3F’o ' 84
1425 B ‘ » “
3d 7b ’
82s . .
3p 3Po N

decay data from this
transitions. in P IV
decay data for 825 3

[ 4

Fig.29. "Results af ANDC analysis (CU'71a§ applied to°
‘project for the 825

and 1425 R
The two plots represent different

combined with the same data for 1425 R.

\



‘ . .
This value is almost mid-way between our resul£ and

that guoted by Curtis et al. The plots ére not
%—' reeally conclusive as@tq the source éf'the discrepancy
o between'tﬁe expe;imental results. Howevef, the‘cén—
trast between the intersections in (a) and (b)
reyeals_that»therANbg technique can .be very sensitive
.to'differentwdata for the same.transition(ﬁ?ﬁurgher—
more, the f—value‘plot for Ehe'Bp 3PO—3d 3D tfanSitibn
along the Mg 1 sequenceA(Ch. VI, fig. 39) indicates

fhat both the Curtis‘et al result and‘the‘ANDC result

for our data are inconsistent with the well-determined '~

eXéerimental trend, whereas our curve-fitting result

agrees well with the treﬁd. N~

On the basis of the abo&e example and of
simiiar f-value comparisons for phosphorus in third-
period isocelectronic seduénces (Ch. VI, Figs.»35-38),

-

the various.mefhods applied by Curtis et al to reduce‘
uncertainties in’the.lifetime analysis of decay curves
apparehtlg-have hot p;oduced results as reliable aé
those obfained with-our direct curve-fitting techniques,

in some cases.
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CHAPTER VI

REGULARITIES AND SYSTEMATIC TRENDS AMONG
OSCILLATOF'S"BWGTHS ALONG ISOELLCTRONI(. L -~
| SEQUENCES |
It has long been known that atomlc energy levels
--exhibit teriﬁkn regularltles, both for 1nd1v1dual atoms
(e.g. the spectral series) and for groups of atoms that
pPossess similar electronic structures (e.qg. homologous
atoms, and ions- lormlng an 1soelectron1c sequence)
.Regularlties for the 1nten31t1es of spectral llneab

have nmore recently been recognlzed among these same

ALSystems (W168a imL68b) The most exten51vely studled

trends involve the varlatlon of osc1llator strength °

Cf value) with nuclear charge along 1soelectronlc
sequences Wi 68a, Sm'na) The beam—f01l technlque has
‘proved to be 1deally suited for experlmental studles

of these trends Spectra can be produced for v1rtually
all 1onlzatlon Stages of any element that can be ex- |
tracted from an ion accelerator, and prec1se measurement
can be made of atomic mean lives, these yieldlng either.
the oscillator strengths directly or at least their
upper bounds. ~ The \expre551ons relatlng line strength,

oscillator'strength,Atran51tlon probability,,and life-

~time are summarized by Wiese et al (Wi 66, Wi 69).

~
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In the second and third‘perioas of;the periodic
‘tabde most transitians among low-lying terms appear in A
theavacuum ultraviolet reélon of the spectrum; parti-
cularly for idnized systems.ArThe'systematic'studies
of’lifetimes for mény second- and thirdhperiod elements
that were performed durlng this project have prov1ded
new f- value 1nformatlon for. a. large number of tran51tlons
below 2000 X along 16 different isoelectronic sequences.
Also, our measurements in krypton have exténded this
survey to the fourth perlod where little previous work
has been done. Trends,for'selected transitions along
vetious sequences are presented below to illustrate the-
extent and consiStency of our beem—foil tesults and to
suggest or support the disoussion of some physically
interesting‘charecteristics of oscillator strengtns and
their relation to atomie sttucture.

~ : .
The f—value dependence upon nuclear chargé

In

(actually Z—l) is normally used to study trends along

1soelectron1c sequences. This ch01ce arises from the

appearance of Z—l as the natural independent varlable

in a series expansion formulation of f based upon con-

ventional perturbation theory '(see Wiese and Weiss

(Wi 68a):

Thus one expects a plot of f versus 2”1 to be
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‘approximately linear for low values of g1 (higher

sequence members), and for higher order terms to

~ become increasingly important toward the neutral end

of* the sequence. In practice, the quadratic approxi-
mation is-found to be sufficient, so that the "Basic"
f-value dependehce on Z—l resembles a simple parabola.'

As we shall see, 51gn1f1cant departures‘from thls

:

basic dependenge are frequently found. These may be

attributed eithet”to cancellation in. the transition inte-

IR

gral 'or, more commonly, to conflguratlon 1nteractlon

effects’ forepartlcular sequence members. We note that

the hydrogenic limit of f (i.e. as 2 1+ 0) is simply

£, 1In the hydrogenic kimit all confidgurations become

hydrogen-like so that all configurations involving the

same outer n—shell become degeneréte. Thus the enerqgy

of a tran51tlon between twd such conflguratlons becomes
zero. Since f- value is directly proportlonal to tran- -
sitioh energy, the bydrogenic limit of f for any An=20
transition‘is zero, and this provides a cénvenient | -,

interpolation point from lower sequence members for -

" this class of transitions. When 4&n# 0, fo# 0 in general

& ' , . R
and 1t must be expllcltly calculated. : 5
Varlous theoretlcal results will be referred to

for comparlsgn with~ experlment and for explanaﬁmon of

the phy31cal slgnlﬁicance of particular trends. These
. D’ "
results represent either 51ngle-conflguration Hartree-

-



r,Fock (HF) calculatioqs or one of several types of
configuration—intefaction (CI) treatments. v»The HF
results cannot account for interaction between con-

. "

figurations, and are useful primarily as referegce .

values to which other celcuiations and exéerimeﬂ% can

be referred in assessing the cffects of such interx-
actlons. The CI calculatlons vary 1n sophlstlcag}on,
1nclud1ng as few as two. and as meny as lOO dlfferent
v’contrlbutlng conflgurat;ons. ~In particular, the .2- -
expansion technlque Co 64, Cr 65) 1ncorporaux;only those
conflgurations that lie within the same electronlc .
shel; (the same complex") and is most reIiable for
highly—ionizedﬁatoms., The.superpOSLtlon of—conflguratlons

-(SOC) appfoach of Weiss (We67a)normally 1ncludes several

'dozen conflguratlons and y1eldg~fa1rly reliable, results-

T

‘in most cases. The non- closed—shel]—many electron theory
{(NCMET) of SLnana§lu and coworkers(We69b N17ﬂﬂ con51ders

more detalled .electron correlation in the multl -confi--
";.r ’, f .

guratlon celculatlons and prov1des the most reliable*
ttheoretlcal Qgsults fé& several tran51tlons. lelted—
0 g gt

léCI calculatlons ave ‘been performed by Nussbaumer (iu 69)
At

and by Fq@ese Flscher (Fi 68)
. The osc1ll@$or-strength results from this prOJect

1n Flgs. 30—69 are llsted with their respectlve mean—

.llfe valués in Appendlx II.



6.1 Uniform Trends Along Second- ~Period Sequences

Examples of very uniform f-value trends can
probably be found for every iSoelectronic sequence
Normally, however, they are' not common for tranSitions
between low-1lying t&rms in atomic systems with 4 or
‘more electrons, due to the ex1stence of significant
interaction effects among various electron configura—>
- tions; especially those inVolv1ng the upper terms of
transitions. A few uniform trends in the Li1, Ber,
and BI sequences have been discusseq by Wiese and
Weiss (Wi 68a) and examples from these and other
sequences may be found in the compilation of - Smith

and Wiese (Sm 71a). Six.such trends from the BT, NI,

FI, and Be I sequences are discussed below

BI sequence: 2s2p2 4P—2 34 o, 2522p 2P —252p2 2P

The OSCllldtor strength trends for both- these
transitions are expected to be uniform over the entire
BI sequence Since there is no significant configuration
.interaction for either of the upper terms involved

(None of the nearby configurationsrcontains a 4 O or “p

perturbing term.) There are, however,'nearby terms

tion (see 1nsets in Figs.30 and 31) The effect of .

these interactions is a fairly uniform reduction of f

90
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)

{golaides (N) 73a) Experimental measurements (all

\u€§5 which are peam— oil llfetlmé/’ indicate that a

V”further slight decrgase in the f-value trend from these

W7
X

CI values is needed for most sequence members. =

This transition, connecting the two loweéir
quartet terms in boron-like systems, has aonly recently
been studied eXperimentall§‘ebove C II, and 4 of the
8 results from BI to Ne VI represent work done during
this project. A’systemat?c)discrepanéy of 10-20% from
the SOC theory is indicated for N, 0, and Ne, wﬁereas
our measurement for BI agrees ‘'with this theory " Earlier
measurements for BI and C II deviate only slightly_from
- the trend of our results. The improvement of the SOC

calculations over the single—configuration approach is

evident, althbﬁgh the llfetlme measurements suggest th

conflguratlon 1nteractlon is even stronger than Welss Z:D

. - has proposed. Weiss (We 69a) has poiggked out that z-
| n'expan51on calculatlons by Cohen and Dalgarno (Co 64)
)
agree with the hlgher, 51ngle conflguratlon trena

This is to be expected here, since the Z -—expansion

method 1ncludes-qonf1gurat1on 1nteraction only within

LY
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same complex, and there are no other 4P-te;ms in -

/ .
n= 2 shell.for boron-like systems. The interac-

tion probably involves tne 2pnp 4P'series (n=3,4,5,.:.
: SN
2p 2P042p2 2P

\

The trend for this ground state transition 1is
[ 4 .

Similar to the one just discussed. Weiss' SOC calou—

lations for Cc 11 and Ne VI confirm the‘results of =

expansion calculations in predicting f to be uniformly

94

¥

RN

).

Y

30% below single-configaration values. This agreementf

indicates that the dominant mixing configuration here
is. 252p3, despite the appcarance of a lower-enerqgy p°

~‘brm (2s 3p) in B I and C 1II, 51nce the Z-expansion

method only accounts for contributions\u%thin the same

complex. More recent calculations by Westhaus and
éinanoélu (We 69b) and Nicolaides (N1 73a), employing'
addiiional electron ¢correlation effecta, uniformly
‘reducé the trend by a further 5%. The aolid odrve in
Figure 31 represents the more'extensivé results of
- Nicolaides.
As before, however, beam-foil lifetime measure-
ments tend to indicate a further slight reductioﬁ in
f is needed, at least for the ionized members. Our
?/results for O IV and Ne VI are particularly consistent
in displaying this discrepancy, while our B I value

agrees with theory[ as for the prev1ous transition.

o7 &



4 . :
The scatter of results at .N III deserves comment.

( by

The highest value is a result reported by'Dumont
(Du 72),wmgiused giaphféel curve-fitting of analog
decay durves. This can be a source of serious sys-

tematlc error and, altboqu.Dumont S resulbs are
S j

~

generally in good agreement with ours, the reliability

of any one result is sdmewhat uncertain. _The middle =

result represents a’very early beam-foil measurement

by Heroux (He 67). It is seen to be inconsistent with‘

~the trend of his own subsequent measurement of the € II

value (He 69). The lowest Vvalue was reported by Buchet
o : ‘ o : ,

et al’ (Bu 72a), whose recent gxtensive investigation of

nitrogeh lifetimes has yielded generally reliable

results. A‘simple.weighted mean value of the three
results yields f =0.36 (h" g the inverse squere of'.v
the quoted uncertalnty as ::Skstatlstlcal welght) :
This value agrees well with the trend suggested by

the other members of this sequence

NI seQuence: 2522p3 ZPQ—zszpészg

In the NI sequence, ﬁpansitions'from-%he 28

term of the 252p4 configuration'reflect the effects

of conflguratlon interaction much more unlformly than

do those 1nvolv1ng the remaining- 2P, D_and“4P terms.

The "anomalous" f-value trends for these other transi-

tions may be attributed to the near degeneracy of these

95
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.terms with terms from interacting configurations, as
will. be discussed late?. However, no other low-lying -
2S levels exist in nitregenrlike systems,'except
possibly in NI, where the 252p4 term'is not known
and may be an aut01onlz:;g state above the 2p2(3P)n£
llmlt, The trend for the 25 2p 2 ° 2sZp4 28 transi-
tion (Fig.32) 15‘51m11ar to that discussed~earlier for
the quartet transition in the Bi sequence (Fig.30).
L1m1ted—conf1gur§tlon—lnteractlon calculatlons (1nvolv—
1ng a 51ngle complex) yleld unlformly hlgh f- values,
1nd1cat1ng that 51gn1flcant m1x1ng occurs w1th confl—
gurations outside the (n= 2) complex. The NCMET

calcul;tlons of Nicolaides (Ni 73a) are fairly well

verified by our lifetime measurements in § II and Ne 1IV.

FI sequence: 2p5 2P‘O-2p43s ’p

Compiieatioﬂs due to coﬁfiguration mixing would
"usually be expected for this tran51tlon 51nce, as will.
be seen later, 1nteractlon normally occurs between the
2s 2p 3s and 252p +? configuratloms. However, in

fluor;ne—l;ke systems, 2s2pn+2'is 2s2p6, which. generates

. only a 28 term. So interaction with 3s °p can arise

only from higher configurations, such as 3d 2P, and the

‘{influence of.these on 3s °p is hormally small. Gruzdev

(Gr 71) has employed the (singleecopfiguratien) Coulomb

~approximation with“intermediate7couplipg to calculate

i
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beam-foil (Ma 71la).

I I i I I i ! I
NI sequence . - ‘
- o f
293 2P0_2p4 ZS ) ~ T
L | | A A o015
© This work ; . , /’
®  Martinson et al -t "/
A chippon et al . &
= Vv  Cohen + Dalgarno : v . - 0.10 _
O  Nicolaides i
- v, ”’///
n AT 4 0.05
—~
/
/
— !
- .
- 1 | A RN R LA R
.0 V/Z —» FeXX  PIX MWl NoX NeIZ FII OI NI =
. | ' 2 ’ i R
Fig.32., f vs. 1/2, 2s ‘2p3 2Po—232p4 2-8 transition,
N I sequence. Sources: theory: Levinson et al (Le 56),
Cohen & Dalgarno (Co 64), Nicolaides (Ni 73a); -

FI ."s'equence

2p5 2p0_2p4 34 2p

O  This work
® Kernahan et al

" (curve) Gruzdev

1 |

0.12

—~ 0.08

— 0.04

L L1 1 1

o Vz —-)

Fig.33. f vs. 1/2, '2p

seguence.

5 '2Po

FoXWNL CoXII SYII SIiYL MgIV NaXl NeIL FT

—2p435 2P'. transition, F I

Sources: theory (Gr 71); .beam-foil (Ke 72).
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oscillator strengths for this'trahsition from FI to
Cu XXI.and has shown that the trend ié fairly smoothv
throughout the sequence (Fig,33). Odr mean-1life
measurements for F I and Ne II represent the only
reliaﬁle experimental results for this transition (see
Ch.V for a discussion of the neon results of Kernahan
et al).l We have verified the 1n1t1al trend of
Gruzdev's f-values, but have shown them to be 10-20%

léw. o

The initial depression of the trend at FI is
probably due to an anomaly in the energy of the 3s 2P
term in this atom, rather than to a reduced trahsitién
integral (mdltiplet.strength). This would.be fefiécted

in the oscillator strength through its dependence~upén

. trénsitioﬁ wavelength (A) in addition to multiplet

~strength (S), i.e.

f v 8/2 v SAE

An anomalously low upper term would produce a low f.

‘Such slight depressions in f for neutral sequence

members are qommonly observed in.the Na ilsequence,

for example (see Smith and‘W1ese (Sm 7Bi)-pageslo4 and
l75 185, as well as the first two thlrd-perlod examples
discussed below). We note that Gruzdev's results

explicitly show the)deﬁiation from LS coupling.to be \\,'



negligibly small for early sequence members (<1%), and
hence no¢ responsible for the dip. 1In addition, his

single-configuration treatment 1mp11es that configqura-

e
—

tlon lnteractlon is not respon51b1e elther —
, It is particularly 1nteresting to follow his
f—valge trend to high sequence members where a pro-
nounced fall-off.is predicted. Above Si VI Gruzdev
found that departure from LS coupling in the 2p 3s
configuration steadily increased, w1th m1x1ng belng
strongest between the 2 3/2 and 4P3/2 levels The |
Ls coupling label for the_sz/2 level becomes.meaning—
less by V XV where the contribgtibns from 223/2 and
4P3/2 are equal. 1In addition‘to the reduction in f
shown here, Gruzdev reportea a la;ge increase in £ for
the normally spin—forn}éden transition 2p5 215‘-2p435 4P5
arising from the relaﬁgtien of LS coupling selection
rules with: the increase of 1ntermed1ate coupling.
‘These calculatlons emphasize how important the devia--
tlons from LS coupling can be in affectlng the osc1llator
strengths of certain transitions in hlghly 1onlzed atoms.
Unfortjnately, there are no experlmental f-value results
available for this tran51t10n above Ne II. (Note that

the. hydrogenlc llmlt of f for this An# 0 transition is
.

‘ not necessarlly zero. )

3
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Be I sequence: 2s
This transition is‘noteworthy as having prcbably
the most ex ensively studied theoretical oscillator

Strength tren among atomic systems containing more

‘than 3 electrong, The' theoretical and experimental

last 1nternat163§lwteam f01l conferénce (Sm 73, &i 73).
During the past two \years - fther 5 beam-foil life- ~
times have been measuyed \ «»:ind‘thls project) and
at least one'additionaT\;heoretlcal 1nvest1gatlon has

been reported. In this ecent calculatlon, Slms and

Whltten'(81 73) claim a hlgh degree of prec1510n, and
their results appear to provide a stringent test of'the
reliability of lifetime measutements. ‘

The f -value plot is shown in Fig. 34, whete the
‘results of Sims and Whltten for Be I, C III, and 0 Vv
‘have been connected with a solid line and: the trend
extended to the hydrogenlc limit (this belng f=0 for
a b= o0 transition). They obtained their results by
.calculating upper and lower state wave functions)
including.interelectron'cocfdinates explicitly, and
u51ng these to calculate dlpole length f- values, alcng
with upper and 1QWer bounds. Their results indicate
that the neglect of tore (ls ) and intershelil electron'

correlatlons in preV1ous COnflguratlon 1nteractlon

calculations can yield f-values that are inCOrrect by - -
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.W_‘N_§_»i‘ b | 1 I b .
‘ - - d
Be I sequence PR :
VAR A —.8
282 ls— 2s82p'p0 g / T . Y
. ) P
i . N 7 ) — T
. | | . \\ ya '
(so_hd.curv_e) Sims + Whitten (CI) _ /\Q-\‘. i
—~ . A Weiss. (HF). .. .. _ . o N . I
¥ Nussboumer (CTI)
o This work —
® - Other beam-foil '
V  Phase - shift 410
- P ’ y -1 0.6
C .
e i
/ % )
- ~
- /V/
— —0.2
i . .
-/ ) .
et | ] l, ] ] | 1 ]
W/Z —> SiXI NeMI OY NIY <CcII - BX Bel

Fig.34. f vs. l/z,'Zs2 lS—2s2p lPo transition, Be I

- sequence. Sources: theory: (Si 73, Wi 66, Nu 72); .
phase-shift (La 66); beam-foil: Be I (Br 71, Be 69, o
An 69b, Ho 72), B II (Br 71, !la 70b), C III {He 69,

Po 71), N IV (Bu 72a), OV (Ma 71a), We VII (Be 72b).
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as much as 5-10% in Be I and by lesser amounts in "
higher ions. Slms and Whlttenvquote "rlgorous" upper

pa

and lower bounds of +7-10% and- “probable" uncq;ta1nt1es

)

of <*2% for the f-values in thlS sequence, wath&the
fexcept;on_of Be I where *1% is quoted. However, all o
configuration interaction treatments yield the same
results (Witnin 52%) for all except the Be I member,

for which 5 theoretlcal resqlts are dlstrlbuted within

+7% of the Sims and Whitten value (see Vlctor and

' Laughlin (Vi 73)).

Since only one ?f the four experimental- results
fof Be I‘agrees well with any of the theoretical values,
the situation in Be I remains unsatisfactory. For
.ionized sequence'membere, the experipental trend o§
‘earlier*beam—foil measurements indicates ; slight
negetive_discfepency from ﬁheorx for B .II to Ne Vlit
Our results for B, N, O,.ana Ne show systemaficaily
better agreement with theory fhan do‘theee previous
'reeults; It appears new that the diecrepancy from
theory is real only for»B.II, and perhaps C III,'emong
ioniéed members. (In view of the £20% uncertain£§
éuoted‘for the pheee-Shift result in B II, the appa:ent-
1ndlcat10n of closer agreement with theory by that
measurement is not really significant. )

This type of dlsagreement has, in the past, been

routlnely attrlbuted to elther 1nsuff1c1ent correctlon

P ?
|

W
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© “for caseading in the beam-foil work vor the fallure to
vgcompletely account for conflguratlon 1nteractlon in
the theoretical calculations. 181ms and Whitten claim
that their theoretical uncertaintiesuare too small for
the error to lie with the theery At the same time,
it is hard to accept that the flve different beam-foil
laboratorles represented by the boron and carbon results
could ‘all have failed to correct their decays for cas-
cading in such a“ceheistent_hqhhet{ ;q_ﬁact,"the
eeECade componeht here.is relatively weak in all ions
‘and should hevé little effect on the decays. Our
fesults show it to becohe progressively weaker from
neen\to‘beron, where itlrepresents about 5% of the
initial decay,intensity: This means that-its possible
effect on the primary decay component should be least
_in B II. Furthermore, our beam-foil results have dis-
played consistency and reliability for nhmerous‘transi~
tions along many isoelectronic sequences, inCluding
_agreeﬁent with theory for two other boron transitions.
All the experimentel evidence thus suggests that the
discrepancy from theofy.indicated by:our'boron result

. ! ) -
1s real. g



6.2 Uniform‘Trends Along Third—Peribd Sequences
In the third.period (sodium to argon) extensive
theoretical f-value calculations have been performed
mainly for the Na I and Mg I sequences, since these
‘*are essentially one- and twé—electrqn sysfems, respec-
tively, outside a neon-like dbre? u%he_nextbfive tran-
_ sitidns tp_be discussed were presented by Smith and
Wiese (Sm 7la)in their 1970 compilation as predominantly
theoretical sequences, onlyva few experimental resplts
in the neutral and singly-ionized members being then
a%éilabie. Since 1970 more than 60 e#perimental £~
values have been reported fér these transitions so that
each has now been studied up to iﬁs argon member.
Nearly ali of these results are derived from Beam—fdil
lifetime experimenté, about one—third being producéd
during.this project (specifipally, results foi Si, P,
S, and Ar for all five.transifions). Since each tran-
‘'sition represents thélonly decay branch from the upper
" term involved, the mean' life yiélds the multiplet f-
Valué directly. |
Early beém—foil experiments mainly involved the
first 3 qf 4»§¢quence members and, with é‘few exceptions,
roughly(vérified theorepical predictions. However, our
first results fo; argon (Li 72a) and those of Bashkin
anaiMaftinson for chlorine (Ba 7lf indicated slight

systematic deviations below theory at higher 7.



Further evidence was needed to determine the magnitudes
of these deviations along each sequence. The scatter
among?earlier results and the existence of soﬁe very
large quoted uncertainties were unsatisfactory for this
.purpose; hence our systematic_investigation of the four
mdltiply—ionized sequence members Si, P} S, and Ar.
Con51derably less experlmental and theoretical
work has been done for the other 3rd—perlod sequences
(Al I, Si I, etc.). We shall see later that configura—
tioh“lntereotiohAeffeots>are evehrmore siéniflcéht th;h
in the second period for.transitionshinvolving low~lying
levels ln these sequences, simply becaose there are many
more possible configurations within the n = 3 shell.

For this reason, uniform f-value trends are less common.

One example in -this category will be discussed from the

Al I sequence.

Na I sequence: 3s 2S—3p 2p0

- :i The. f- value trend for the resonance multiplet in .
"n

sodlum-llke systems has been reasonably well predicted

by various theoretical calculations (see Fig. 35), °

although our_measurements now clearly demonstrate the

‘existence of a sYstematic 10-20% negative discrepanoy

from theory, at least above Al III. We agree‘very well

with the trend 1ndlcated by the C1 VII value by Bashkin

and Martinson (Ba 71) and with unpubllshed results of
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Na I sesquence T '
2¢ _ 2p0
| 38 “S-3p °P I
,43—--9
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o This work ~, ,ﬂ ¢
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Fig.35. £ vs. 1/Z, 3s 25—3p 2PO transition, Na I
sequence. Sources: theory. (Sm 7la); experiment:

Na I (Be 70a, An 70b, An 72), Mg II (Be 70a, Sm 71lb,
An 70a, Lu 73), Al III (Be 70a), Si IV (Be 71a),

PV (Cu 71¥msSo 73), S VI (Be 70b, so 73), '

Cl VvII (Ba 71). ) o

1}

T T T T ]
K
Na I -sequence .
- - |.0
3p.2p0- 34 20
- - 0.8
o This work ﬁ } '
e Other beam-toil . ' o6
- i —~ 0.4
[ —~ 0.2
¢ v
. : I O 11
o] 1/2 —> ArYiI s¥I SiIY MgIl  Nal
2

rig.36. f vs. 1/Z, 3p P°-3d 2D transition, Ha I
sequence. Sources: curve (Sm. 7la); beam-foil:
Mg II (Be 70a, an 70a, Lu 73), Al III (Be 70a),
Si IV (Be 7la), P V (Cu 71b), S VI (Be 70b),

Cl VII (Ba 71). :
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‘ﬁnderson and Sgrensen for P V and S VI (So 73). The

- discrepancy from theory is‘significant since itlis‘
nearly ‘equal to the maximnm uncertaintyyattributed

‘by Wiese et al (Wi 69)to these calculated values.

The individual theoretical values plotted ‘by Smith
and Wiese are reproduced here, since their "best-fit"
curve does not indicate the spread among these values.
(Their curves will be retained for the following four

tran51tions, where the scatter among various theoretical

values does not exceed a iew percent and‘the theoretical
trends are smooth.)

"Since'An = 0 for this transition, the hydro-
genic limit of the f—value (as 2 + =) 1is zero, which
‘means_that the lifetime results imply a shallower
slope in the trend at the very. high Z. ' ' The indication
that such a trend may be expected in the Na I sequence
was reported by Kunze and‘Datla (Ku 71) for the 3d-4p
transition. Their eXperimental and theoretical

analySis indicated that the linear extrapolation of

Wiese et ‘al (Wi 69) and Smith and Wiese (Sm 7la)between
the,existing theoretical value at Si IV and the hydro-
genic limit is not correct, but that a smooth depression
of f'is observed for alllsequence members above Si IV.
Similar results have recently been presented by

Laughlin et al (La 73b) and discussednby Dalgarno (Da:73)

for the 3d-4p and 4p-4d transitions, demonstrating that



the trend‘is not restricted to An #aaﬁ%rahsitionsﬁ,
Here the Z-expansion method,Was employed to calculate
directly the slopes of the £ vs.'l/Z curveS'at high{Z.
These results for 3d-4p are nearly-identical to those

of Kunze and Datla above the sikth member of the

sequence (S VI),,where the Z-expansion method is

" normally becoming-réliable for third'ﬁeriod sequences,

(We 67b). Dalgarno (private communlcatlon) feels that

5

thls trend may well apply to other tran51tlons in the

v S
third period. ,

Our results for the 3s-3p transition (as men-
tioned ahove)fand for the three transitionS'to be
discussed ln the Mg I sequence also confirm such a
gualitative effect for transitions involving lower-
lying. terms. In these cases, however, theoretlcal
results exist for all the members up tofcalcium, and

also for iron.

3p 2p0_34 2

A trend somewhat similar to the prev1ous case

is exhlblted for this tran51tlon (Flg 36), although the

__beam-foil results appear to converge more rapidly w1th

the high-2Z trend 1nd1cated by Z-expansion theory than

they did for the resonaﬂ;E multiplet. The consistency

of all the experimental“resultsVhere is striking, if the

ohe very low value at S VI is ignored, for reasons.



¥ | |
discussed previously :(see Ch, V). A recent meaSurement for

the Mg II transition by Lundin et al (Lu 73) shows good
ag ement w1th the results of Andersen- @t al (An 70a) and
Ber y‘et al (Be 70a), the latter author hav1ng extracted
:gthe mean llfe from the. decay of an unresolved blend.
iThe'experlmental f-value trend is flrmly establlshed '
for'the entlre seqUenqe, except possibly at Na I_where
_the transition “odcurs ih.the infra-red region (8191 RA)

and 'has not been studied experimentally.

Mg I sequence: 352,18—3s3p lPO

The resonanee'transition in the Mg I seque ~
has been.studied extensively both theoretically and
experlmentally, resultlng 1n apparent con51stency for
Mg, Al, and Si, but w1th the famlllar discrepancy from
theory appearlng at hlgher Z for the four unlformly
low experlmental‘results (Fig.37). 1In this’2—electron
5system, configuration interaction effects are otten
very important, and;extensive calculations incorporat-
ing sUchﬂetfects_have been performed by Weiss (We 67b)’
- and by Zare (Za 67). The consistency between these
celculations, and their smooth merging Qith the more
limited—CI values from the Z—exoansion technique, has
prompted Wiese et al (Wi69) to attach‘uncertainty'
limits-of +10% to the theoretieai'f—Values over the
entife"sequence Welss suggested an uncertalnty of

+25¢% for hlS own'” calculatlons, Wthh involve the Mg,

-
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Mg I sequence

T 332 'S—3:3p\IPO,

o This .work : f
- . — 2.0
® Other beam- foil
A Emission
- s : * R
V¥  Phase-shift ' . >
Average of several ,
= . measursmente . } I § 1.0
— v : ~05
: S N A Y N O
0 /2 —> AsYII SY SIIMAITL MgI

Fig.37. f vs. 1/%, 35% ls—BSBp lPO transition, Illg lsequence.
Sources: curve (Sm 7la); experiment: lg I (Be 70a, Sm 71b,

An 70a, Lu 73), Al II {Be 70a, Sm 7lb), Si III (Be 71la,io69).,
P IV (Cu, 71b,S073), S V (Be70b, So073), Cl VI (3a 71). '

—— T T T T 17T
. ) T
n Mg I sequence ‘ ’ | ‘ ‘ - l.OT
) Cee ) ¢ o
3p 3p0- 3% 3p ‘ - - 1
| O This work ' -+ ' o -8

e Other beam- foil

‘g Beck + Sinanoglu _ -
(NCMET) ° @] f

- [ Y N N |
) o VT —s ' ArYIL SY Sl AL Mgl

)
Fig.,38. f vs. 1/2, 3s3p 3-P P transition,Mg I sequence.
Sources: curve (Sm7la), theory .(Be72a); beam-foil: Mg I
(Be70a, An70a, Lu73), Al II (Be70a), Si III (Be7la), P IV
(Cu7lb), S V (Be70b), Cl VI (Ba7l, Ha7lb). - .

o_3p2-8
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~Al, and Si members; In either case, the discrepancy-
of 20-30% indicated by the smooth trend of our results
for‘higher sequence members is significant. The depar~'
Fure from fheory appears to bggin above Si III. The
stablllzed arc emission f-value of Hofmann for Si III
is probably a llttle low, in accordance with SLmllar
discrepancies shawn by his silicoh results for tradsi—
tlons_to_be_discussedrlarer._ Considerable scatter is .. ..
_evideﬁﬁlamong earlier beam—foil results for S V and

P 1Iv. The low sulfur values for certain trans1zlons
measured by Berry et al have. been discussed earller

(see Ch V). The hlgh sulfur value was reported by
fs¢rensen (So73) wltHout an estlmatlon of uncertalnty
The sllghtly low value for phosphorus is from unpu—

A

bllshed results of M¢lhove and S¢rensen (S0 73). The _ .
high value in P IV is dlsturblng since Curtlsit al
(Cu71b)performed as &etailed study of phosphorus decays
u51ng an analy51s technlque des1gned to reduce the
effects of cascade contrlbutlons. We may note that,

for the five 3rd—period~transitioos being discussed

here, in three cases the éurtis et al phosphorus f;

value is signlficantly,higher than our value, while

in one case it is muoh'lower (see Figs.35-39).

3s3p 3PQ—3p2 3p

lyistudled than the»resonance-tran51tlon. At the time



»

L
’

when we-reported-our early argon,resﬁlt (Li 72a), the
sequence trgnd was characterized by severe diSagréémeﬁt
between Weiss' SOC Q?lcuiatiogs,and beam-foil measure-
ments in Al II and Si III (the high f-values in fig.38).
Since then we havé verified that the early Si III
ﬁalué is too high (Ir 73a). Our results, albng with
several Mg I measurements, now show fhe trend to.be
systematically some 15-20% below theory (SOC and Z2-
expansion calculations). In contraéﬁvéé £He tﬁreé”
ﬁ?evious examples,.thetdiscrepancy hgre extends uniformly
to the neutral“(high Z—l) end ofﬂthe’sequence;  Recent
calculations py Beck and Sinanoélu {Be 72aLthich-are

in generél more reiigble than SOC methods, show little
difference from the earlier theory for Mg I and Si IIT,
since L-shell (n = 2) elecﬁfon éorfelation effécts
tuﬁiqpe here to the Sinanodlu theory are very small. for

this transition.

" 3s3p P°-3s3d °D

The experimental trénd fof this transitién’along
the Mg'i'sequencé was unclear.until éur recent resﬁlts
abové Al IT and‘reliable results fér"Mg Ifbecamé
,évailable.: Once again the trend appears to fall
uniformly below the cdnsiétent predictions of SOC and
Z—expansion‘calculations, although the discrepancy here’

is much less than that for the previous transition:

112,
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e
owing to the very short mean life of the 3s3d b term ..
for Ar VII (0.13 ns), our early measurement of thls |
decay in second order (L172a)fa11ed to detect the
primary component. We remeasured this decay‘in first
order during a recent extensive“study'ofﬁargon and |
obtained the f-value shown in.Fig.'39, with a cascade
component equal to our.earlier result. The consistency
of the new result with our values for. si,_,%, ‘and _s.,‘__i__s ,
evident. Bashkin et al (Be-73b) have very‘recently
reported the 353d 3D mean life for C1l VI, yielding an
ifevalue in excellent agreement with our trend and
replacing the'Lower limit of f (0.36)’for this transi-
'tionfreported previously by Bashkin'andfMartinson (Ba 71).
The>resu;ts for P IV‘by Curtis et al (§u7lbh for s v
by Berry et al (Be'nbx,and;for Mg,I;hg Berry et al
(ﬁe 70a) do not confoxin'to the trend established by the
more recent work for this transition. | |

On.the basis of experimental lifetime results
for these three transitions‘in theﬁMg I sequence it.
| would appeerlthat even eXtensive configuration inter; R
‘action~calculations yieid”f—values thatvare too large;.ﬂ
particularly for the‘higherVBrd—period members of the.
sequence, where the results of this progect indicate
_good consistency among several nelghborlng elements.-
It is 51gn1f1cant to note that the most unlform dls—

-crepancy from Mg I to Ar VII occurs for the 3s3p BPO—b
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Mg I sequence S - ‘
~ 3p 3p0_ 34 3p | : . — l.zT
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. Other beam-{oil '
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Fig.39. f vs. 1/%Z, 3s3p 3pO_35134 3D'tfansition,Mg‘I sequence.

Sources: curve (Sm71é), theory (Be72a); beam-foil: Mg I
(Be70a, ‘An70a, Lu73), Al II (Be70a), Si III (Be7la),
P IV (Cu7lb), S V (Be70b), Cl1 VI (Ba7l). ' )
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Fig.40. f vs. 1/2Z, 3s3p P-3p~ °S” transition, Al I

sequence. Sources: theory Weiss (see Wi69);
emission {Ho69) , beam-foil (Be7la). -



3p2 3P transition, where configuration interaction

appears to be least proﬁounced. Weiss' results

(We 67b) show that the incluslon of higher configurations
,(involviﬁg princlpalAquantum number n> 3) yields little
improvement over the results'based upon n = 3 inter-
:actionsdalone for-this transition. This suggests that
the source of the discrepancy is Egt simply the
fajilure to include a,sufficient.number-of-higher»

interaéting configurations in the calculations.

Al I .sequence: 353p2 4P—3p3‘4S°'

This transition is not expected to exhibit strong
~effects. of conflguratlon .interaction since no other 4.0
terms are produced by nearby conflguratlons. Our
results for Si II, S IV, and Ar VI suggest that the
trend does Conform to the characterlstlc fall-off
toward 2 l= 0 normally found in such cases (see Fig.40,
where the dashed line represents a ‘qualitative extra—
polatlon to the hydrogenlc limit). The SOC value -
calculated by Weiss Wi 69) for si %1 appears to’oe
slightly high. .There‘is avsuggestion.that theAtrend.
is beginning té level out between sulfur and silicon,
Wthh would be consistent with a sllght drop in f- value
near the neutral member, as in the Na I and Mg I |

7]sequences discussed previously.
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6.3 Anomalous_Trends

Redently, rellable lifetime measurements in the
vacuum ultraviolet have demonstrated that. "anomalous"
departures from uniform f-value trends are real and are
relatively Common.among promlnent transitions for nearly
all iSOelectronic'sequences. These f- value anomalies
.are almost always found near the neutral end of the
sequence and are usually attrlbutable to conflguratlon_w_q,
”1nteractlon resultlng from the close spac1ng of energy
levels that characterlzes the lowest.sequence members.
Frequently, the energles of conflguratlons 1nvolv1ng
different pr1nc1pal quantum numbers’ exten51vely overlap'
for the neutral atom, so that lnterpolated term '

cr0551ngsﬁlmust occur.along'the sequence as each.confi

figuration'converges onvits hydrogenic energy at 271 0.
Ions near these crossings can exhlblt dramatic abnor- |
malltles in the f-values for tran31tlons involving the
- crossing terms. 4

The sequences to be dlscussed below involye ™
atomic systems Wlth normal outer electron conflguratlons
of the type ns np (a'= 0= 5) in the second  (n = 2) and
thlrd (n'= 3) perlods, Spec1f1cally the B I-FI and
Mg I -SI sequences. 1In- these systems, the dominant

interactions are found to occur'betWeen_szp ’12 and

1 a+l

. - L
spa+l configurations (or‘spé £ and p ), with £
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representing- elther an 8 or d electron (a p electron
would glve opp091te parlty and hence no interaction
with sp +l). The d electron is a‘"nonpenetrating"

electron, whlch labels ‘any spectral -series of the type

(core)+ nd (n = ;éj/ii;;;L,aS/é/Zonpenetratlng series. -
. : ‘ / : , o

In partlculari/t series we sHall be referring to are

. - 7 E . s :
szpa 1 nd th = 3,4,5,...) in the second and third

perlods. Similerly1 szpa_lns is called a penetratlng

’”serles where n 2 3 ln the second period and n é 4 in

;the th;rd/perlod The significance of conSLdering a
series of configurations will become more appérent |
Ister. Often only the lowest COnfiguration'of the

series interacts with spa+l, althqughhin some cases
several series members and'even other configurations

can also contribute. Examples are presented below of

a few 1nteractlons 1nvolv1ng flrst penetrating series,
»then'nonpenetratlng series, followed by 1nstances yhere -
both interactions seem te be involved. Flnally,

.examples from five dlfferent thlrd—perlod sequences

" will ‘illustrate in more detall the particular importance
eofﬁconfiguration‘mixinglwith nonpenetrating'series for

<

elements with % >.ll.

o
JPIR
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6.3.1 Penetrating Series Interaction

The effects on oscillator strength of interaction.
involving a penetrating‘series and a perturbing term
are clearly illustrated in Fiﬁs. 41 and 42 for the Bi
eequence.. As shown in the‘ineet.of Fig. 41, the 2S»
terms of the 252p21and'25235 configurations cross‘

e

between B I and C II, with the_2p2 term in B I settling'

}

between the 6s and 7s members‘of the 252ns -series. The N
-
v'next lowest conflguratlon for whlch there is 4 2S term
_ is 2s2p3p. This level is well—separated 1n~energy from
the‘two lower 2S‘levels and has l%ﬁtle effect on them,
except pOs:ibly in B I. Early sﬁ;erposition of confi-
'gurations (SOC)'calculationsiby Weiss (We 67a) indicated
that strong mixing_ofJthe'252pi.and~2523s c?%figurations
yields two dominant'oomponentevto'the transition integral
for'the 2522p—2523s transition which nearly caneel eaoh
other. The reSnlting f-value in-C'IIans found to be
‘aboutvfive times smaller than the prediction of single-
configuration calculations; and showed qualitative
agreement w1th the beam-foil result of Heroux (He 67)
for N IIT - the only experlmental value then ava11able~'
for this tran51t;on in the B I sequence. Since that'
time WelSS has - performed SOC calculatlons for B I and
Ne VI as well and beam—f01l llfetlmes have been

reported for the first four.sequence members, 1ncluding'

-our results for N,III‘and 0 IV. Confirmation of the
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Fig.4l. € vs. 12, 2p
Sources: theory: Jeiss (We69a); beam-foil: B I (Beb69, ‘

An69b), C II (lla/0c, Po73), N III (He67, Bu72a),.
0 IV (Bu72b). ' : .
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Figi42. f vs. 12, 2s%2p %p° ? 23 transition, B I

P -2s2p
sequence. Sources: theory (Weé9%a, Ni73a); beam-foil:
B I (Ma70b), C II (He69), N III (Bu72a), 01V (la7la).

i
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thepretical trend is evident, although significant - v
: diSagreement exists among all experimental and theore-

4t1ca1 results for B I and C II. We note that our

resaé% for the 0 IV transition (279 R) represents by

fa" tl@g lowest wavelength for which a beam-foil decay

'measﬂkement has been reported using a normal-incidence

~of the f-value result.

—

spectrograph. The low inteﬁsity of this line in our -

.

speétra)(see Fig. 19) is reflected in the uncertainsy_;

The trend for the transition from the 252p2 25

Pl

mixing term (Fig. 42) was also first'indicated by

Weiss for C II and Ne VI (We 69a)‘and has been recently

confirmed by more extensive calculations of Westhaus’

120

and Sinanoglu (We 69b) and Nicolaides (Ni 73a), the latter

author extending,the‘treatment ﬁp to Si X and presenting

the,first?theoretical result for B I. Beam-foil results

g

experimentally verify the trend for ionized sequence_

'members; our results appearing for 0 IV and Ne VI, but

there is large disagreement at B I. Nicolaides (Ni 73a)"

points out that for neutral atoms, calculated oscillator

strengths of 2522pn—252pn+l'transitions afe particularly

sensitive to the details of correlation and/or cancella-

tion effects, and therefore are of rather unpredictable

accuracy. .The beam—foil fesult.of Buchet et al (Bu 72a)

for N III (f = .053). is presented only for completeneés.
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.tunately do not quote:this lifeﬁime‘component.

121

This transition is normally blended with the resonance
line of N IV 1n beam~foil spectra, and our 1nvest1gatlon
of nltrogen indicates that the N IV tran31tlon domlnates
at the ion energy employed by Buchet et al for thlS
lifetime measurement Thelr quoted mean lives for

these two transitions are not 51gn1flcantly dlfferent

(The N IV transition has been discussed earlier - gee

F;g 34),

i.An analogous confiéuration-m1x1ng 51tuataon occurs
for the 2p2 IS and‘QSBe lS levels . .in the Be I sequence
(not shown here). . The f-value trends for the tran51tlons
connecting these w1th the 252p 1P level are predlcted
to be very 51m11ar to those just dlscussed (Sm 7la,Sm 73).
Experlmental agreement is somewhat less good for these

tran51tlons, however. In particular, the beam-f01l result

of Martlnson et al (Ma7(b)contrad1cts the SOC predlctlon

~ by Welss of a very low f- value (v0.001). at B I for the

2s2p lP -2s3s lS transition’ (see Smith et al (Sm 73)),
the difference belng about a. factor of 50 If the theory
is correct, this transition should be very weak and the
poss1b111ty of s1gn1f1cant blendlng in experlmental
spectra due to other weak tran51tlons 1ncreases.‘ Thls
could account for the dlscrepancy from theory shown by

the Martlnson et al. result They 1nd1cate that thelr

—

decay curve ‘was COrrected for a _cascade", but unfor-
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(Note: It has’ been p01nted out by ‘Weiss (We 72) that -
the ass1gnment of the 252p L o—2p2 lS transition in
1

Be I is incorrect, and that the 2p S level is still
not known ) '

In the thlrd period, the same trends are pre—,
dlcted by the SOC calculations of both Welss (We‘67b)
and Zare (2a 67) in the~Mg I sequence_(see_Flg{ 43) .
The s levels.of the 3p2'and 3s4s configurations cross

between'Al II and Si I;I,wand ebrresponding pesitive

s

and negative anomalies result at Si III for the _.f-values"

of their respective transitions to the 3s3p lPO term.

.The lone experimental result for the 4s lS litetime
in Al II indicates eonsiderable.discrepancy from theory,
but further measurements are reéﬁireq to verif? this
result and to aseertain the true magnitndes_of_these
anomalies. E - . ‘

| Although the complete description of configura;
tion 1nteractlon near these types oﬁ level CrOSSlng is

complicated, a qualltatlve plcture is apparent for the

p051tlons and directions of the.resultant f- value

ChegTT

H

'anomallesbfor P-S multiplets. ‘(The Qs01llator strenéth
herelyill refer tO'aBQOrption from some giten=initial
state.) As the p term approaches the lowest member of
,.the ‘ns serles, oscillator strength -1s transferreé “from-
.the,serlesttﬁ“the'approaChihg'term, with the greatest
transfer occnrring for the-ion in which the_mixing-terms

k.

122-
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are closest together before the p2 term penetrates the

series (i.e. before the cr0551ng) After penetratlon,

g
.

there is a rapld recovery of osc111ator strength by

91,"""“"“

“”'é""*~5the series member at the expense of the (now higher)

p2 term: The exact f-value of the transltion involv-

~~

ing p2 at this point is probably dependent upon how high
up.the series thep2 fgrm lies.

~ On the basis of this picture, we may comment on
'%”the f-valie- trends for tran51tlons 1nvolv1ng the7m”"”m'
.analogous 1nteract1ng terms in the Al I sequence (see
Flg.44a),vfor which there are few theoretical calcula—
tions. The 23 levels‘of the 3s3p2 and 35245 configurar
tions cross‘betWeen Si II and P .III, so that the. f -value

anomalies should appear at th P III member.j.Unfor—

tunately, no results are available for eltherytransition e

-~

in this critical ion. Severe blending with other

phosphorus t£§nsitions precluded our obtaining reliable
. ) : K A { . .

lifetime results. However, a combi$ation of beam-fofl

“and phase-shift measurements confirm the SOC q@&culations;

" of Weiss for the 3p 2PO—4s,2S f-values in Al I and Si II,
¥ . K

e

P
13

and we may speculate on the trend for>higher‘ions. The
f-value dip should occur at P III and th€ plotted trend;ﬁ_.

should lie below the single-configuration predictions
v

for” at least the next few 1ons, to conform to the anal- .
- 8 )

ogous examples prev1ously dlscussed (The dashed curve

in Flg 44a suggests such a p0551ble trend, although the

T aatdl
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magnitude of the anomaly is purely speculative.)

For the 3p 2PO-3p2 2S tran51tlon (Fig. 44p), our

.results for S IV and Ar VI are the only f-values

available above Si IT and they suggest the qualltatlve
trend expected for multlply-lonlzed sequence members.
ln_§; II, a recent phase- Shlft llfetlme measurement
by Curtis, and Smith (Cu 74) dlsagrees with the emission

arc f-value obtalned by Hofmann’ .(Ho69), the latter

supporting the SOC calgulation of Weiss (Wl 69). The

: plcture that has been developed above tends to favor

the two lower results, since the-crossing of terms

- between Si II and P. III should‘result in loss of .

oscillator strength for the transition involving the
3p2 %3 level in Si II. A possible trend below S v

is suggested in Fig.44b, Remeasurement of the silicon

f- value u51ng the beam foil technlque may help clarlfy -

thlS dlscrepancy.u Measurements in P III for both

tran51tlons of this sequence are clearly needed,

althaugh the line blending mentioned earller will be .

v

- a problem with low—resolutlon studles of these rela—'

'tlvely weak features,

C

6i3.2 Nonpenetrating Series Interaction

The redistribution of oscillator strength that

. , . - a . .
‘results from interaction between a p configuration and

~

©125
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a nonpenetrating (nd) series is most evident aiong an
1soelectron1c sequence for transitions 1nvolv1ng the
pa configuration. Pertlirbations due td\p tend to
‘be distributed over sevéral series’members; whereas
the effects of the series are concentrated on pa.

Y ) ; -
Exémples of f-value trends for szpa-—spa+l transitions

.representing three different sequences.are presented.
below to illustrate this type of interaction._,

. A distinction should be noted between the prin-
C1paliduantum numbers involved in the p and nd
configurations that are interacting in the second‘
period and the‘third peried. Since there is no 2d
electron, both 2pa (second period) and 3pa (third period)
interact initially with ‘the 3d configuration. The
m1x1ng in the third period thus arises fromlwithinvthe
n.= 3 electron shell and is generally observed to be.
more pronounced than the 1nter shell mix1ng in the
second perlod. The third example below suggests the
extent_og_significant interaction effects along a ’
third-period sequencé; and it can be compered with

the first two examples from the second period, in which
such effects are seen‘togbe ﬁore restricted in range.
These interactions‘in-the third period exhibit some

unique features, and detailed studies of the resulting

trends will be discussed. in Section 6 3.4.



127

The B I sequence displays the effects of inter-
-action between the 252p2 2D texrm and the 25 nd 2D serles
in a plot of the f-values for - the 25 2p. 2P -Zs2p2 2
transition (see Fig. 45). Welss (We 69a) has shown that
the effects of two interactions are actually snperposeo
here: a uniform reduction in f below the single-configqu-
:ration values due to ground—state configuration ‘inter-
action between 2522p and 2p3; and a further loss of
' osc1llator strength resultlng from perturbatlon of the-.”

2s nd series by 232p .- (The former interadtion was

~discussed earlier in connection with  the 2PO—?‘P transi-
”tion - see Fig.31l.) More extensive theoretical calcu-
lations and numerous eXperimental measurements, inc;gding

our values for 0 IV an®l Ne VI, have essentially confirmed

o

the trend, indicated by Werss' SOC_Calculations, that
passes thropgh‘the early‘phase;shift result of Lawrence
and Savage‘(La66) at C II. (thlce, however, the’ factor
of 2 dlscrepancy between Welss and Nicolaides at B I).
The effect of conflguratlon m1x1ng in the 2D term
decreases rapldly for higher series members as the 2sZp
'and 2523d conflguratlons separate.

Just as w1th the penetratlng serles, 1f the p
perturber lies bgigw the serles, the f- value anomaly

(strongest mixing) occurs for the sequence member at

»

which the mixing terms are'closest together., For both

" types of serles, at thlS ion there is strong cancellatlon

AR

B
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8 I sequence

) 200
C2p 2l-’o--Zp2 2p

~—>

~ (curve) Nicolaides (NCMET) 100- —J0.12
-V Wasthaus + Sinanodilu (NCMET)
A Weiss (80C)
o. This work

® Other beam-foil
- W Phase shift

B Hanle :

E
L 1 [(kK)

-10.08

—10.04

: I I S I 1
suxﬂ.» NeWFY O NI I Bl - 1/z —

Flg 45 o f vs . 1/2, 2522p 2P 232p2 2D transition, B 1

‘_sequen . Sources: theory (.4i73a, We69b, We69a) ;
""—t.xperlmc_nt'\,g I (La66, He68b, An69b Br7l Be69).,

C II- (La6g, BYG69, Po73) Jd III (Hc67 Du7’2 Bu72a),

O Iv (B167b A1a7la)

!

CI sequence . 0
2p2 Ip_2p3 o0 . O
v

400 - T

200 - 0.30

(curva) Nicolaides (NCMET)

V Westhaus + Sinanodflu (NCMET) vy
¥ Cohen + Dalgarno (Z-exp.)  ,-°

O Nussbaumer (CI) ’

(kK)

- |- < Bolotin et al (CI) v Jdo20
O This work : .
® Other beam - foil
In : s T : . o —o.0
s ]
R Pl
: -
-
— - R . .
= : l ol I I I _
R PX No¥INeY FIV Ol NI I 1/Z—>

Fig.46.. f vs. 1/7, 2522p2 lD 2s2p3 Ipo transition, C I

$equence, Sources: theory (Ni73a, “We69b, Coé64, LJUGQ,
Bo56); beam-foil (Sm70 Bu72a, ,Dq72 Ke72) : .
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‘interaction between‘252p3 ?DO and 2522p3d 3DO (not
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between the two conflguratlons that contribute to the

) tran51tlon moment, For nonpenetratlng series, oscil-

lator Strength is lost to the serles by the perturber,

whereas for the penetratlng serles dlscussed so far

_(P~S multlplets), the series 1oses osc1llator strength

to the perturber.
A trend very 51m11ar to that shown in Figq, 45

appears in the C1I sequence, representing the analogous.

- Shown here; see Smith and Wiese (Sm 7lan Agaln, recent
\ .

exten51ve calculatlons by Nlcolaldes (Ni 73a) and our

mean-1life measurements in oxygen and neon have conflrmed

the earller results for the 2p2 3 2p2 3 tran51tlon

A s1m11ar 1nteractlon is to be expected between

1

the p° terms of these two carbon- llke conflguratlons,

and Fig. 46. dlsplays f value results for the 2522p2 l

252p 1

D° trar‘tlon Three observatlons may be made
regardlng these results (1) various- theoretical calcp—
lations 1nd1cate similar trends but are dlsplaced |
vertlcally from ‘one another,;(Z) large dlscrepanc1es

are apparent among the. experlmental results (all are

beam ~foil); (3) our . results show excellent agreement”

.w1th the calculatlons of Nlcolaldes ANi 73a).

The spread observed among the theoretlcal results'

reflects the dlfferlng degrees of conflguratlon 1nter—

. actlon that were 1ncluded 1n the various treatments.

-



: Cohen and Dalgarno (Co 64) and Bolotin et al (Bo 56)
'con31der only 1nteractlon within the same complex, in
.this case between 25 2p and 2p in the lD lower state,
show1ng that the f—values are cons1derably reduced

from the results given by a 51ngle—conflguratlon

treatment (e.g. £ =0. 53 at 0 III w1th no configuration

1nteractlon - see- Westhaus and Slnanoélu (We 69b)).

: Nussbaumer @h169) 1nCIuded also the’ upper level 252p3;
2s 2p3d 1nteractlon for 0 IIT and predlcted a sllght
addltlonal reductlon in f (mlOs)._ Detalled'electron
correlation was con51dered in the many electron~theory
calculatlons of Westhaus and Slnanoélu (We 69b) and
NlCOlaldeS(Nl 73a), the latter author employing more. .
accurate wavefunctlons,,and still further reductlons
of %10% and n25%, respectlely, were obtarned. The
Nicolaides results are conclusively verified by our -
lifetime measurements in N II, 0 lIl and Ne V From
the results of Nussbaumer it is evident that the 252p ’
v2522p3d interaction here is relatlvely weak. This 1s
reflected in the "turnover" of the f- value trend being
more gentle than that for the boron sequence discussed
above, and is probably due, in part at least, todthe
rather w1de energy separation of these lDO terms'in'

\
the crltlcal ion (N II).

130
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| The three very low beam-fOil f-values are
somewhat disconcertlng, since they represent fairly
recent work. Thelresults of Kernahan et -al for neon
were‘fully discussed in Ch. V. In'N II, the result of
iSmith,et al (Sm 70lcould‘be a consequence of insuffi—
‘cient time resolution in ‘their system. Although the&
olaiﬁed, in principle} to be able to detect a lifetime -
as short as our result (O 36 nsl, they}presented‘no _. B
mdlscussion or short lifetime results‘to subbort”thish-dnv
claim. The result of Buchet. et“al.(Bu‘72a) is diffigult to
understand They had better time resolution}than Smith
et'al and reported several lifetimes Shorter than 0.3 ns.

» Their results for nitrogen agree well w1th ours for

about 20 out of 25 comparisons.

The 3s 3p- 1p- 3s3p3 1p° transition in the Si I

L

sequence is homologo’s to\that just discussedgin.the
.C I sequence.; HoWeJ:r, dggfiguration interaotion here
between_3s3p3 and 3523b5d is eXpected:to be more
entensive than that bétween 252p3 andh2522p3d, sincel“
hthe mixing-configurations for third-period elements are
within the same_complex. There'is no theoretioal work
available.for‘this transition,‘but three beamefoil4 R
measurements in s IlI,'Cl IV;jand'Ar V clearly indioatev
‘that the effects of_the'interaction e#tend well along
the sequeﬁbe (see.Fig}-47); Although these reSults_giue

- no indication of the turnover peint, a crude qualitative
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Fig.47. f vs. 1/%2, 3323p2' lD—38‘3p34 ll)(_D transition,
Si I sequence. Sources: S II1 (Be70b), Cl IV (Ba7l).
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Fig.48. f vs.. 1/2, 3523p344so-353p4 4P transition;‘P I
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guess can be made on the‘basis of more extensively

,studied third-period sequences (see Section 6.3. 4),

.and this is indicated ‘by the dashed line. Comparison

of this trend with the two preVious examples reveals
that s1gn1ficant configuration mixing of a nonpenetra-
ting series term with a perturbing term is evident’
much farther along an isoelectfonic sequence if the
mixing configurations ate_withinvthe_samelcompiext

The tesnltant f-value anomalies are of comparable mag-
nitude, however."(The tranSition in Ar Vv was reCently 
aSSigned by Ekberg and Svensson (Lk 70)) . ‘ ;

The pattern indicated by these three examples

for a pertxi ing term approaching a nonpenetrating

‘series appears to be true in general for such situations.

'Weiss(We 69c),in considering the particular case of the

ZD series of Al I (which we‘shall discuss later), has
proposed an apoioximate model for'gfoviding a quali-
tatively‘reliable description of the term-scheme and
oscillator5Strength trends that result from such inter—
actions.® For strong configuration interaction he
offers two conclu31ons. (1) If the perturber would

normally appear below the series in the absence of

.interaction, the interaction pushes the perturbing

> e

state down and transfers osc111ator strength from it

| to the series._ This is jUSt what we'have seen for the

three transitions consideredlin this section. -(2)*If
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tne perturber would normally appear ennedded in the
series or in an autoionising state above the series,
the interaCtion produoes a (higher) autoionizing state
which takes up most.of the series oscillator strength.
‘The latter characteristic is evident in several third-
period sequencesvto be discussed iater..‘Weaker confi—
_gnration interaction-produces more localized results: -
repelling of neighboring series -states by.the perturber -}
. and less transfer of osc1llator strength The model
is valid only for a nonpenetratlng serles, where the .
electron is radially far removed from the rest of the -
atom. These general characterlstlcs, however, will be
useful for ‘helping” to specify the dominant unteractlon

when both a penetrat;ng and a nonpenetrating series can

interact with the perturber, as will be discussed in

T e L e

Section 6.3.37 3 . AN

6.3.3  Competing Interactions

In atomic systems where a penetrating series.ano
ia nonpenetrating‘series both produce the same term as
a-pa_oonfigoration, the effects of Mixing from both
configurations may be apparent in the f—values of
transitions lnvolV1ng the p perturber.- Of the ns and
nd series in tRe second aad thlrd perlods, only the 3d
conflguratlon in thlrd—perlod systems belongs to ‘the

same ‘electron shell as its perturber. For this reason,
. \
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the mixing characteristics are expected to be different
for the two periods, particularly those involving ndn?‘
penetrating series, as mentioned earlier (see Section

6.3.2). |
o

This contrast is clearly displayed by thé f-

2.3 4 4 4

value trends for the sp So-sp P transitions in

the homologous N I and P I sequences (see Figs. 48

~.and 49). Aymar (Ay 73) has recently performed confi-

guration-interaction calculations for the phosphorus-

'liké'systems-and found the interaction of 353p4 with

3p24s to be negligible compared to that with 3p23d.

‘The intéraction thus reverts?simply to that for a non-

"

penetrating series. The characteristic turnover of

the trend fairly well down the sequence is suggested
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by both theory and experiment (Fig. 48), with our result =

for Ar IV providing clarification of the previous dis—

1

agreement for that ion. {(The extiapolation to 27 = 0 -

‘above K V is only qualitative.)

In the N I sequence (Fig. 49), consistency among
experimental results is excellent for N I,-0 II, and
Ne'IV, each of which we have measured. "An abrupt

turnover of f-value at- 0 II is indic.ted, very much

like that shown by the B I seqhence as a result of the

analogous 252p2, 25°34 interaction’ (see Fig. 45). The

extent .of the interactibn‘along the sequence is seen

to'be more limited in the second.period than in the
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Fig.49. f vs. 1/2Z, 2522p3 uSO—2s2p4 4P transition, N I

" seguence. Sources: theorY‘(Ni?Ba, We69b, Co64, La73a);
experiment:N I (La66,La65,Du72,5m70,Be71lb,Ba69),
O II (La70, Sm7lc), We I1v (Ke72). . .
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N I (La65,8e7lb,Du72,La68), O II. (Ma7la,Li72b).
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third period),hut_large losses of‘osclllator strength

characterize both situations; The anoﬁalylat NI

may not be due entlrely to perturbatlon of 252p4 by

2p23d however., The 2p 3s’ 4P term could be relatlvely
’more influential than itsfthird—period counterpart,
for reasons mentioned above. ‘Unfortunately, a simple
qualitative-hodel of the reSults of penetratihq series
1nteraotlons, llke that dlscussed earller for non-

penetratlng serles, does ‘not seem to be p0551ble. RN

N Varlous recent theoretlcal results for this

r~

transitidn are,nct particularlx'consistent.' Laughlin .
and Dalcarnc (La73a)have‘recehtly_iméroved the Z— 
»expahsionltechnique far terms‘where zero-order con-
flguratron m1x1ng does,not occur (1 ‘e, where no common
terms ex1st among conflguratlons 1nvolv1ng the same
'electron 52511) ‘Their results are exact to flrst

'order in the 1/2 expanslon.of f but Stlll do not allow>
- for interactions from other shells,hsuch as frcm 2p 3s

or 2p 3d here. ‘Consequently, therenis'imprcjement'bver
earller Z—-exp n51on results, but ¢ no‘agreement with‘
expeﬁament except at-0 II, and this is probably coin—
c1dental. The NCMLT calculatlons 1nclude these and\
other correlatlons, but for N I and 0 II N1cola1des
;(ML73a)and Westhaus and Slnanoglu (We 69b) dlsagree,.
w1th the latterﬁauthors at least predlctlng the S

observed dlrectlen of the trend for the low A members.i

. . B
o . .~
° . .
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"The sensit#vity of the many—electron‘theory to

detailed correlationslin neutral atoms has been

p01nted out by ‘Nicolaides (N1 73a) and’ dlscussed very

recently by Froese Flscher (Fi 74). Attrlhutlnq dis-

. €

Sﬂk‘

- the OSClllator strength lost by the tran51tlon 1nVOlv1ng

S+ numerous experlmental results. ‘The f =value in N I

crepancles and trends to- 1nd1v1dual conflguratlons

.

is not easy from the way NCMET results are presented

however, if 1ndeed there is a 51ngle domlnant 1nter—

actlng conflguratlon to be 1dent1f1ed here.

K
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k,r Inspectlon of the tran51t10n-1nvvlv1ng'"2p23s 4P T

(Fig. 50) agaln reveals excellent agreement among
4 L

'y
'~mal%USly hlgh w1th respect to the 51qgle confr

guratlon value. ThlS probably accounts for much of

252 P and 1nd1cates that lnterference between 2p 3s
% |

A J
[

.and 252p is constructive for the transa..tlon érom the

A RO .
4P term of the former and destruEh&vé for that of the

!

létter. The effect of 2p23d upon Zs2p theugh should
pnoduce the same type of turnover in the trend of £

fbr the 2p -2p, tran51tlon, but the‘&elatlve contri- .
"y
butions of the 1nteractlons w1th 3s and w1th 3d are

not known. No experlmental'results are available for

the 2p3 Ag0 Zp 3d 4p ‘transition.. Note that the arc'

Y

emission,f—values of Labuhn (La 65) ¥or N- I are too high
: /

for both trgnsitions (Figs. 49 and 50) .

: s
s e S~

-

te
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An almost'analogous f-value trend exists for

2
3 4

In the 2p~-2p multiplet, the relatlve v‘

D-2D tran51t10ns in thlS sequence (Flgs‘

1l and

52).

three rellable sets of calculatlons are very slmllar

-

to their values in Fig. 49.. :(There is no known 2p D

ionization limit and thus autoionizing:

)

" state in N I - it is probably above the 2p2(3P)n2

Agaln there

is reasonably good experlmental verification of

Nlcolaldesf;results at 0 II and.Ne IV (the higher

beam-foil result for Ne IV probably is not reliable -
32 o““

see Ch, V). Our measurement  for the 2p

v

2p 3s

' 2p

~transition-in N I confirms previous experimental indi-

cations of a positive discrepancy fron*the theoretical

2p4 is compliéated'by its probable autoionizing charac=
Y .

‘single-configuration value.,é?he interaction heremwith

teristics. The general resemblance of these- trends to

those for the«4 o_4

P tran51tlons strongly suggests

139

that conflguratlon interaction- effects are qualltatlvely

to understand and- probably are notareal

A[n N i

4

.the saMe in' both cases.' The observed "dlps" in

In fact

_Nicolaides' caloulated trends near F III are difficult

Flg» 49 in partlcular suggests ‘that hlS N I and 0 II

values depart from the 1nd1catéd turnover in tm

2

'w1th experlment.for,o II are no less coincident ]

ex-

perlmental trend ~whlch 1mp11es ‘that .his, frocments

than
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those of Laughlin and Dalgarno for both transitions
in this ion. '
'The 0 I sequence dlsplays this type of level-

-cr0551ng as well (see Fig. 53). The 3P‘ terms of

3 lo)

2p 3s' 'and 2p~34a’ cross-the.3P term of 2s2p5 between
F II and 0 I, with all three lying aboventhe 2p3(4so)n2
limit in o I; For LS coupling, however, these are
" bound states since ‘autoionization to the contlnuum
hls forbldden by the parity- conservatlon selectlon rule.“
v(l e,lthere are no’ 3PO states in the (4S yng contlnuumb
Our. results ln F II and Ne III conflrm for the first
time the NCMLT trend of Nlcolaldes (Ni 73a) for the 2p -
2p5 tran51tlon, at least for the " 1onlzed sequence T I
members. The reductlon of f-value for the neutral
-_’end of the sequence appears to be spread over more
'1ons than in the. N I sequence examples. A measurement
of £ fon the 0 I member here (792 A) would be Valuable‘
‘not only as a test of Nlcolaldes' result- bﬁt also as‘

o
an 1nd1cat10nJEf the 1mportance of weak aut01onlzatlon

© terms due to slight dev1atlons from LS .
coupling.(i .e. mixing with S and D terms ‘that - exhlblt
allowed aut01onlzatlon) This m1x1ng has been discussed
by Lawrence (L&Jﬂn.for he 2p 35" 3p°° tetm.

In the C I sequehce, once again the analogOMs
cr0551ng of a 3s term by p occurs; but this'time '

between the'second and_third seduence membersa_with
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‘subsequent crossing of the 34 term occurring between
N II and.C I (see Fig. 54).° The 2p? lp-2p3 1p*
tran51tlon shows the characterlstlc loss of 0501llator

5]

strength at N II, whe;e.the 2p perturber is closest to
the nonéenet;ating 2pnd seties. Our lifetime measure—
ment and that of Buchet et al (Bu 72a)are eonsistent'in
*1ndlcat1ng the NCMET. prediction to be agaln too hlgh

as they were for the analogons case in the N. I sequence
(seé Fig. 49): In 0 III we find aq;eement with the
NCMET’theorf, fevealing the depth of the anemaly'from‘
0 III to N iI te be greatef than.was indicated by - |
eaflier.experimental results. The 2p3 lPO lifetime

in O III is very short (0. 08 ns)'and time—resolution
limitations in the earller_experlments eould aecount
for the lower f-values that were ebtained.

The f—value_trend for the tranSition‘from the
potentially-interacting 2p3s 1Po level is partlcularlf
1nterest1ng, and has been discussed by* Smlth et al
(Sm 73). The C I value is falrly well-estgbllshed by'
'varlous measurements and the S0C calcuLatlons of Welss,
(see Flg 55) For-lonlzed members, though-'only one
hlghly uncertaln (¥50%) llfetlme measurement in N IT

'and a limited conflguratlon 1nteractlon calculatlon in-
1O_III have been avallable.prev;ously,‘a51devfrom
’-,sevefal single—configuration treatments that are of

dubious accuracy. We’have measured both the N»If'and'
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L o This work B . N "~ —o0.20
- e  Other beam-foil o - DA .
¥ Phase- shift : V:/O .
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On-
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R o 0.10
'/
. . o . _
v/ . . ’ . . .
- 11 1 | | o I 1
0 /zZ — PX SiIX ° NaYINeY FI¥ OIT NI cl
' 1 3 1.0 '

Fig.54. £ vs. 1/2z, 2s°2p® 'p-2s2p> 'p° transition, C I
sequence. Sources: theory (Bo56, Co64, di73a, We69b, -
Hu69); experiment: W II (Bu72a), O IIIl (Li72b, Heé68c)’

]

I . v 1T T A ]
- o : | , L N dors
CI sequence . . . . o
[ 2p2 Ip—2p3s PO ] T
‘ PP » ) - . f
—  X,V,’A (nocI) AU | . ' —oua
0,9 Weiss (CI) : S g T ' N
- O 'Nussbaumer (CI) . | T - _
o This work ‘ : PRI ]
. @ Other beam-foil . S _-i;'v. L ;
— ¥ Phase-~shift . Sy % - ==K , _ — 0.10
" @ Emission . - )
— Il A —
N . ’./’,_‘ ) D ) ’ — 0.06
# Y X } ]
— o S —10.02
11 N N N |
0 T —> -PX : (03111 NI cI

Fig.55. f vs. 1/2, 2p2 lD-.-2p3s lpo transition, C I
‘'sequence, Sources: theory (We67a, Nu69, see Sm73); -
experiment: iC- I (Ma72b, see Sm73), N .II (He68a)..
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0 III lifetines and find fair agreement with /,Q@A
Nussbaumer (Nu 69) for 0 III, but a surprisingly high
f-value for N‘II" | |
'in‘O'iII, our resulte here and“in Fig;.SA éhow 
:NuSSbadmer's values to be slightly high: It appears
that he'ineluded only the‘interactidn-between 252p3
.and.2p3e in both Eases and, although tnis accounts -
for most of the deviation of~f‘from'singie—confighration
predictions -in-0 III, complete agreement with" experlment
would not be expected Tne negative f-value anomaly here,
where tne perturber’lles below theAseries, indicates
that the cenfigurationvinteraCtion in this ion causes

cancellatidn in the transition moment of the 2p2 1y

2p3s lPo transition( just as in the C fItép 2Po—3s 2S
transition in the B I seqnenqe discussea.earlier (see
Fig. 41). This is.in coritrast to the trend that was
.shown‘in"fig 50 in Wthh f was seen to be sllghtly
hlgher than the 51ngle conflguratlon predlctlon ln 0 11,
where the perturber also lies below" the serles.‘
Clearly, even the qualltative result ofumixing with °
a penetrating series depends'upon the indrvidual mnl-
tiplet-ianlved, wnich was seen not to be. the case
jfpr.mixing'with-a»nonpenetrating series (Sectibn 6.3.2).
In N i1, the earlier phase Shlft measurement

by Hesser and Lutz (He68a)15 probably unrellable.b_v

Apart from their large and somewhat arbitrarlly qupted'



unCertainty of iSO%A two of the remalnlng three- llfe—.
time results that they report for nltrogen depart from
well-established values by more than a factor of two.
The positiyeadiscrepancy from single-conflgurationﬁ
predictions that is.lndicated by our résult is’again

consistent with the trend shown by the 2p 2pO_3s 25

transition in the'B:I sequence (Flg; 41). The magni~ -

. tude ofAthe anomaly herehis much greater, however.

- The'nUmerouS'results fcr'thé'q“iiséquéhéé“ﬁémbér*ab

not reflect thiS'very high‘ualue of £, 'although Weiss

reports his socC value to be sllghtly hlgher than his

31ngle conflguratlon result. A detailed calculatlon

of f for N I1I 1s\called for by these results, which'are

“the first to indicate a 51gn1f1cant double anomaly in

the f- value trend along an 1soelectron1c sequence. ’
-Partial support for the existence of thlS beha—

.v1or is found 1n the analogous multiplets of the N I

sequence (Flgs. 56 and 57) .- The level cr0551ng charac—

terlstlcs are 1dent1cal to those described above in

the C I sequence and aS»before, the f-valuewof the

S p —sp. n+l trans1tlon in .thée 51ngly—1onlzed member

(0 II) is below NCMET predictions. Partlcularly im=-

portant for our comparlson is the fact that in both N I

‘and 0 II -f is well above the SIngle conflguratlon v

predictions for'the_2p3—2p 3s trans1tlon, the departure

o
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| b T | ~s00
NI sequence
— =10.40
2p32p0_2p4 2p 300
4 E
A Weiss (HF) 100 . f
|~ CJ Cohen + Dalgarno {Z-exp.) Vo) ]
O Nicolaides (NCMET) K 0.30
¥V Laughlin + Daigarno (Z-exp.) /
© This work. ' )
® Other beam-foil (] /
| B Emission ‘ o, I .
. : -, s —10.20
,’ Y’ A :
, . ¢ '9/ // -
. ' . // ’
‘L . ’ \\ / 0 !
R S —o0:10
. . ./ -
\ / = vv-':"! -
s P
l/
: : I | | Jz} 1
o .- VT — . SIiNIT NdY NelY FII on NI

Fig.56.  f vé. l/Z,-2522p3 2uo—252p4 2P transition, i I

sequence., Sources: theory (Wi66, C064,<Ni73a}‘pa73a);

experiment: O II (Li72b, Ma7la), Jde IV (Hi66).

| ] ! T | i
NI sequence , o
| 2p3 2p0_ 2p2735 2p B o2
. “ R ) - . ) . .

— " A Kelly (HF) _ : o }f : _ T
: o This work ’ . ‘
LR Other beam-foil :

[T - w Phase-shint —{0.08.

‘M- Emission )
B A -
. A
B —0.04
: : - | P11 | |
o . W —> ox NI

Fig.57. f vs. 1/2, 2p3 2Do.42p23s ’p transition, W I

‘Sequence. JSources: theory '(Ke64); experiment:
"N I (Be7lb, La65, La66), O II (Li72a).- '
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N R

'being greatest atJO II. (The arc emission result of
Labuhn for N I again appears to be too high - see |
also Figs. 49 and 50). Unfortunately, no experimen-
tal results are available here for more‘highly4ionized
members to further verify that the trend'follows that
of the~C I sequence, and no confignration—interaction . .
calculatlons»have been reported for these tran31t10ns.

' We note that the upper terms. of the transrtlons-

in the C I and N I sequences Just dlscussed all have\_

21 32 S
branch tran51t10ns (tT . 2p LS and 2p ,, respec- 23
tively), These complicate the conversron of llfét;mes‘ \

e,

into fFvalues, partlcularly when dlfferent theoretical

calculations yield differént‘branchingAratids, so that

_the eXperimental‘f—values remain subject to correction
. ] .

for erroneous theoretical branching. ratips. However,

the transitions discussed above are all the dominang . -

branches from their respective/terﬁs//a;dfreas;nable“

(4

adjustments of branchlng ratios should have 1ittle~

.

effect on the expeﬁ%mgntal results. - L

6.3.4 Third-Period Nonpenetrating Series ‘ ‘ .

- Configuration mixing in third;period isoelec-
tronic sequences is particularly strong betWeen 3pa and
3s3pa—23d These two conflguratlons in each of the Mg I

to S I sequences produce’ the same upper terms, and the

interference effects between these terms are ev1dent

. . a i
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" resulting from such interaction has already been

s 1

' strong interactions between both the

149

over a wide raﬁge of sequénce members< The interactﬁbn
is so strong near the'neutfal-end of'thevsequence that
unique, dominanffconfiéurétién labels for the terms can
become meahingless. '6ne exampie bf,the_f4vaiué‘trend
discﬁssed for'each of the Si"I and P I sequences .  L
(Figs. 47 and 48 respectiVely).. Two further examples

involving transitions from the 3p® term will now be

' presen;ed for the S I sequence. ' Trends from the Mg I,

Al I, and Si I sequences, involving transitions from
both the mixing terms, mxi‘i:hen be discussed with regard
to the relative effects cf the interference upon each

transition. Finally, a transition will be discussed

involving higher terms in the Mg I  sequence, and somewhat

different interacting coenfigurations.

’

7

sequence N

)

Aymaff(Ay 73) has recently reported a theoretical

study‘of limited“configﬁratioﬁ mixing in the P I and
S I sequences. For sﬁlfurflike systems, she found that .
lPo»,and th‘e’3‘PO

termé of the_§s3p) and 3p?nd configurations result in

large cancellation in the transition moments involving.

353p5'terms. For the sequénce members from S I togCa v,

reductions of f-value by féc%oré‘bf ~v10-200 from #ihglef“

# . . : - e

k-

B
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configuratiﬁh results are predicted The main‘inter—
action is.attributed to the 3p3( D )Bd’conflgpratlon
(called 3d') in both cases .(see Figs. 'SSWan?i\ 59),
although weak contrlbutlons come from hlgher Series
members(4d Sd,,etc.) near the neutral end of the
sequence. M1x1ng between 3s3p and 3p ns‘was found

-to be always weak in thls Sequence ' \

dbf partlcular 1nterest for the 51nglet transi-

O

vtions (Flg. 58) 1s her flndlng that the lP level

involved actually receives its- major contrlbutlon from
the 3p3(2DO)3d conflguratlon in both C1 II and Ar III
-~ while that from 3é3p5 dominates in Ca v, both COnflgu-
rations contributing about equally in K IV. Clearly,
single—cOnfiguration labels for these upper terms are
1nappropr1ate, since noe one conflguratlon completely
:domlnates for any ion and the major contrlbuter changes
ialong the sequence . No theoretlcal result was reported
'for S I due to an amblgurty in its theoretlcal assign-
ment. _';n_ ':Z.th - | . _@
Experlmental comparlson w1th these 51nglet cal—
culatlons is avallable for Cl 11 and Ar III (The
Cl II result is based upon a measurement by Bashkin
and Martlnson (Ba 71) . They reported a mean, llfe mea~h
sured at 961 A but did th a551gn the tran51tlon,
1nd1cat1ng only that it appeared strongest at low Ion
energy,' On the basis of: the 3p4le—3p5 1po 'WaVelength‘“‘

L ) o
. .

- " . : - A
AQ) . ,» .o B "_.

- o ’."i;
2R
3
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Y T~ T T T
Coe T ' < 3¢’ PO T
SI sequence 3 N~ 1200 | -
' ' < f
3p4 Ip_3,5 IpO . , \ : : .
u P D=3 NG 51,0 :
' ' . \ 3p° P -4100—40.06
R
A Aymor (CI) A Lt 1= |kK)
O This work AN KIZ ArTL 1T ST -
@ Other beam-foil Y . A4
% Phase- shift : SN 004
~ ';/; > g\ -
: \ . -
- ) A : —0.02
\
Y JO i _
- - B h - P, :
N ‘ . | . 4
>4 - I L. 1 L |
o N2 ——> -, CoY KIY ArIE  CIXI SI _
. : - L . A
Fig.58. f vs. 1/z, 3s'23p4 b- 3s3p > 1p transition, § 1
sequence. ' Sources: théory (Ay73)q. experlment 'S I (La68),
Cl II (Ba7l), Ar III (La68, P17l) S
" . ' Fay
. . g
FJ\/ T T | R :
' . '3dl,3p0‘ L T _
S1 saquence \— ~[e0b P )
3p% 3p_3p53p0 " _ . . o
— P 3 A 5 3.0 "~ ]100—1006 .
b \\ 3p5 P E _';_'~. l:
- I . \’A\ o1 og 1 f(kk) ‘_,.\"'
A’ Aymar (CI)- - SN KEE A ST |
O 'This work \ : .
® Other beam=-foil G- I N " B T]0-04
V¥ Phase-shift e N\ .
B Emission A :
. . | ;\ ‘
\ 1o
- ; v LT —{0.02
' \ At ‘ ’
A "
\
.. 0 /2 =—> - CaY - KX ArII  CII ST
'ngg 59. f vs. 1/z, 3523p4 3P—333p5 3p© transition, S.- I
sequence. Sources: theory (Ay73): experiment: (Mu68,
Ba7l, La68, Pi71, An73). 3 .
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Of 961.5 &R in- Kelly (Ke 73L and the £- value derived o :i- o
'tw)\ - .

from the above mégn-life result, the present assign- !; e
ment is proposed.) _¥n view of -the limited interaction -

s ’ " ’ . . : .
treatment by Aymar and the scatter among measured

valués, agreement is very good, indicating that mixing

of 353p5 with the 3p3( p° )nd series accounts for essen-.

®

. tially all ‘the 1nteractiqn hergp ‘An upper limit to-* the
theoretically unavailable ) I f-value 1s prov1ded byb
the phase Shlft lifetime measurement of Savage and

Lawrence (Sa 66). . This result should, be close to the_

actual value 1ﬁ“branch1ng to 3p lS lS as’ weak in' S I
k! S
as Aymar 1ndicates it, to be for Cl II to ca V >

Iy N

he QP BP multiplet for the same configurations

displays an almost 1dentiqal f—value trend (Flg 59Y1'7 AR
N oAl

Aymar finds that mrang is somewhat less pronounced fif L e

along the sequence, w1th the 3s3p configuration domin-

l! %

ating in 32 for all sgquenoe members. The effect upbn

A0

the - f—value appe;rs to be‘no less 51gnificant than
before, however, and the interaction in S I nearly
results in complete canceﬂlatlom in the tfénSltloni
moment .The theoretical trend lS verified by experi—
o ¥ N o Ty

'ment from S ; to Ca V, w1th a systematitsnegative ,;ﬁﬂ R
T " E ; Rd ‘-" . ‘ . ‘ p:*

K Sy
B

'/b'
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" o

!

energies of these terms along theﬂﬂl I segquence are

ior ‘ N ' . PR

~plotted in Fig. 60, along with plots for interacting . =+
terms in the Mg I and 81 I seqpenpes to be dlscussed
/

below\ AThe scale has been ch ¢q to yleld appro—- . h, \.
o G R ') L A
Ty x1matély congtant energy ab;é “h‘valugs of 2. The._ ' .
. sl ~ ' -

‘ terms hav1ng the same. doml
- . ‘ 1

connedted ta ;ndlcate tren s'é,‘”h'

re

indicating those ions 1n:wﬁij "\

The f- value characterlsthcs b

transiflﬁhs frqm these D ermsrtd'Bs g ‘f“;,ﬁ~‘£ ‘
i . .1 - / AR A ‘;,' -
the mO'st exten51ve1y sttidled botﬁ’theﬂgallyA_aw e

. ) ' o
vexperlmentally,_of all such anomaleus trends 1§‘tg$ .

\\ * ] Qj hv g
thlrd perlod (see F;gsr*gl and gp}/- Froese Flscher

,\:,

o ,‘(Fl 68) has studled both tran31tlons between Al I and

,{"

M S B ‘,-

Fe X1V, assumlng llmlted confrguratlon‘interactlon,

“and’ heg‘;eﬁults show that (l) the 353p 'and 3s23a o
alg
. A, L
. conflgunatlons are heav1ly mlxed along the entixe .~ _§4'
#’. . .
sequence, wlth the loger terms formlng an 1soelec—

- ~
.. h

tronlc sequence and\hav1ng aE domlnant COmponent T
. .t a, :

57353p2 in all membens but Al I, where 35 3d domlnates,

-“.‘.

AR .

_f;{%'(zq the 35 3§ centrlgptlon to’ 3s3p2 causes cancella—_' O

7%%*' tion in the multlplet stnength of the 35 3p 2p° 35392 2 ‘
trans1tlon and consequently a reductlon 1n the £f- value h f€a§ }
;fof slf'memhers except Al I (39 the‘lhErease th.gan— ) c

~ L] = '
' ecreas;ng';onizatlon leadslto,a change

pors

'y A - A .

W
*
<
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Mg I sequence
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AII sequence T T Pl A g ., —10.30
3p2P0_ (l1ower)2p - T
A Froese-Fischer (CI '68) . 0'.26 ¢
O Froese~Fischer (CI 74) )
™V Weiss (800)6 ( ~10.22
Beck + Sinanoglu NCMET) ’
. _9 This work | E ».-.{o.na
* il ® Other beom-foil . <
: v Rntde - shift - i : i —o0.06
- ion : f .
PV Y } ] & -10.05
. ’ A I ‘ . .
¢ / 2, ' ' 0.04
/ a 0 ! v
/ . . ’. < . .
' / ' - A ’I 7 0.03 .y
“ /L e % - |
= A e s | . 40,02 ...
; / .- "P?" ) A - ‘ Coe
. RIS e O
b S - R -';’,-'.1 L 1 A . ! —40.01 “'i"
| /o o e T
R ' Ty 1111?!'1 . 0
K 0 .- Fe CONW oY PHST AT T 1/z —
Fig.61” £ vg¥ l/Z " Bb P -lower(353p2) 2D transitioh,
Al I seqyence. " S3 urce§ theory (Fi6sg, Wi69, - Web9c, Be72a);
experiment: Al 1"%Anegg + Sm71lb, Bu66f, Si II (Sa66 Ho69,
(.u74) P II:g (Cuﬂlb) q IV (Be70b) Cl VvV (Ba7l). '
't N : ) .
B ”H‘IJ.[.I PT T 17 e
] Al 12 soquence A '\ ]
| 3p pO (upper) D ' , « 1 40
A Frocn-Fuchor (CI '68) ‘ ot
—~ O Froese-Fischer (Cr74) v —1.20
V Waeiss (S0C) T
© This work . .
@ i+ = @ Other beam- foil —1 .00
oot v Pha_se--ghiﬂ' ’
> * 4 g ..‘E..missio:n | 0.86
L% )
- . —0.60
g e - K o -
7L S ~0.40
":v’- 4 ' 7 .
L - " i
P —Ho.20 T
N 111111111111 Lo - o] 1
° R F.m CAT ciY Pmé&erq' 1/Z —y
L (Flg 62. f vs. 1/2, 35 3p 2P —upper(3s23d) ZD tran51tlon
Al I sequence Sources theory (Fi6sg, Wi69, We69cf
. experlment (Sa66 Ho69, Be7la, Cu74). o v



of 31gn in the trend of the transztlon moment ‘between

P III and Si II. |
Conclu51on (2) is con51stent w1th the model

of Welss (We 69c) that was descrlbed earller (see

Section 6.3.2). Conclus1on (1) p01nts out that the

presence of strong conflguratlon m1x1ng ‘precludes

-

the use of- a single- conflguratlon label to connect

along”a segnence”ﬁterms -that- truly -exhibit 31m11ar
oD

‘~--.1§§electronnc propé&tles. The conflguratlon label

&

-

!7
! wm PSR w

,s&mqﬂhit qrt£§”¢1a1

and more detailed .

relatiye phases of

sted by Froese Flscher) -
and hence the
tran51tlons, that form a seqnence. ThlS procedure;y

has been adopted here in that the results for: Al I A

'1n Flg 61 represent what.ls usually labelled the

276

'3p p° 3d D tran51tlon, ﬁ%ereas the results for all

other members represent the 3p 2P —3p2 2D transition"

Conclu81on (3) 1mplles the- ex1stence of "a node 1n the

osc1llator strength trend at the zero crosslng ahd

. @ a \\
S ay :

hence very low f- val%e in nearby 1ons, resultfng from

N

the almost exact canglhlataon 1n’the mult1ple¢ igrength

Note that the zero occurs near P III whereas the,’?’*'f
, A

" ) i
crossover in domlnant conflguratlon for D 15lnyn4

between Si II and Al I. This™s to be expect!" ¥

u Sl

general 81nCe,'evenﬂfpr an 1deallzed m1x1ng of- only

K

<
R r"‘ﬁ:‘_’ v"i'v
: )

#
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¥ the lower ’p tran51tlon (F}g 61) our results are i

""3 . . .',- “" ) » : . h -‘“‘! e

-~ - oy AR

two competlng conflguratlons, their contrlbutlons to

-.the mﬁltlplet*st;enéth are welghted by their’ 1nd1v1dual
’multzplet.strengths, wthh are normally not eqﬁal )

e

Experlmental'§§reement~ulth the predlcted9~

-

oy

Y.

N
g trends Ls‘vdry goodﬁ although systematlc dlscrepanc1es

are evident for both tran31tlons In partlcular, for:
, )i

__con51stent Wlth other measurements in- suggesting“that
: ).

_the zero 1n’f is closer to Sl Il}than P III. The/’
| dlscrepancy is- not surprlslng, however, sxnce the
\ exact zero pOSltikn 1s‘meryqsen51t1ve to mixing co-
| fficients. Thus contrlbutlons whlch are relatlvely

small becomé 1mportant due to mutual cancellatlon of
| the major comp?nents, and these smaller cOntributions"

are largely omltted in a llmlted—conflguratlon approach

More exten51ve 1nteractlons have been con51dered 1n Al I

- and SbeI by Weiss (W; 69 We 69c) and~better agreement

sl »

'w1th experlment has resultéd , The upper 2D tran51tlon .

. (Fig. 62) has been measured less thoro’ghly. PreV1ous

N

b

-~

relets are avallable only for si II, and our Value for’

that 1on 1s con51stent w1th the other beam—f01l result

.
-l ’

(Be 7la as well as w1th ‘a very recent phase Shlft“"ﬁd‘

o

measurement (Cu 74). Our measurements 4Ain P S, and

‘Ar represent the only experlmental results for hlghen.‘

ions and 1nj1cate the ‘early Frogée Fischer results to

be hlgh (

‘he argon result may be only a lower llmlt w
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~ e

i *

due to p0551ble tlme resolutron llmltatlons of our.

A »

apparatus) Froese Flscher ‘has recaptly recalculated
o !.f

these f-vaMQES employing More ;nteractlng conflgura— o
tlons (private communlcatlon, 1974). The 1mproved‘

v
values are cons1stent w1th that of Welss (W1 69) for

ouxr results shown by_her earller calculatlons. J

[

Si II. and 51gn1f1cantly reduce the dlscrepancy from

. Mg'r sequence (a)

A very 51m11ar 51tuatlon eXlStS 1n thlS sequence

for the trah51tlons to 353p ﬁbpfrom the lD levels l\
. , FLA R

1nvolv1ng the heav1ly—m1xed 3p“2 and 3s3d conflgura— ‘é;

L3l

T

tions (Flg.GO ). Thls sequence perhaps representslth

4

clas51c example of conflguratlon 1nteractlon ln the

thlrd perlod w1th Bacher ‘pa 33)f1rst prop051ng the‘»v

‘,,

3p2, 353d 1nteractlon to accodnt for a term 1pver51on

Ji Ce
,g I Détalled studles of m1x1ng alOng the sequence

4’
have’ béen reported by - Zare (za" 67) and Welss (We 67b)

i

Thelr results are . presented 1h Flgs. 63 and 64 along

w1th avallable experlmental results (all beam f01l
4’ e
data) ‘The calculatlons qf ‘Zare (&367)afe phrtl—' o

cularly 1nstructﬁag here Sane he llStS the numerlcal .

contrlbutlons from ten dlfferent conflguratlons to

’

}the total wavefunctlons of the. two lD levels. Again

. :” “"‘-———\
"a zero 1n .the multlpleﬁ strength is fOund (near*Al LI)

‘where the competlng contrlbutlons ‘to the tran51t1
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.

' invo ving the lower lD level exactly cancel., Also,

//

—~the 3s3d conflguratron domlnates in Al I for this
lower level with the 3p2 conflguratlon providing
the - largest contrlbutlon for all ionized sequence_
members. The m1x1ng_1s,somewhat more severe than in

j {ﬁ%ﬁe Al I sequence,'however.y Tﬁere Fr;ese Fischer

:_4 " (Fi68) indicated.that neither 2D state contalns ‘less

than 60% ot 1ts domlnant conflguratlon, whereas Zare
7_f1nds 1n Al IIlghe dominant contrlbutlons for the
{:) lower and upper‘;ﬁ-states to be 54% 3s3p and 44%
" 3s3d, reSpectlvelyy' Clearly, 51ngle conflguratlon\

flabels are. 1nappropr1ate to descrlbe these states

and, as Zare states, their use 1s

ra fiction, sanctloned by tradltlon
but deV01d of much 51gn1flcance.
_As before, we follow _Froese Flscher s conv‘tlon of -
quﬁlnlng an 1soelectron1c sequence by requiring wuniform
relatlve phases of the domlnant m1x1ng coefficients, €:§.

and 1nclude the tran51tlon 1nvolv1ng the lower Mg I

lD level 1n Fig. 63.

Beam foil llfetrme results for the lower lD

level verify the- theory quite well, (see Flg.'63), .
'_except in S.v where the measureé’llfetlme appéars to

be tod long “No measurements have been made for Mg I .
‘or,Al II.” The Mg I tran51tlon is «4n the infra-red
-regloh.(8807 A), ‘and the:Al’II lifetime is probablyv

&

-~
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-353p3 and 3p3d in the two lowey:3D terms.of the Si I

o 161

very long (theoretlcally 200 nsﬂ and COnsequently

-

the tran51t10n intensity low. No‘results for these

o, Rk' .

.transitions were obtaw‘duringéfthis'project’, and
the trend is presented t&r completeness. Experimen-

tal work,for“transitions involving the upper lD level
has preViously been limited to the single result of

Andersen et al (An 69%)in Al II, where a significant

, negatlve dlscrepancy from theory was. found (Flg -64).

In Mg I this level is not known and is probably auto-

1on121ng, whlle in Si III the trans1tlon c01nc1des v o

a

1n wavelength with the. Si ITI resonance tran51tlonﬂ ,f .

and is dlfflcult to 1solate. The tran51tlons for P IV

.to L. VII have only vfry recently been a551gned (see

2
Ch. V), those in phoqphorustand argon during this

project. We have me&sured llfetlmes in P, S, and Ar '\

and find con51stency with the form of theoretlcal trend

<

but systematlc dlscrepanc1es 1n the absolute values.
occur, similar to that found for Al II. The overall

picture igbhot unlike that in Fig. 62 for the Al I
‘. ‘ . . R
sequence. In both the Mg I'and AT I sequences -it

appears that exten51ve conflguratlon 1nteractlon treat—

~

ments are more successful 1n predlctlng f—values 1nVOlv—
YL

ing. the- lower D- states than the hlgher ones. - . o

o

g

Si I sequence‘

oy

Analogous conflguratlon m1x1ng occurs between P

‘'

a~y : . - e




'utions from the upper “3p9 term Hofmang (Ho 69) has

g

‘ Iy
s )

. ' \ ’
sequence (see Fig. 60), Beam-foil and phase~-shift

lifetime measurements haVe shown the screened hydro-

-genic calculatlons of Varsavsky (Va 61) to be much*

too high for the 3s 3p2 3P 353p3 3D tran31tlons in’
lower sequence members (see Fig. 65 and 66)

Only very recently have many electron -theory calcu-

-lations been performed by Slnanoglu and Beck (si 74)

to prOV1de thedletlcal alreement.wrth these results, -

The zero in oscillator strength occurs near P II,

where again the calculations show mixing to be sp

a

'strong that singleebonfiguration'labels-are Tmeaning-

,

less. Fig.,GS dlsplays results for the tran51tlons

1nvolv1ng the lower 3D term of‘each ystem, for which.
I3 % .»\»

the domlnant conflguratlon is 353p ,'except-posslbly
. ‘«) :
There are no calculatlons avaflable for tran51

1n P II and Sl I.

,(

4

reported a Very low £~ value for si 1 (Flg 66), ‘the

"upper term belng a bound state in the neutral member

here, in contrast to the previous -two seqpences.

-
-

®Gur mean- llfe results ‘pPresent the only f- —~values known

for ionized members. Both the trend and approx1mate
o]

magnitude of f for these results are con51stent w1th

*their counterparts shOWn prev10usly in Flgs. 62 and 64.

~N
(The trend - jOlnlng the data p01nts has been drawn to

aid the eye; the extrapolatlon to the hydrogenlc limit

&

,Veéﬁ
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v Welssv(We 70),the latter haV1ng performed conflguratlon

1nteractlon cal,

;Weiss?~results indicat‘ﬁ,; erturbatlon of 3p3d. °r°

by-the 3snf series re € -

N\ .y
is only qualltative) Osc1llator strength calculatlons

for both tran51t10ns in Si I would be useful for

ascertalnlng the m1x1ng characterlstlcs of the two 3DO

terms. .o

Mg I sequenee (b)_

Perturbations between members of two hlgh—

lylng ‘series are less fnequently encountered thanr

M

arc those between p and a. serles. One. example lss

the interaction between 3snf and 3pnd both of whlch

produce 3#0 terms in magne51um—11ke systems. The

domlnant 1nteractlon 1nvolves the lOWest serles members,
“8‘"

164

s,

354f and 3p3d except in Al II where the 3g F term ﬁ;"

penetrates the . 35nf 3F serles and’ perturbs hlgher

serles members as well (see ihset in Flg 67). ' The
: -

1 II _case has been dlscussed by Edlén ( EQ 64) and by:

o obtain the f- values for
S —a } ) /

thlS ion. lelted—conflguratlon 1nteractlon results

o i

have also been reported by Trefftz and Zare for Si-III

(Tr69) and by Trefftz fqr Mg I.(Tr 50)

For the 3s3d 3p3p3a 3go transition (Fig. -677»

3.0 7

1]

f value by about 25o=~ |
-
" ;

from the 51ngle conflguratlon predlctlon, 1n_goodv
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- Clvr (Ba7l, see Ba73b).
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. S et 4 o

a‘ljreement w1’thgche beam-—fo:.l result ofqﬁldersen e*l R
C L

NAAn 7l) (The results of'Welss herp are unpublxshed,

reV1sed values quoted by Andersen et al, and replace

N ', - J’".M"

 his _earlier results (We70) fon thlS transxtion ) ,

. 5% Y Ay B
”-Trefftzdand Zare, hpwéver,. 1nd1cate ﬁhat cancella—

. A, : ) .

tie ln the ﬂhltlplet strength is almost comp&ete 1d Nz

e

“ tA . . c 9.

meﬁts fhiﬂﬁb nexb 4 wwns teﬁds to support this result & .
- “J’Rhé¥peﬁturbé& appea:s—to~b% loslng o@plllator s;rength

mto the 3snf serles in. the’ sﬁme way that a. p term A

, 6
: '3 -
ER loses- oSclllatqr ﬁsgengﬁgahg 1t approaches a nan-— s %
‘iﬁpenetratlng serles.vlt shouldéﬁ:noted that all four
v &;‘u-. ’ . » . ‘ Bi ~ v L) EEN
beam—f01l results here. repfesent newly a551gntd tran—' T

- R o @

'sitions. Those for S V and Cl-VI- w%ge recently reported o

;by Bashkin et al (Ba73b),u51ng reﬁplts of earller . ,*L%';
{clnvestggatlons of these elemdﬁts.. The'? IV and Ar bII .
;pla551thnltrons are. proposed ln the presentéwtrk see,. ‘
‘Chﬁ‘v)» ﬁThe relatlvely large uncertajntg R the S

O .

‘Ar VII f value refle@ts sev%re llne blendlng in our
‘f.“spectra gpr thls multrplet The dasheg llne drawnlfj

'abqye argon lndlcates a qualltatlve extrapolﬁtlon to

',the hydrogenlc value fOfﬂthlS An =0 tran51tlon.{~-—§w“fw,_;;

‘The sltuatlon tor the 3d 3D 4f 3FQ tran51t1ogﬂ

o : o - + ;- 4
is less clear (Fig 68) *The 1ncrease~in.-f+va1ue e .

[}
.

e 1nd1cated by theory from Mg~ I to si III 1s’not supported

: n A . . ':" -’




~

e

- "‘N Poows
elther of oury o 5

S

3_:'f" AS' _I and A_s»- ITL.. The ln\(estlgat;ons of. spectr}‘ an_d

L a551gnments (Flg'

‘ *,', ‘ ,gyvn 4,“7 C e ’
by preylous eam—fm.l resuLt !

~ C 4

our meagure-

.'/‘

ment in’ 51 III 1nd1catb¥ a hlgher f-value, in ac};ree—

' ment w1th theory In Vlew of the !osclllator strength

lost by the t,ransrtlon to 3p3d 'in ﬂus lon, a. max;ghmm' )

)l/’f“ ‘*' ‘-

_in f- vafrﬂl‘:, néar B%III for ‘the 3d-=4f tran‘sﬂ:’ n seemS"

‘L-l“
to be mor& approprlate. There is some dou.b¥ aki‘bup, th

L

..‘ L _,_——/-”‘W .
is expected to appear near- t‘hls wavelength ’ and ou

llfetlme msurement for thlS feature ylelds A result
v

L] - I\
that is. ﬁotqucon51stent w1th eJ,then a531gnment.
)

v
By
<

L3

&4 and 68) : .The earller re‘g’ult of

« 0.

L8 "3
pr P IV 1s not CQnS1$r,ent w1th

rength trend& e

e

Curtls et al (C

v‘.y’f\‘;. . -.F-, ¢ - e
3 ’ .?1‘.- .?"‘\L{) 2 ‘:.’ . ‘.. ‘q- "" ~ t_.ij;‘, ...,-~ f‘l" ..;...3; 3 ’ N L
FourthA‘Peflod‘ Sequences S ’ S °_"
There has been veryt llttle —MOL‘;& doﬁe on the

. AL
. X 5. o S X .o~ (,_n .

measurement o.f llfetlme\% Qr“‘t 7 lator st.rengtgs f
ﬁQ

»"’

"‘“aBSJ.gnment of the.gé’ IV trans:.t:.on, (87? A)“ﬁj@eﬁniafoil

B o

'y

%J

‘have plot‘ted the derlved f values for both‘pOSSJ.ble .‘Qv ;o' :

-a v Taks

-elements of the fourth Mperlod exceptlng t?lron group

E) (%
elements The only systematlc studles for both 1on4ze

[ Q

. ' . . _‘.,

d.

l

and neutral atoms are thoS(_ by Andersen et al (An 73): Q

“

-

and S;z‘q:ensem V(So 73),‘ xvolv1ng fo'ur t.ran51tlons ln the - ‘\' l

"

Cu I ana Zn s sequel\"rces and several tranSJ.tlons-. i‘ﬁl"’ e

e

S . c v

’

Wofk, w(see Ch V) The P IV trans"f't.lor& 353p 1%""’3353& .D .



Ltk ‘ &he reéult§ found for such s:mele systems (;L e&

- o ,-'.j". - o S Y ;
llfetlmes of Kr I—&&Lb&?n the vacuum ultraVIOlet AT 2SI
S , o BTSN
: durlng the present progect represent ‘the most ,1;‘~,'g%k',r :
_ exten51ve Stud18§ for any- f‘burt}y-perlod element A PR
[\ . ! '\ w % ! . Cot .
' 'in this WaveIEngth reglon.r Compaflson Wlth the ' s X qf
’ . R .
, results of Andersen et al- Qan be made- foxﬁthree'. S g ’
R . ', © o, - e 4 4
lsoelectronlc sequences. (see,‘Frg 69) .. ) e
. { . : ‘ “w " ; - N . ‘_I ?,,"“
In ”the Cu I sequénce o‘m: measunement 1n I et
o " ) ' .v . ‘*‘
AR Kr VIII approx1ma¢ely- conflfms the:.r trend for the 2. !
! * : A o CoL» '
"»' 4 ~4p tranSItlon, ﬂﬂg}catlng Y unlformvfalk—off in.- i TNV A
- NP NP ' ":“t “‘\ y
JT;,,\ “f- valu*g towara hllaher 4. Thl:S trendx,ts typlcal oI: L J
e . », ..z‘)‘ :;f “ o
¥ 2y a
LM M W A . .o ": * R
"Wlf one electron j,‘)litSl& an é&‘g@p-’-llke core In thlS A iﬁ%»
&t??'“ dase) where conflguratlon Interactlon effec%f ares 4@& W T
K nc =4 o "«9* , ' ) R

53‘\1-(ﬂj.’~ normally Sfﬁall (Se‘#Flgs" 35 and 36 - ‘v‘#
‘h

:" ’In the zn I sequence, however,’- we flﬁd”' an f Vaiue In

e N 2 1 1 Lo L My
- Kr VII for the 4s TS~ 4s4p P , tr‘ans:.t.xon. "t};ah&s Ty A
B ’ b ‘. ‘ @ p v
g ) ‘g‘lg%lflcant‘ly hlgher than the trend of the éarller‘ 5’ N .
" . 'r"l" BYRRY, i e . . ..‘-
ey 23 .
: results would suggest. 14 SIm:Llar dlsc*repancy’ is ¥ ; S
R ¢ 'f.;.- I S . .
r'nd‘:Lcated by our Kxr VI result fog the 4p'2'P -—4d 2 Lt
ﬁ"" w L 2 ™ . E
" trans;Ltlon« ln the Ga. I sequence, where h‘f‘ﬁl: —oﬁf J_n Cae
: e ; - . ot
LT - f—value toward hlgher Z. ‘is vaYso expected, although s
ST N $« L0
. ‘.- . . )
[ 3 A AnderSen et aﬁ report Only the As III result for thlS. ) '
. T - s |
£ ] o .
sequen'c‘:e.‘ It may be sn,gnlflgant to note that thls s N .-
. . -~ h . . >
S R‘s 111 result. and the twcP'lowest ‘f-Values 1n the Zn Iw. .
k] . 4 ‘:.‘
) . sequem‘:e repre{se.nt the’ shortest Llfetlmes 1%0 3'ns) '
e T e . N ~

- from the results of Andersen et ai and Sgﬂren'sen shown- R

- v . . b N U . ; . . PREVEEN
. e Lt . ' -

RPN . « UV ' e o0 . : oA, 9
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';"n Fig. . Thl§ ‘could reflect 1nsufflclent time

. ") . L - - ) '{‘P'S&«-
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PYIgr
BT

S

resolutlon in thelr%%xperlmental System to detect
S very short decay componﬁnts in the presence of the_t

observed cascadlng.' The 1on s;eeds avallable for
J&thohe eXperlments were’kbout onex half the speeds that

we employed to obtaln our: krypton results.
_ NS

$¢rensen (So73) polnts out that there seema‘ I

LN v

‘”,tovbe 'a general trend for the F-values ini-#he - C«Vw

" and Zn I“sequences;to_decreasefmuch more raéldljﬁwith‘

rpcreas1n§?10n1c charge than 1n‘the (ﬁ‘ﬁologous) Na I

% and Mg I seque§ces" The transltlons shown %arller
_ s _ .
in Flgs. 35 to f orrespOnd to those he hag.lnves~‘

.

Y . -
7.t;gated. Com rlson of the homologous
g f .
very 1ttle dafference for three of the fb _
-»

'1ndlcates

txanSl:“ ~
P o

r.

by

notlceabﬁy steeper thagglts thrrd perlod connterpar
- )“é\ R j' . 13
(Na I 3p-3d) . Howeb§r, short llfetlmes are agaln :

1nvolved for these fourth perlod trans1tlons and,-

4 »

- -
in view of %pe comments above, thlS dlfference may -«

‘ o,
Qnot be réél . Unfortunately, the 4p-4d transﬁh?on 1n
» .
“ .
Kr,VIII (491L&) was too. weak in our. spectra for a

llfetlme meesurement to _be. made.».“;" R

'S
tlons. » The- Cu r 4p 4? trend‘ls the onlyvone that LS 5

e
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CHAPTER VII
. _“ . \‘ " ! .
SUMMARY,.

.
* s

A program for the 1mprovement of exper1medt%l

Tl

T . . T
. " .

wtoy

and analytlcqtechnlques in beam—f01l spectroscdpy,_

W coupled with:’ systematlc studies oflspectra Snd mean

-

llves for ions, representlgg a varlety of elements,

-~

ffhas been undertaken durlng-thrggpro]ect A large

e .

number of atoﬂﬂc tran51tlons w1th 1mportant appllca~ .

k-tlons to atem%g structure studles and astrophyslcal

- t .,-
V. T

\

alculatlons has been 1nvest1gated The measurement

of reliable mean &uves has allowed detalled compar155%
O .

to. be made, wlth ex1st1ng theoretﬁqal oscrllat

El

calculatlons and has prov1dedruseful gU1d?ncg,for ! e
, @ t

1 - .

;:"'flfurther © lc:"

.“_ T . r,'l - ‘,“5

such dompllcated‘sygt%ms ds.

systematlc t;ends along 1soelectron1c sequences has

or strength

i \\\been employed exkeﬁslvely for these. comparlsons
noe )

v

»

"

> '; Several SUbjects that merit fur(her 1nvestlga—.

w -

L gtheathii fod elements. The technlque of studylng e -

c,./a tion-are, suggested by the results of thls work ‘ — L

N .. (lb Amonq elements w1th Z < 18 bnly fluorlne{J -
; x : 5

o -

" o~ LS

has not been studled ln detall by the beam f01l method

. Investlgatlon of fluor;.ne .mean llve‘s in the vacuum—'

-

o’

.

Doy
£

ultraV1olet reglon w@’ld supply the m1551ng llnk in.

- P
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"Mean-Life Measurements for Argon.and Ooxygen..."

D.J.G. Irwin, J.A. Kernahan, C.C. Lin, A.E.

o o . o
Livingston, E.H. Pinnington . Third EGAS.

Conference on Atomic Spectroscopy, Reading, U.K.,

July 1971.

"Recent Results at Edmonton" ”E.HQ PLnnington*.
Second European Conferencé on Beam—Foil Spectros-—-
copy, Lyon, France, July 1971.
"Lifetime Results for Oxygen, Fluorine, aéd Neon
in the Vacuum Ultravioletﬁ D.J.G. Irwin*, A.E.
Livingstén, J.A. kernéhan. ‘Third International
Conference on Beam-Foil Spectroscopy, Tucson,
U.S.A., October 1972.. | | . )
"Beam-Foil Lifetimes for‘Silicon, Sulfur, and
Argon in the Vacuum Ultraviolet" D.J.G. Irwin,
A.E.'Livingston*, J;A. Kernahan. Third Ihfer-
nationai'COnference on Beam-Foil Spectroscopy,
Tucson, U.S.A., October.l972.

"Beam-Foil Studies of Oxygen in the Vacuum U.V."
J.A. Kernahan E.H. Pinnington,'A.E. Livingston,

D.J.G. Irwin. CAP Atomic and QOlecular Physics

Division Meetihg, Windsor, Canada, April 1973.
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o s S

. Fifth EGAS Conference on Atomic Spectros&bpy,
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- (8) "f;v§1ué% for Transitions in the Al I Isoelectronic
Sequence" . E.H. Pinnington*, A.E. Livingston; J.A.
Kérnahan. LCAP Spectroscopy Division Meeting,

Vancouver, Canada, February 1974.
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APPENDIX 1II
Yoo
: <

Mean-life values obtalned during thlS project, from

whlch the oscillator strength results in Ch. VI have

been derlved .

FigN  1on . Ak ins)
30 B, I 1465 0.5040.05 0.21
NI Wy 0.2440.02  0.125
‘ 0 Iv 626 0.20:0.02  0.098
Ne VI 453 0.13+0,02 0.079
31 B I 1378 0.45:0.05  0.63
0 IV - 554 ] 0.16£0.02  0.29
Ne VI 402 . 0.1310.01 0,186

*
TQS absorption oscillator strength (fik) for a tran-

sition involving upper level k and lower level i is

related to the mean life of level k'(rk) by the follow-

ing expression, assuming theé level decays via a single
s ~°

branch: ¥
g: A2
£, = 0.15x107% Ky ik
i 9; Ty

v

A

. L3 o 20 .
where X is in. Angstroms, T is in nanoseconds, and g

is the statistical weight (2J+ 1) of a\level.
SRR | , ‘\\\
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33

34

35

36

37

Ar VIII

,‘ N

. 8i 1V

P Vv,
S VI

Ar VIII

"si III
P IV
Y

Ar VII

1397

1121

937"

705

1126
869
711

524

g
1207

951

786

%-

0.20+0.01"

0.13:0.01

0.24+0.02

0.44:0.04

0.3840.03

0.2340.04

0.48+0.04

©0.31:0.02

0.25:0.04

&
0.15+0.02

0.41:0.06
0.35+£0.04
0.26+£0.02

0.18:0.02

~
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40

41

42

44

45

46

Ar VI

N III

Ne VI

0 III

N_eV

A (R)

1299
1030

855

1251
800

590

452

279

608

435

813

592

789
562
776
599

416

&

T(ns)

0.59+0.06

0.3620.03
0.32+0.03

0.20+0.02

0.4220.06

0.24+0.03
0.1740.02

0.13+0.02
)

0.34+0.04

0.1540.02

0.1440.02

0.44+0.05

0.11:0.03

0.29+40.02

0.22+0.02

~4

0.22:0.03

0.15+0.02

1.6 g%.l

0.96+0.04

0.36:0.03

0.2020.04

‘“‘

0.1420.01
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Ion . A (R) ’ 1(ns) £
‘ .
Ar v 725 1.55+0.20 " 0.051
. | )
48 Ar 1V g4 4.5 £0.7 0.071
. ¢
49 N I 1134 6.8 0.6 0.085
0 II . 834 1.2 +0.1 . 0.26
‘ _
‘Ne IV.. . . ..542. . 0.,7920.05 . - - 0,167
' »
50 0 IT 539 0.9 +0.1 0.145
) : ;

51 0 II 718 7 0.44+0.04 - 0.16°
-~ Ne Iv , 470 0.25+0.02 ° 0.11°
W NI <1243 2.3 10.2 0.098
53  F II 607 0.3640.02 0.15

Ne TII  -490 0.22:0.02 0.16

54 . NII 660 0.2240.02 0.15%
T o0 III 526 . 0.087:0.008 0.249

55 . N II - 747 0.28+0.04 - 0.18°
‘ 0 III 396 ©0.29%0.05 0.035°

56 0 II 538 0.14+0502 4 .192
57 0 II 617 0.25:0.02 0.109 -

58. Ar III 769 1.8 £0.3 0.030

%

59  Ar III 878 3.5 0.4 0.033

>



62

64

65

66

57

.68

69

Kr VII = 585
Kr VI~ 450

-

‘
Ion - A ) 1(ns)
J
PRITI 1340 1843
s v 1068 7.040.3
Ar VI . 760 2.8+0.2
si II 1265 ' 0.40:0.03
P IIT — -~ - '858— —0.19:0-02
s IV 660 0.12+0.02
A VI 462 0.095+0.010
pIv 877 0+2240.03.
s v . 696 0.13+0.02°
Ar VII 501 0.12+0.02
Ar Vv 827 4.0+0.4
. |
P II - 964 $0.1940.03 ¢
s I -v! 680 _ 05$2&0?03 ,f"l
Ar v 448 7%_0;06¢gld1“
P IV “ 1370 3.1:0,3
Ar VII - 825 0.7+0.2
Si I{r 1501 . d.SiiO.bSl
. ity .
P IV 877 0.22+0.03
.
Kr VIII 670 0.3540.06
' 0.1620.02

'0.10+0.02

192

0.025

0.041

0.052-

" 0.99

1 0.52

0.043

0.96



Branching raﬁios‘employed:/

a Nicolaides (Ni 73a)

b . No¢ branching correction used
c Nussbaumegy (Nu 69)

'di Kelly (Ke 64)



