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ABSTRACT

Spectra of vanadium have been produced in a vacuum sliding
spark and their relative line intensitigs measured as parameters
of the electri¢al circuit were varied. Intensity maxima of the
spectral lines are interpreted as ?epresenting excitation energies
and have been found to depend in a definitive mahner‘én the power
delivered to the source and on the duration of the discharge. The
differential equation of the circuit is solved for the charge and
enefgy transfer rates from the capacitor tq the source, and two
functions of the continuous circuit parametef Yy = %-(g)z are
defined which greatly assist in interpreting_thg effect‘of_the
circuit parameters on thé excitation iﬁ the source. With these
_solutions, fhe relatiénship betweenvthe'excitgtion in the souréé
énd the electrical circuit'parametérs mey be expressed in terms
of the inductance, capacitance, the initial voltage on the capacitor,

the two known functions one of which is directly associated with
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the towertdelivered.to the source during a éurreht pulse,a§d the
‘other with the discharge duration, and two constéﬁts which in
general dépend on the soufce geometry and the eléctfode éample
ﬁaterial{tfu |

‘The éircuit'parémeteré were varied'td excitégand separate
spectra of_scandiﬁﬁ.(éc iI.and Sc ITT) b& observing total light
pulses andispectra'of vanadium (V Ii —‘V'ET by otéer&ing both
total and time-resolved light pulses. For Sc III?V93 lines are
reported ih.the regibn SSOA-9MOCA}which give rise‘toi23 new levels
with an accuracy of about 0.03 cm"l and thé ionization energy'is
revised to 199677.37 + 0.1 em™l. The results f9r éé'III have been
published in J. Opt. Soc. Am. @, 158 (1973)'. F"oer ¥, 61 1ines
in the region 480A-8500A give rise to 18 new leVels.and the ioniza-
tion gneréy is revised to 52652h 5 ém-l, ,The.ibtization energies
have been calculated with a method presénted here-that allows the
use of éll“the known levels in a series simultaneously. Series
formulaetafevtresented which are used to predict séme of the newly
found levels to within 0.25 cm-l.. An isoelectronic coﬁparisoﬁ.conf

6

firms the inversion of the 3p 4f 2F° levels in'ViIZas being

. caused by the interaction of these levels with those of the 2F°

term in the 3p5_3d2 configuration.
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The universe in toto may not be equel

to the sum of its dissociative parts.
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1-1. . INTRODUCTION
Perhaps'the most widely used method of generating the
spectra of hiéher ionized’atomic species is the discharge of a

capacitor’acrbss'a gap between electrodés of the material to be

‘studied. The degree of atomic ionization in such a discharge

depends to some extent on the capacitance, inductance and resist-
ance in the discharge circuit and a method of separating the
spectra of the various stages of ionization entails the study and

exploitation of this dependence. It is desired to establish a

definitive relationship between the excitation observed in a

spark discharge and the péramefers involved in its production.

A long practiced‘method of obtaining the spectra of higher
ionized atomic states is to use a high voltage spark generator
consisting of a rather‘sméll capacitor (< Q.1 uf) charged to a
high voltage (2 10 kV), an inductor, and usually an auxiliary gap
to trigger the discharge synchronously with the charging cycle.

No external resistance is émployéd in the diséharge circuit because

for small”capacitors the resistance necessary to change appreciably

the character of the discharge dissipates a good amount of energy;

less energy is delivered to the light source itself causing a

" reduction in the intensity of the spectra. The discharge is thus

oscillatory and although the degree df‘excitgtibn is affected to
some extent by the variation of inductance, it is not possible to
obtain the spectrum of one stage of ionization free of its neighboring

stages.



'Sihce.19h3 three major'developments in thispfype of spec-
froscopicvunit have arisen in attempts fo achievehgreater control
over theldiScharge through external parameters. 'In'l§h3,Hasler
and Dletertl developed the idea that by separatlng the charge and -
dlscharge cycles of the capacltor maklng each 1ndependently con-
trollable, breakdown of the gap can be achieved w1th ‘a low-power'
high voltage 1gn1tor circuit and a. low~voltage hlgh power capac1tor‘ o
discharged through the gap ‘once it has broken down _Several; |
advantages over the previous sparks are: (1) the'amoaht'of energy
discharge'infeach cYcle is more reproducible,-(é);higher capacitances
{v10 uf) can be used with the lower voltages (™1 %V) for a,given
smount of energy allowing variation from_underdamped through
critically damped and overdamped discharges, (3) termination of
the discharge depends only on the'circuif and gap'constants, it
is no longer‘affected by the synchronous rotatihg gap and (n)
lower voltages reduces the broadening and shiftlhg of‘atomicv
spectral lines caused by the Stark effect which is particularly im-
porfant for radiation involving 1evels wdthvlargeiazimuthal.guantum,
number. Hln 1950‘Vodar and Astoin2 suggesfed,the sllding sparkl |
_vhlch was further developed by Bockasten3 who 1ntroduced a porce-wi.
~ lain or quartz spacer w1th a small bore along 1ts axls through
which the spark passes and with a radial channel v1ewport. The jd.h
chief advantages are: (l) the voltage necessary for the breakdowndv'.
of the spark gap is reduced,v(a) confinlhg the drscharge enhances

the spectral line intensity, and (3) it operafes with large
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‘inductances (v 1000 uyh) which is not possible Vith vacuum sparks.
Spacer impurity spectral lines such as carbon, silicon and oxygen
are also produced. The third development in the spark was the
introducfion of'an electronic switching circuit'consisting essen—
tially ofvaﬁ ignitron triggered by a ﬁercury thyratron to initiate

the discharge.h This allowed still better control over the repro-

ducibility of the current dischafge and is'essential for synchroni
zation in the time resolution of spectral line intensities within
the current pulse.

Thevbresent investigation consists of two chief parts: (1)
to detérmine the éxéitation of different stages of atomic ioniza-
tion end investigate the.circuit conditions that optimize the
variation.between_these stages when observing the total discharge
pulses, and (2) the invesfigation of the behéviour of the iohiza—
tion stages within & given discharge pulse via the time resolution
of its light pulse. The intent is to discuss the basic equations
governing the discharge of a capacitor in order to obtain a
knowledge of the characteristic times involved as well as of the
current and power-per-pulse relations in terms of the circuit
paraﬁeteré, the voltage and the discharge repetition rate. The
results will then be correlated with the experimentally obéerved
intensit& variations in a dischargé iﬁcorporating-all three of

the above developments.
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1-2. MATHEMATICS OF .TRANSIENT DIS(.'}HvARGESIYOF .éAPACITORS |

ihe general mathematics of trapsient'di§§h;rges of capa-
citors ﬁéélﬁeen developed in many texts and with particular
application to'tﬁe étu&y of spectrocheﬂical séu?ééss_but the
charactéristic timés involved and the rate of cﬁérgé‘and eﬁéfgy
delivery to the éource.in termé of the.circuit_parameters are not
usually discussed. Whén aicapacitor (C), which at the time (t'='0).”
whenvthe current (i) starts,'is_triggefed'to diséharge thrqugh an
inductor (L) and resisfance (R), thé voltages injfhé'LCR circuif

sum to gi#e the differential équation

- - I |
L3 +Ri+G=0 o (1-1)

where q(t)_is the charge on the capacitor. The solution of this .

equation for the current in the circuit as a function of time,

i(t), is R
R i R T
C(EEETD kT _
1(t) = 2218 — . (1-2)

where Vé»is the negative initial voltage on the capacitér gnd
Y= % (%)2'>>0 i'sv an g.ppropriate circuit paraxhefer s ‘continuous
' .over the region ,Of. poss.ible behaviour of the dis‘éha.rge (O Sy<Swo),
Three quite different current flows are pOSsible'depénding on the
value of y: Y <1 underdamped, Y =1 criticaily démped,'and Yy>1

overdamped.



A pharactéristic discharge time is the time (tp) at which
the discharge current reaches its peak value i.e. where the charge
. transfer froh the cépacitor through the circuit for a given inter-
val of time is a mgximum. The time tp'may be obtained by putting
the time derivative of the current equal to zero and solving for
3 the geak current 1 E"i(tp)_ is then qbtained by substituting

the value of tp in Eq. (1-2).

BT

B._l\/l—i
e (1_\[;_1') o 2L( _

i)

w = Vi %
¥
1 1+ \1- = .
= fn '
2 1- Ul— —% tanh“l\ll— 1
2L p 1 T
1- = 1- =
Y Y
Qr
t = \/LC - ' (1-3
p g(y) _ | | )
where




Y Y)
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i ==2{(% A —
P R 1
L Y.v
or _ : o
i. - FV 'h(:Y)'v'  . , L (1-1;.)'
P L o R
—\ tanh ™t Vi- L | tanh ™t V1- =
-(1— 1- -—), — “(14- Vi- —i) : Y
Y Ji- Y [ L
: 1- = . 1- =
v _ —e ‘ Y
h(y) =

1 Je - .
AN e

The charge and energy transfer rates may he determined as
follows. The maximum amount of charge transported through the
circuit per unit time (ip) occurs at the time tp'and may be ex-—

pressed in terms of tp, Y, C and Voiusing Eqsg (1-3) and (1-U)

pp

A measure of the rate of energy transfer frOm]the'capacitor_to the -

circuit containing the spark gap i.e. a measure'qf the power in a o

current pulse can be obtained by considering the time interval T

it = ov_n(y) ely) - s

'EN
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between the times (t,) that the current is a given fraction (f)

of its peak value. From Eqs. (1-2) and (1-k)

Y

‘, _R_ 1
t 1-—t§
—e 2L .p

,(_" R _
i(t) 2L 3 2L Y° e 2T Y tz
, 1(t T~

[
n

2L pg Y

/

Vot ) |
e«; P r (eer - e-er) =_{(ee - e—e) (1_6)

or

where

;.

=T, - ] T_
2L °p Tyt e YT VY‘lg(Y)

a=8_¢ ¢1-

t
+ .
and r is the double-valued ratio E-'— for a given current pulse.

. - P .
Given the circuit parameter y and the fraction f, Eq. (1-6) may
+ !

. +
be solved for the ratios f » and the time interval T formed in

P

. f _t
terms of tp i.e. r— t

. P P
may thus be expressed as

CV02 CV02 T
oo ™ oY) = 5 B0 8n) £~ (a-1)
] |

where in the expression on the right, T is the solution obtained
o .

2 0. The power in any current'pu'lse‘

from Eq. (1-6).



Rote that for a flxed LC, gly) determlnes tp and together
w1th~f 1t determines the chosen time interval Tf i. e. g(y) is the
dlscharge duration functlon. The functlon h(y) is the power function
in the sense that glven %-and V it determlnes 1p and therefore -

~ the power per current pulse, 1 V . Equations (1—3) to (1-7) will |
be useful in discussing charge and energy transfer rates 1n terms
of tp, lp’ Vo‘and the associated functlons g(y)eand h(Y); er given
L, C, Y, and the initial voltage V onvthe capacitor. - The shove
equations were solved for the range .10'-"4 < 'Y < ‘103 a.nd the results
for f = %-and principal ralues ef the trigonometric functions are.
presented’in Figs. 1.1 and 1.2.’vIn the case of Y <1, calculations
were made for the first current'pulse in.the'oscillatory train;

the calcnletions for follewing pulses in the train are straight
fbrward._ Note.thst the fﬁnctions‘plotted are monotonic in

’Y (0<vy <.°°) , and that both the peak current and the product i_ptp
are maximnm as ¥ + O for fixed (CV L) andh(CV )s respectively.
Of'course, L, C, R (or y for fixed —0, and V unlquely determine
the dlscharge pulse. In addltlon Table 1.1 shows the llmlts of
.Eqs. (1—3) and (1-4) to first order in the s1gn1f1cant variable

~as Y ranges from zero, through unity to_lnf;nlty.‘ The llmltS were
ohtained by proper expansions6 or by differentiation.-'When Y is
outside. the range plotted in the flgures or Y l the expre551onsi
in Table l.l‘are appllcable. It should be noted that in the limit

when the resistance added to the circuit approaches zero, the

resistance of the spark gap and the re51stance correspondlng to
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FIG. 1.1. Curves for graphical determination of v, g(y), h(Y),
and ipVo from given values of.tp, Tl/2’ C, and Vo‘
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 FIG. 1.2. Curve for graphical determination of charge transfer, n(y)g(y) = iptp/CVo.
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in Capacitor Discharges.
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TABIE 1.1. Limits of t_ and
. P v
o
<1 v=1 v>1
Underdamped Critical Overdamped
0y e vl
Lo C-0 R=+0 L=>0 Co» R
T 2 4 c/ 1 RC LC 2L C
pe | IVIE(1-2v s vie | so| viesReLae | /LR VA N ) O
2 m : Y 2_1_ 2 b7 ¥ 3\7y
1
1-v 1-—
- T
[
1+V [
e — 1/ 1
->1f i+ --1} +
S 3\

Ri
P \/(? - d 2
—=| RV—U-—V7r+- —
2 e

XBL 734-441

8‘Sinusoida.l as R »+ 0.

bClirrent never peaks as C > ® implies infinite energy available.

_cOpen
da .
i
VE independent of R.
e ©
Ohms Law.

circuit never starts:
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r.f. radiation losses are,ho longer negligible and_mhst be taken

vintq accdunt, For a discuséioh in thejﬁnderdamye&fcasé.see Ref. 5. -

*CQnsider now the three various current diéchargés'possibie.f

A A. Underdémped Discharge (y < i)f.f_

In this case'Vl- %- is imaginary and the eqﬁations_até-more' .

approprlately written

B 1(t) =

3 (J_ ) ,‘

, | 1T, vv v | o '—'1; ,_1_ _ :
R P a(y) = 2 Ny

T, IR

(1)-  -
J; P r sin (6' )—f\ll—y

- vwhere -

(1—2a5

_(1-33)

(l-ﬁa)

| (1-62) -

SR AT T JX, L AT L T e
6" = - tva 1=y Tty = ta.n'JY -l= Y1 -vely)
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and the identitieé';;hﬁﬁixl =i tancxl, sin [tan—;(X)] = —=
o | o ’ 1+x

} he.ve been used.: It is of interest to note that as Y decreases
from unity both tp a.nd 2{. —E increase; a.nd when Y approaches
zero, tp- a.pproa.ches one quarter of the‘pe.riod (21r\[L_C') of pure ,
sinusoié.a.l :oscillat_ions (R = 0 for all LC) while ip becomes inde- |
péndent ro'f R (Table l;l). Tt is in tﬁis region thé.t the earlier
sparks (y = O through C - 0) previously di‘scussed were operated
.a.ndf it mey ﬁdw be seen why no external resistance is -employed in

. the high;volfage,' sma.ll-capacitor spark. In short, when empioying'
:a. small capacitor, higher energy-dissipating resista.nces of low
inductance are necessa.ry to change apprecia.bly the chara.cter of

the discharge pulse from oscillatory 'beha.viour (v <1) to critical _

demping (y = )

B. Critica.igl Damped Discharge (y = 1)
'When Yy=1 Eqs._ (1-2) to (1-5) are indeterminate. 'quever,:' '
'.by ta.king appropria.te lJ.mts (Y1~ -Y---r 0) or by differentiatiOn

the equations can be written
‘ _ .

v o
1(t) = = e VIS . (1-2p)
T .__. 5 gly) =1 (1—3b):

N
N
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m|H f<‘,

TVL T L h(Y) {(1-ko)
A e 9Y

Notevthat the eqﬁations in thiS'case'depeﬁd oh-but two‘offthe three

c1rcu1t parameters (L c, and R) e. g tp = %L-f gCF=JVIC and that
. o ) hh6 t e , N .

1/2

.C, VOVerdaerd-Discharge'(r >5l,

The equatlons are perhaps most approprlately wrltten in
the form (1-2) to (1-6). From Table 1.1 note ‘that as y increases
from unlty to large values, the t1me at which the peak current
is a’max1mum decreases and approaches sero ' (éxcept when Y_+'w
throﬁgh C +> «'in which'case.tp'increases'lihearly-with C, as’
expected because C »> « lmplles large energ1es available and the
current never reaches its peak value). In this llmlt of'Y, giR
ihcreases.from %-at Yy =1, to unlty (Ohm's Law) as y -+ whlle
: the>rate of energy transfer approaches a constant value (Flg. 1.1).
‘This is the case.that approaches the continﬁous_d.c.varcﬁtype'of___7
sourcelacross;whlch a nearly constant,voltage:is maintaihed,ath-
‘pulse.discharge duration is sufficiently long'for the discharge
to achieve thermal eduilibrium In the case of electrode contact

the voltage may be varied for the conductlng metal and Ohm s Law

is obeyed.
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1-3. EXPERIMENTAL DETAILS

To excite and separate the spectra of higher ionized atomic
states, the light source used was a vacuum sliding spark connected

in a series LCR circuit with a trigger unit.

A. Light Source

As originally used by Vodar and Astoin,2 their‘arrangement
in vacgum‘consisted of a carbon rod, along-which‘thé‘produCed spark
slides, provided with two ring electrodes connected to a (0.03-0.1 uf)
capacitor charged to 30 kv. They reported specfra similar té‘ordi-
‘nary sparks but with additional carbon lines present. The idea was
furthér devéloped by»Bockasten3 who used cylindrical elécfrbdes of
the materiasl studied and replaced the cafbon rod with an axially-
boréd porcelain disk provided with & small (1 mm).régial viéwing
slit towards the épectrograph. In this manner a great gaih in
inténsity waé obtained since all the sparks occurednin the bore
hole rather than along the outside of a cylinder;. Tgvtrigger the
discharge Bockasten inserted in series an auxilia?yxgpgrk gap in
air, consiéting of two brass. spheres whose distance épart determihed
the desired voltage. The spark voltage was between 6-15_kviﬁith‘a
capacitor of 0.3 uf, triggered 6-8 times per second. The inductance
was varied to obtaiﬁ different degrees of osciligtory discharges.

The iight source used in thié experimént is similaf to the

one used at the Johns Hopkins Universityh’7 and the National Bureau
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_'of Standar&sS’g thich is a somewhat modified version of the one
used by Bockasten. ‘The vacuum‘chamber consists'of.a:élass envelope
in the sbape'of two cylindrical glass tubings crossea at their
centre (Fig. 1.3). The tﬁo'rertical ends are kovar-to-metal seals
through which the water-cooled electrodes are inserted and O—riné
sealed. .The right end of the horizontal tnbing;fits; through a
ball-joint connection, to a pump outlet and an O—ring sealed
window hoider;.the left end is a glass window for‘alignment and
visual observation. The pump system consists_of;a rotary roughing
pump and an oil diffusion pump_with which operating pressures of
about 5 X 10"6 mn of Hg are maintained. The qnartz‘spacer between
the electrodes, instead of being a flat disk which necessitates
smooth fitting of the electrodes to the disk to prevent part of
the discharge occuring outside the‘disk, has a'reéeSsed bore bole"
thrOugh which the spark passes. It is provided'with a horizontalf
viewport, centered between the electrodes. The spacing between
the electrodes is a quarter of an inch. At pressures above about
10.'h mm of Hg occasional electrical flash~over occUrred between
| the electrodes and the brass window holder,‘some fire'inches apart.
The horizontal windows should not be'oioser to_thelcentral'electrodes
than about five inches to prevent eXcessive sputter deposition fromr

the sparking which decreases their light transmission.

B. Electrical Circuit

The circuit is basically a series LCR c1rcu1t (heavy lines

Fig. 1. h) v1th the 11ght source and a trigger un1t connected in
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sériés. Inductance coils were made from copper wire (1.02-2.05 mm
‘dla.) coated with an insulating varnish and cons1st of the values
13, 36, 133, 312, 592 and 860 ph. Two capacitor values were used,
L uf and 24 uf, though most of the results vere obtained with the
latter. -Two typés of negligible-inductance (<o0.5 uh) resistance
were used: for high peak currents several carbon-pile compfession‘
rheostats were coupled in series as needed, while for the lower
currents (< 100 amp) two doubly-wound wire rheostats of up to 100
ohms -each were added. With this arrangement the externsal resistance
in the circuit could be varied from a fr;ction of an ohm to 240
ohms. The trigger unit used originally was a rotating spark gap

of varisable frequency (typically operated at 5—30'times/sec) but
this was soon abandoned in favour of an electronic switching unit
which gave better stability and improved the suppre#sion of
undesirable current ends.

The electronic switching unit is similar to the one used
at Johns Hopkins Universityh and consists of an igﬁifron (GL-T1T71)
used as a switching tube which in turn.is triggeréd by a mercury
vapour thyratron (FG-105). A modification is that the thyratron is
not controlled by the voltage on the capacitor but is itself
triggeréd by a rotating sector wheel which at the same time may
serve as a time-selection window when observing the light intenéity.
versus time within a current pulSe. The fotating sector whéelv
consists of an aluminum diék (20 cm dia;) into'whiéh have been cut,

at a radius of 7.5 cm and at 90° from each other, four slits 3/4
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nches in length radlally and 0. 005, 0. 010 0. 020, and 0. 050 1nches
wide az1muthally. When rotated on the ax;s of a.synch:onous motor
(115 volts a.c., 60 cycle;'0.59 amp,rl‘h.p.,eby Bodine Electric
Company) at 3600_revolutions per‘minﬁﬁe, the reeﬁlt'is four time
windows i.e.'when placed in ffont of the spectrograph slit, the
secﬁor siits will pass light into the'spectrographvfer 4.5, 9, 18
and 45 psec. | | o

The trigger and sYnehroniéation'uhits were obtained from '

this rotating sector wheel as follows. At 60° before a given sector

slit reaches the top vertical position of its cycie,.it passes
between a small light and a photo—didde;'vThe resulting sigeal is
emplified to diode-transitor-logic level (0-5 volts) and trans-
mitted (1) to a pulse width discriminator'(Q)_to a counter and (3)
through a fixed.(zg-?;—— = 2.8 msec) delay plus a variable (+ 300
ﬁsec) delay;' The pulse w1dth dlscrlmlnator selects the de31red
slit while the scalar demands a coincidence between the number of -
times the selected slit has passed the photo-dlode and the exter-

nally preassigned discharge repetltlon rate (s 'per second). )

integer
When the.coincidence occurs the 81gnal, appropr;ately delayed and
once more amplified to 50 volts, is transmitted-te”frigger thet
thyratron which fires the ignitron, thefeby'discharging the capaci-
tor and firing the light source at theﬁtime‘(within-the variable

‘delay) that the chosen sector slit is passing in front of the

spectrograph slit.
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In the time reSolupion of the light pulse'the time loca~
tion of thé window in relafion t§ the current pulse was determined
as folloﬁs ._.."_A fiber optics light guide, of %—" ‘diameter and 12"
long'whi¢h~transmits wavelengths between 400 and 2000 nm, was
placed inside th; spectrograph at 1l m from the entfance slit. The
light guide intercepts approximately 4% of the light.entéring the
spectrogfaph which is tranmitted to a photomultiplief (1p28) and‘
the resulting signal displayed on the'dual beah'sséilloscope,
synchronously triggered with the spark discharge kFig. 1.5). With
the built—inlvariablevtime delay between the time at which the
sector slit is passing in front.of'thé spéctrograph slit and the
firing 6f the dischérge, the light pulse could be franslated acfoss‘

the coincident slits in intervals of the window duration.

C. Mode of Operation

Electricel isolation of the power supply aﬁd the LCR circuit
was ensured by placing an LR filter (200 mh, 750 ohm power resistor)
between thé two. This mey easily be checked by.means of the rela-
tion"rl‘/2 = 2,446 tp at critical damping. For d.éifen LCR circuit

and source, a lower limit on the initial voltage on the capacitor

is set by the minimum voltage necessary to operate the source, while

‘the upper limit is set by the power supply delivery and the dis~-

charge repetition rate. The dischargévrepetitibn rate 6f firing
the source is itself limited; the lower limit (v L40o/sec) being

determined by the desire to prevent spacer-heat end glow, and the



-22-

2
S
‘2 Volag a
S Z :
>
— @)
- o
— Tp)
. — e
> ‘-
> e =

t 20 psec/div

200 amps/div

 Light pulse

i (1)

t 10usec/div XBB 734-2501

FIG. 1.5. Typical voltage, current, and light pulse (9 usec window).
L =13 yh, C = 2L pf, R, 43ed < 19, v, = 980 volts.
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v(t) 50 volts /div.
i(t) 200 amps/div.

t 100 p.sec/div. XBB 728-4122

oscillographs of the voltage across and current
the light source.

L =68 ph, C =24 puf, R =~ 30,

added
Excites mainly Sc TIT and spacer impurities.
L = 860 ph, C = 2k uf, R, deq = 14Q.

Excites mainly Sc I and IT, and only the
strongest lines of Sc ITI.



'upper limit belng decided by the power supply bf'course there
exists a. direct trede off between the repetition rate and the total
"elapsed time-required for proper spectrographic plate exposure
'times. The current through and the voltage across the ‘light source
'were monitored on 8 dual—beam oscllloscope by means of which lp’
t p’ Tl/z,‘and the total pulse length were readily reproducible for
a given combination of L, C, R, V , and the dlscharge repetition
rate. _Typical osc1llographs of the voltage and current versus
tine forvsome widely separated‘LCR settings are presented in
Fig. 1.6. Note in Fig. 1.5 that the start of the{current pulse‘v.
is delayed‘h Usee, <Critical damplng could be achieved by adjusting |
the resistance vhile the source was in operation until the ends
of the voltage and current pulses on the oscilloscope appeared
sharp resulting in Tl/2/t = 2.}5, Because there exists a lower
limit on V » below which the spark gap W111 ‘not operate, it is
necessary to operate the source in the overdamped case 1n order to
achieve lower peak current (< 125 amperes) Peak currents as low
as 20 amperes may be achieved without'difficulty,'butgfor still
.lowerﬂcurrents.the source“fires intermittently‘unless;L is made_v
.smaller and_R correspondingly larger. Novattempt was:made_to
-'overcome this intermittent firing by introducing a carrier gas as_

YTTthis would probably result in electrical flash—over between the

"pelectrodes and the metallic parts of the present source. Further-

M‘Qmore, since it was found that in th1s source there is no great

};ldifference in stage exc1tation between 10 and 20 amperes and S
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because the first and second stages of ionization are produced
with better_lihe»quality_(sﬁaller Stgrk effect, ete.) in other
sources, nd ad#antage was to be gained by investigating these
lower currents with respect to the separation of higher ionized
atomic states. .

The oscillatory case was not éxamined és it is known
that critically damped dischafges are suéerior for the separation
of ionization states when observing total pulses. This is evident

from the results obtained by Strasheim and Blum;o'who reported

that the radisted spectra of neutral aluminum and All+ foilow

the frequency of the discharge and that the intensity of the .
ionized line decays faster in the consecutive pulses of the
oscillatory train. The fact that the ignitron in the circuit pre-
vents oscillation Vas utilized to achieve'higher peak currents for
a given power; the external resistance was decreased to obtain
underdamping while the ignitron prevented undershoot. Thus, the
first current pulse of an underdamped discharge was investigated.
It was found that the‘experimentally determined value of{%éi does -
not represent the value of the effective y very wéll,'probigly

because of breakdown effects and residual inductancés. A more

reliable and more sensitive measure of Y is obtained from the

T1/2

which irvolves that part of the current pulse which
A . : .
more closely obeys the energy and charge transfer rates as deter-

mined by the values of the circuit parameters. -
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In an effort to maintain source conditions as constant as
posaible, the electrode surfaces were machined flat and the.spacer
bore hole cleaned every tlme a spectrographic plate vas exposed.
To start the spark a pen01l line was made along the bore of the

:qnartz spacer. For wear on the electrodes as a function of ‘the

inductancevandvcapacitance see'Ref. 10.

tow

D. Observations

In the 1light of tne foregoing discussion:and previous
experienceegained from separating the spectrum of.Sc III fron
Iower ionization stages,l;’lg observations were made on vanadium
spectra in an effort to correlate the excitation'observed in the .
discharge of a vacuum éliding spark and the parameters involved
in itsvproduction. The scandium spectra were separated‘py vary-
ing'the fnductance and resistance atyconétant.voltage and"capacie
tance; observations were nade for fﬁb values of the capacitance,

=4 pyf and 24 uf. Observations on vanadium apectra were made
of bothvtotal time-integrated and time—resolved light pulsea
with constant capacitance and verious values of.the voltage at
different values of L and R. |

The light emission of the spark, u51ng vanadlum metal
electrodes (99.7% pure), was observed by means of a 3. h m focal
length Ebe“t—mount spectrograph from 2300—&800A in air (gratlng
600 lines/mm, S.ZA/mm dispersion, 5000A blaze). The capacitance

of 24 uf was discharged 15 times per second. Observations on the
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total pulses were mede with inductances of 13, 36, 133, 312, and

, : ST
593 uh and resistances adjusted to obtain —%12A= 1.60 £ 0.01
, p ,

(y = 0.08) and overdamping. At each of the five inductances the
voltagevwas varied over its range. The constant-tiﬁe exposures
(ko0 pulses)-weré made on one photographic plate. Table 1.2 lists
the parametér values of the discharge pulses investigated, which
have been numbered for easy‘reference; The quantities v, g(Y),
and h(y) in Teble 1.2 were obtained from Fig. 1.1 using the

T
observed ratios /2 . Confidence in the value of Yy thus obtained

t
P
is demonstrated as follows. First, the current pulses with the
T
same value of 1/2 were observed on the oscilloscope to have the
D

same damping character. Second, plotting the observed values of

t 2 versus the inductance added to the circuit at constant C and
constant damping character, results in a straight line with ordinate
intercept 0.6 wh, presumably the residual inductance of the circuit
and source, Eq. (1-3). Third, Eq. (1-4) is approxiﬁately obeyed

for the pulses listed in Teble 1.2. In general, the source will

i
operate if \/-—% Vo = B-(_%-> K where K is approximately 200 amperes

for the present source as determined from pulses 18 and 22 which
were obtained with Vo near the ﬁinimum voltage at which the source
barely operates stably. This confirms the well known phenoménon
that for a given electrical circuit the voltage across a source gap .
is nearly independent of_current, i.é. the volﬁage atvwhich the
source barely operates is nearly constent for fixed circuit para-

meters, source geometry and»electrode material. For constant
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Y (= 0.5) With.varioﬁs values of L, C; and R; aﬂé for the minimum
;.vbltage at which the source barely operates, it_Wag found that
I :Vo . ié approximatelyvcbnstant, Eq. (1-7).
p 1/2

To investigate the behaviour of the-ioniéatidnvstagesv
versus time within a given diéchgrge pﬁlse;llighf pulses weré time
resalved by use of the rotating sector wheel. ﬁith-tﬁé-9—usec
window, observations were made atﬂlo usec'intervals on fhe pulses
marked tr (time resolved) in Table 1.2. Photogfaphic_plate v
exposure times were constant at QOQO pulsés. Thﬁéé'plates sufficed"
to obtain ;he results of the seven pulses, eéch;platé repreSenting
a fixed value of L, C, and R. ZEach plate was also egposed‘to a
Tungsteq—Halogen lamp, reproduéible'through constant voltage and.
photomultiplier monitoring? for appropriately stepped times froh

%-to gg-min.utes, in order to monitor plate variations and determine

9

plate emulsion calibr#tion curves. Measurements wefe made on the
intensities of representative and convenient lines iisfed in
Table 1;3, and the relativg inteﬁsities_read frqm each'platefs
calibration curve. Thé observations uéing the 24 uf capacitor are
presenfed in_graphical form in Figs. ;.7 to 1.10. _In fig. 1.7 the
reiative intensities of the lines listgd in Table l.3 are plotted
versus peak current for the five different inductance values.

- Figures 1.8;'1.9, and 1.10 show the feiative inﬁensities of the

lines of different ionization stages versus time within the time

resolved current pulses.
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TABLE 1.2. Circﬁit Parameter Values of Diséhargé Pulses Investigated.

Observed ‘ From FIG. 1.1.
Circuit Parameters v Current Pulse
(Cc = 24 pr)
' oo al| . bl
Esise L vV, R i tp Ty /2 d Y g(y) n(y)
* | Gun)  (volts) (Q) | (amp) (usec)

1 13 300 <1 150 35 56 96 0.08 1.3k 0.68

2 13 450 <1 300 35 56 96 0.08 1.34 0.68

3 13 560 . <1 4oo 35 56 96 0.08 1.34 0.68

N 13 690 <1 500 35 56 96 0.08 1.34 0.68

5(¢r)¢ 13 750 . <L 600 35 56 96 0.08 1.3k 0.68
6 13 850 <1 700 35 56 96 0.08 1.34 0.68
T(tr) 13 980 <1 800 35 S6 96 0.08 1.34 0.68

8 13 1050 <1 900 35 56 96 0.08 1.34 0.68

g9(tr) 13 1160 . <1 1000 35 56 96 0.08 1ﬁ3h 0.68
10 36 300 1 150 L8 77 115 0.08 1.34 0.68
i 36 480 1 300 L8 77 115 0.08 1.34 0.68
12(tr) 36 580 1 koo 48 77 115 0.08 1.34 0.68
13 - 36 700 1 500 48 77 115 0.08 1.34 0.68
1h(tr) 36 780 1 600 L8 77 115 0.08 1.34% 0.68
15 36 890 1 700 L48 .77 115 0.08 1.34 0.68
16(tr) 36 1000 1 800 L8 77 115 0.08 1.34 0.68
17 133 860 20 50 35 300 750 10.0 0.595 0.15
18 133 350 1.5 150 83 133 190 0.08 1.34 0.68
19 133 550 1.5 300 83 133 190 0.08 1.34 0.68
20(tr) - 133 T00 1.5 Loo ‘83 133 190 0.08 1.34 . 0.68
21 312 1350 30* 50 .65 380 700 6.30 0.68 0.18
22 312 600 2 150 125 200 300 0.08 1.3% 0.68
23 312 1050 2 300 125 200 300 0.08 1.34 0.68
2L 593  1koo 30% 50 65 - 3801100 6.30 0.68 0.18
25 593 1400 15¥ 100 110 330 600 1.06 0.915 0.32
26 593 1010 3 200 160 ° 255 . hoo» 0.08 1.34 0.68
®pdded resistance values are approximate only; * =_overdamped. |
b

Total time duration of current pulse.

CPulses marked (tr) were time resolved.

===z
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Vanadium Lines Selected for Intensity Measurements.

TABLE 1.3.
Wavelengths Transition Reference Excitation energy
- (A) o (electron volts)
VII - 292k.017 aSFS—st; | 13 11
VII  3257.893 c3Pl-§y3D; 1k '13.0
VII  3263.33 b3Gh-z3H° - 14 12.6
vV IT 3é7i_.12h aF 3~2 Gh 1k - 11.6
V IIT  3107.817 c2D z2F7 /2 15 »32.1;_ |
V IIT  3350.211 | 16 > 25.1
V IIT  3351.56 16 = 25.1
VID 320h.259  3a(ba’p,-spP) 17 82.7
vVIY 3295._501 3d(5p3F2-5d3F2*)‘- N ¢ 86.2
VI 3328.527  3a(5poF,-5a°F,) 1T 86.3
VI  3333.986  3a(ka’P,-5pPy) 17 82.6
VI  3334.79 sa(kal "G)-5p Fg r2) 17 2.7
v x; 277h.998 5p2P3 /2—5d Ds /o 12 ihs.6
' 3363.517 >101.2

a'I'he exeitation energy is defined as the totsl energy necessary

12

to

excite a neutral atom in its ground state to the upper state of the

transition emitting the radiation.
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FIG. 1.7. Rela.tlve line intensities versus peak current
C=2huf, y=0.08 except- & = overdamped.
For additional circuit parameter values see Table 1.2.
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The light emission of scandium electrodes in the region
5002 to 9500A was observed for three different peak ¢urrents (100,
250, and 500 amperes) with two capacitor values, 4 uf and 24 uf.

2800 and 1400 volts reépec-

The circuit parameter values were Vo

0.35) and constant discharge

tively, wifh gonstanf I%Lg = 1.9'(7
repetition rate. E&posurz times were constent. On visual compari-
son of the spectra three facts could be observed: (1) the intensi-

.ties of the spectra obtained with the 4 uf caﬁaéitor were reduced
by about a factor of four from those obtained with-thé 24 uf capa—.

.citor, (2) "the Se II spectrum showed a much sharper decrease in
intensity with current increase (lowér L values) in the 4 uf spec-

tra than in the 24 uf spectra, and (3) the intensity of the Sc ITT
spectrum obtained with the 4 ﬁf cgpacitor showed a much slower

rise with current increase‘than the spectrum obtained with the

24 uf capacitor.
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1-4. RESULTS

A. Total Pulses -

Figure 1.7 displays several interestinguphenomena.:?As the
peak current (or v, ) is. 1ncreased for fixed values of L, C; and R,
higher ' stages of ionization ( ) are,exc1ted at some definite
peak current and their line intensities increaselﬁith peak current.
Suff1c1ently strong lines of the doubly 1onlzed stage may be pre-.
sent at lower peak currents, e.g. the strongest llnes of Se ITI-
were observed in a lO-ampere peak current dlscharge. The 51ngly
1on1zed stage 1s more favourably excltedvin the overdamped'dis-
charge but'remains present at the higher peak currents. Separation
of stage 1onlzatlons by 1ncrea51ng the peak current for.flxed
values of L, C, and R appears dlfflcult as no useful 1nten51ty
reversal of a given'ionization stage is obtained-vithin the limits

of the present power supply.

 In general tne relationship between-the'line intensity and
the excitation energy is complicated by the fact'tnat-the‘line
'intensity depends on the number of-atomsvexcited'to the particular
upper state involvedvin the transition‘i;e. onvthe'number of atoms
released from the'electrodes and their-distributionﬂovervthe;ioni_
zations stages present during a discharge pulse;. Tneitime resoluf
tion observations (Figs. i.8 tovl.lo) indicatevtnatnduring a given
time interval within the current'pulse_the‘line intensities‘of the

higher stages of ionization stages increase atvthefexpense of the
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lower stages when the pesk current (or the pcwer) is ingreased.
Thus, thevnumber of atoms per unit fime contributing to the rate
of charge transfervthrough the source is approximately constant
for fixed L, C, and y (fixed tp).v This is further supported by
.photographslo of electrode wear as a function of L and C with
constant Y, which show the highest degree qf simiiéiity when fhe
product LC is éonstant.

From thé relative line intensities in Fig. 1.7 at high
peak currents, two conclusions may be drawn. For a given stage
of ionization the relative line intensities (1) increase as'ip
is incrgased for fixed L; C, and vy (fixed tp) and (2) increase
when the inductance is increased (increasing tp) at constant C,

Y and i ; Thus, the line intensities of a given ionization

sﬁage iﬁcrease as either i§ or tp is increased at constant C and
Y. A simple picture of line intensity and excitation energj as a
functior of the circuit parameters presents itsglf. " Let imin,s
be the minimum rate of charge transfer.necessary to produce the
highest ioniéation stage, (s) observed in a discharge.pulse. With
sample vaéour leaving the electrode surface at é constant rate for
fixed L ahd'C, the‘longer pulse duration results in a higher

increases

intensity of a time-integrated line exposure i.e. Timih's
. : H

where T is the time interval during which i(t) >=imin g+ From
N . ’ .
Eq. (1-5) iétp = CVOh(y) g(y), hence for a fixed C the product
iptp is governed by both Voh(y) and the diséharge duration function

g(yY), increasing with higher voltageé or lower values of Y. The
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depertufe frbm this geeéfalized.eimple'pieture'at 1bw peak currents
may be due to the félloﬁing pheﬁomena; Waltersiazreports'that‘at
'any'fixedxeleCtrode'displacement the intensityétlme%profile con-
tains an ihitialshigh amplitude epike,'whose duration (< lSlusec
for the present'source) deﬁends'on-the eleetrodefgep disteﬁce but.
not on'ﬁhevform_of.the discharge pulse;'_This ﬁouldiexplain~the
irreguler intensity beheviour at cqnstant—veltage,flowvpeak
' eurrents: (1) for sufficiently short‘pulses thefinitial intensity
spike beComes a sighificaﬂf"fraction of'fhe*totel'time—integrated
inten81t1es and (2) for long pulses obtalned w1th large L values
the 1n1tlal 1nten51ty splke is alsc dominant for the highest
lonlzation stage present because‘lnvthe later part of theé current
pulse after breakdown effects cease to play a majof role, the cir-
cuit-pafameter controlled eharge transfer raﬁe is”lese effective
in excitinglthe.highefvionizetion}stages as Will_befseen‘later.
Teiexcite-higher ionizatioh'stagee increeeeetﬁe maximum
rate of charge tiansfer; to obtain stronger liﬁellnteesities
increase.thevaischarge duration‘for'fixed‘peak‘eﬁffent. ln both
cases,this means deliver more energy (%-Cvoz) to fhe_souree. For
a fixed energy there exists a,trade-eff betweeﬁﬁthe highesﬁ
' ionizatieﬁesfegevgaihed and the strehgthleflitS'line intensipy.
vaor ionization stages loﬁef than'the‘higheét-lpﬁizefion Stage
present, inéreasihg the rate of chafge.treqsfer depletes'the num-
ber of:afoms excited te those stagee durihg a glveh time lnterval

" for a nearly constant electrode vapourization rate. This will be
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discusséd in conjunction with the time resolution results. Generally
“then, the reiétionship between relative intensities and circuit
parameters is complicated by the distribution ofyfhe atoms among

the different iopization stages and in certain caseé,by breakdown
effects. Caution is necessgry when.trying to relate'relativev
intensitiés and especiaily intensity ratios of different ionization

stages to the circuit parameters.

Intensity peaks, however, considered as.the'most favourable
“excitation of the upper state involved in the emitting tréﬁsition,
may be interpreted as representing excitation energies attained
and are directly associated with the circuit parameters. Perhaps
the most convenient intensity peaks to be considered firsf are
those obtained when three 6f the four circuit pﬁrameters are held
fixed. Relative intensities of the différent lines may be fead
from Fig. 1.7 as a function of L at constant C, Yy, and Vo' Results
ere presented in Fig. 1.11 for c = 2k uf, vy = 0.08 and V, = T00 volts.
Intensity peaks are clearly defined and good séparation'of ioniza-
tion stages may be obtained from the spectra at constant C by
varying L, adjusting R to achieve cqnstant Y, and‘maihtainins
constant Vb (see Fig. 1.14). 1In this manner the'spectra of éc III_"
end VY in the fegionVSOOA to 9500A.were successfully separated

11,12 In the tbp graph of

from their lower stages of ionization.
Fig. 1.11 excitation energies (Table 1.3) -are plotted, at the

corresponding intensity peaks, versus %‘. For voltages less than
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700 volts,‘the iﬁtensity peaks occur at lower L Valﬁes and are

v épreéd fﬁrther apart...Simi;ar plots at different voltages,
‘although further observations at different L valueévare necessary
: ﬁo detérmine the intensity peaks more'closely, iﬁdicate that |

, - (V)8
sufficiently high excitation energies are proportional to g

where § 5‘2;_for cénstant C and Y. The departure from.z%E at low
voltages is attributed to breakdown effects, i.g, e certain mini-
muﬁ current is necesséry té operate the source, which will be‘
discussed later. |

Tﬁe power delivered to the source is a quantity more
generally aﬁflicable to a variety of sources and it is appropriate
to inveétigate its influence4oh the excitation energy attained in
the source. A useful reletion between the power in a pulse and
ipvo may be obtained from Eq. (1-T) ﬁhich indicates that the pro-
portionaljty factor between ipVo and cvﬁ/\fEE is what has been

called the power function h(Y) for a given %-and V . For the cases

of present interest in Fig. 1.7, Y is constent and ipvo will serve
es a measure of the power per pulse, the proportionality factor

N 1 2 . -
between_1pV6 and 5 CVo /11/2 being about three for y = 0.08

(Fig. 1.1). Relative intensities of the different lines may be

read from Fig. 1.7 as a function of L at constant C, Y and i Vov 

. o
with curves of ipvo obtained from Table'l;2. This was done for

two values of iV, (165 xVA and 280 kVA) end the results are pre-

sented in Fig. l.l2,vplotted versus %-. Intensity peaks of the

different ionization stages occur, though there appears to be
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greater mixing of ionization stages at higher L values than the
plot at ¢onstant voltage (Fig. 1.11). In the centfal greph of
Fig. 1.12 excitation energies are plotted, at the ¢orresponding

L
peek at ;65 kVA,-all points are rather well defined resulting in

intensity'peaks, versus l-.v With exception of the V IV intensity

two lineaf, parallel lines of excitation energy veréus %’; the

curve obtained with the higher wvalue of ipVo is‘sﬁifted to higher
excitatiop energies. Figure 1.7 further indicgtes that the inten-
sity peak; (including that of VY) at a higher power would result

in g8 line shifted further to the left. The graphs were obtained

at constant C and y. With breakdown effects appropriately reflected
in the product ipvo’ one obtains from the intercept and slope of

the two linear curves

- -2 . 2
E, = (1.16 x 10 1pvo),

31

+ 2,61 x 10 T constant C,Yy (1-8)

where the excitation energy, Ee’ is in electron volts when ipVo is

expressed in kVA and L in ph. Equation (1-8) reproduces both

excitation energy versus %-curves with.an error of-less than 3%,

and may be uéeful in future .investigations of ofher eiements.
Consider now the C dependencé of Eq. (1~-8). From the

obséfvaﬁions usiﬁg the scandium electrodes, by_yafjing C at constant

Y, the Crdependehce may be determined. .Ffom Eq. (l-ﬁ),

| ipvo = fJ%T V02 h(Y), thus forming ratios of the power associated

“with the 4 yf and 24 uf capacitors at'constant Y optains
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Despite. thls increase in power per pulse used with the L yf capa-
citor, the 1nten51t1es drastlcally decreased and the 1nten51ty
peaks of Sc¢ IT and Sc.III are spread further apart on an 1nten81ty
versus . plot. Wlth -the assumptlon .that an 1ncrease in C is
equivalent to a decrease in Ly these facts 1ndicate a 11near

dependence on C 1n the- excltatlon energy versus L plot at constant

Y, so that Eq. (1—8) becomes

B omat ()P e S comtaty  (o9)
Wwhere a' and b! are constants‘depending Qn'the'SOnrce geometry, the
electrode element, and possibly Y. -

Oon51der next the y dependence of Eq. (1—9) - First it will
be establlshed that the.slope of the Ee versue %j;plot is e decreas-
~ing function of Y.»vThe-relative'intensities-of V IT for the pulses
‘numbered 24, 21, and 17 in Teble 1.2 are b1, u.jﬁ,‘and_'.s.é, :
reSpectively. The corresponding ralues of L areas93, 312,'end 133 -
uh, and'of_y are 6.3, 6.3, and lO.O.Y Fron'the tepmostrgraph_in .
'Fig. 1.7 note that the V IT line intensity'increases~with a decrease ‘
in v and a’corresponding dhcrease invipvgb'at fixed L and“G.
Therefore, the reiative»intensity_(5.9) observed-from pulse 17

(L = 133 ph, Y = 10.0) would increase for a decrease in y and a
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corresponding increase in ipvo’ at the given L and C. Hence, the
intensity peak of the V IT lines for y = 6.3 andiipVb = 69 kVA
occurs at L < 133 ph, resulting in a single data point on the'Ee

versus %- plot in Fig. 1.12 with ordinate 12.2 eV and abscissa not

less than %-= Er%§§-= 7.52 mh™!. Because no negative excitation

energies éxist by definition the intercept of the Eévversus %?
plot is positive and the slope at constant C is less for y = 6.3
than for y = 0.08 (compare Fig. 1.12), i.e. b' in Eq. (1-9) is a
decreasing function of Y-.

The exact y dependence in Eq. (1-9) m&y be determined from
the topmost graph in Fig. 1.7 (pulses 2L, 25, ;nd-26, Table 1.2)
where the.relative intensity of the spectra from ionization stages
higher fhan V IT is comparatively weak or nonexistent. Consider
the special case when only the spectra of the peutral atom and
the singly ionized stage are present in the emission of the dis-
cherge. This condition occurs for a certain minimum charge trans—-
fer per unit time through the sou?ce, sufficient to operate the |
source stably. For a nearly coﬁstant.sample vapourization rate
(fixed L and C), the number of singly ionized atoms at any given
time during the discharge ié chiefly determined by the rate of
charge transfer through the source, i(t). At ﬁhe time tp the
abundance of singly ionized atoms and hence the maximum intensity»:

is determined by 1. « Voh(Y). In addition, when one.observes

v Y
time-integrated light pulses the discharge duration function g(y)

enters in the line intensity; it determines the length of time during:
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‘ Whiéh atéms are being excited to the upper level of the emitting‘
transitioﬁ.‘ for the tétal—pulse observations under consideration,
the time-integrated rélative inténsity of the V IT lines thus
depends on Voh(Y) and g(y), and in tﬁis special case is in pfin—v
ciple a direct measure of the excitation energy achieved and main-
tained during'spme fimé'intérVai of ‘the discharge duration. To
compére this with the controlied ékcitation of the neutral atom in
a lowacurrent‘source,with consfant Y and varying_vbitage see

Ref. 19. The relative intensity 6f the V II‘iinés for pulses 2k,
25 and ?6 are plotted versus [V’()h(y)»]2 and versué‘gz(Y)vin Fig. 1.13,
where E%$T-= 300 emperes (* 6%) has been used (Table 1.2). The

V IT line intensities have been drawn to approach zero for some -
minimum valué of the peak current, |(1 ) | 2 0; the departure
from the straight line’at iow peek currents is interpreted as being
caused chiéfly by thermal equilibrium effects in the light s§urce
at high value of Y (long discharée dﬁration). Recall that the
extreme limit v + o (g{y) « tp + 0, long discharge duration) with
voltages which barely operate the source (—TET-— constant) is the
d.c. arc 11m1t in which thermal equlllbrlum prevalls in the light
source and much lower power values suffice to operate the_source.-
With a nearly linéar relationship between h(Yy) and gly) neaf Y =
the results of Fig. 1.13 indicaté that fhe relativévinténéity of

V II lines, T for sufficiently high intensities and at constant

rel’
L and C, obeys

T =a @y P8 efn = v+ 862y (1-10)
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'_where a, B, and o' are independent of the circuit perameter Y.

Correlating Eqs._(l—9) and (1-10), and recalling that the exci-

'R
tation energy is approxlmately proportlonal to -%}- for constant
C and vy, results in e
_c 2 2 _ L2 _p_) | |
E, = T {a[VOh(Y)] +b ‘g“(‘Y)_}, =aif+ b(L_ : | (1-11)

where a and b are positive conetantezbf’the souréevgeomEtry'and‘the
electrode materlal and the assumption has been made ‘that an increase
in C is equlvalent to a decrease in L. The right hand s1de of

Eq. (1-11) is obtained by substituting Egs. (1-3) and (l—h) where

tp is to be reckoned from the start'of7a given cuffent pulse., The
Ri_~

—
2NV a(y) T

is constant‘for hlgh values_pf Yland at voltages which barely

correlatlon of Egs. (1—9) and (1-10) implies that

suffice to operate the SOurce staﬁly. "In the preéent'investigation
the latter condltlon occurs for pulses 18 and 22 (Table 1. 2) In A
the limr_t Y + o, -3—1-P-= 2VY n(y) »~ 1 (Table 1.1) and V, is the |
operating voltage o; the d.c. arc. Substltutlng 1n Eq. (1-8) the
appropriate values (Teble 1. 2) of the necessary quantitles in
accordance with their dependence indicated by Eq. (l-ll), one ob- |
'talns that the pesk 1n+ens1ty of V II 11nes for the . case discussed
previously (c =24 uf, Y = 6 3, 1pv 69 kVA) cecurs at L = 50 uh,
consistent with the observatlons which 1nd1cate L <133 uh.,‘ |

The functions h(y) and g(y) in Eq. (l-ll) are known,

monotonically decreasing of Y (0 < Y < »), Egs. (1-3) and (1-k).
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The function g(Y) is the discharge duration function and h(y) is
the ﬁowefvfﬁﬁction ieletiqg:the:peek’eprrent andvfoltage, for a
bgiven L and C.  The exeitaiion energy geined in.the source depends 
on the poﬁer del@vered_to the soﬁrce eand the pu;se duration. The
%-dependence in Eq. (1-11) is consistept‘with the data reported'
by Schreiber and Frygo for an underdamped discha}ge'at constant

voltage.

B. Time Resolved Pulses

| fhe time resolution observations-are displayediianigs.
1.8, 1.9; and 1.10. The first of these figures shows the relative
intensities of the liﬁeé véreus time within fhe_cﬁrrent envelope
of pulsev205- Three lines of each ionization stage ﬁreeent are
shown to display their common behaviour. In Figs.,(1;9) and (1.ld)
relative infensities are plotted versus time wifﬁiﬁ ihree different
curreﬁt'eﬂVelopes at constant L, C, and R; pulsesv12, 14, 16 and
pulsee 5, T, and 9, respectively. The infensity efethe highest
v ienizationvetage present is a maximum at tp, in eccord with the
results reported for the case of.underdampiné by Sfraeheim and
Blum.lo"The intensity-time profiles of the,lowef ionizatien stages
generally eoﬁsist of.fwo peaks separated by an intensity?minimum .
valley, the duration of which depem;ls.v on the cuzfréﬁt pulse ,1ength:1_8 |
and the stage of ionization. Both the inteneity profile.of the - |

higher ionization stages and the intensity valley of the lower

stages broaden as the power is increased. It appeais'that as the
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pesk current is inéreaééd fof fixed L, C, and R'thgtintensities

of the higher ionization sfages is increased at fﬁevexpense of

the lower'stégeﬁexcitations. The tongsf"graphs“ih_Figs. l.9”and_
1.10 showithe va;iaxion of intensity ratios at'tp versus peak
current ét constant L, C, and R. Evidently muchfgreafer intensity
varistions occur within the current pulse than canvbe observed
ffom the timé-intégfa£Ed pﬁlsés;: Using'é‘time résolution rotating
éector with a window of appropriate dufatioh; abratﬁer‘sudden
éhange in the intensity ratio of two consecuti?e ioniiation stages

may be observed between two SPectra,.fof.example theiVYigéinteQSity

ratio in Fig. 1.10 between 660 and 1000 amperes pesk current. The
spectra are.éhown in Fig. 1.1h. Compariﬁg'felati#e'intensitie$ 

or intensity retios between Figs. 1.9 and 1.10 it is clear that for
fixed Y higher peak currents gain higher excitaiioq energies i.e.
ﬁigher charge transport through the.source witﬁin'§ tim¢ interval
results in the excitation of higher ionized:atomig states during.

that time interval. .
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1-5. DISCUSSION
Both total-pulse and time-resolution Anél&Sisiindicatg
| that hiéher'excitatiOn energies are gained with in¢¥éased power
delivered to thefsoufce. For a_fixed Y, increasing.the voltage
increases the highest excitation energy gaiﬁed in a*current
Pulse, whiie for é fixed voltage increasing thé'discharge'duraf‘
tion inéreases the time-integrated intensity. . Separation of. -
Stages Vhen observing total-pulse, time—integréted intensities
may best b; éffected b& varying the dischargé duration function‘
g(y) and/or %- while maintaininé constantvvoltége. Time-resolution
of the discharge pulse with a constant fime window:allows separa-
tion of ionization stages by varying the current fhﬁough voltage

variation with constant L, .C, end R.

S o :
'_Wheh‘observing total pulses, in addition'tqvc-and'L the
discharge dﬁration may be exploited to improve separétion of higher
ionized atomic states. The discharge duration'fuhcfion g(y) is a
monotonica.liy decreasing function of ¥y (0 < Y.<,'°°)'.V | Thus, the
" intensity peaks in the %— plot ﬁay be spread fuftﬁer'apar£ (y » o,
improved separation) or brought clbser together:(y > o, wﬁrse
Separation) for fixed C and power. Hoﬁever; at fixed ppwer.the
former méans a decrease in the maximum exciﬁatioﬁ aftainéd in the
discharge, while the latter gains higher excitétiéh. Thus, there

exists a trade off between stage of excitation attainable and the



ability to separate them. Without time resoiving underdampéd dis-
.dharges, indeed the optimum exists at critiéal damping (Y = 1) where
high stages are best separable. For fixed.CVO; overdamping reduces
the stage attainable while:underdampihg introducesvan unduly amount
of‘lower-stagés éf ionization in the consecutivé[puISes'of the
oscillatory train. | |

Consider first low excitation energies. It is well known
that spectroscopic sources will not operate beloﬁ e certain mini-
mum currert i.e. a sufficient number of electroné must be present
to give rise to a current, and that no electrical source will
excite only the neutral atom. This may:be interpreted as saying
that there exists a minimum excitation energy below which a source
will not 6pera$e, e:g. 6f'the.order'0f the first ionization energy
of the neutral atom. Thus, there exists a lower threshold
ﬁe >:Emin >.O, the last inequality because no negative ionization
energies exist by definition, which rebresents a horizontal line
in the Ee versus %“ plbt. This then explains the intermittent
firing of the vacuum sliding spark at low currehts achieved by
overdamping with large vglues.of L, i.e. Eq. (l-il) approaches
zero as y and/or L approach large values such that'Eé is below
Emin for the electrode element and the source geometry. Similarly
it exﬁlains why a vacuum spark (low C and v) will not operate at
some fixed voitage for sufficiently large L valué;7

In the iimit.y > and voltaées'such thét the source barely

operates the d.c. arc results. In this limit g(y) + 0 and the slope
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of the Ee_rerSus %-plot approaches 2ero§_for poners-just-sufficient
vt to operate the source stably only the radiation of.the neutral atom
and the 51ngle 1on1zed stage is observable. In'aadition, the in-
tensity peak of the singly ionized stage broadens and moves off
to %-% ®, maklng its detection difficult. In- the opp051te limit
(Y +.0),,e.g; the highly underdamped diséharge of &' vacuum sparkg
the slope incresses which allows thevexoitation:of'nuch nigner
stages of ionization but the intensity peaks Of neighbouringtstsgesv
crowd cioser‘together”and the'lower:stages are undu;y excited in
the consecutive pulses of'tne'oscillatory train,“both making stage'
separation'difficult'when'observing‘ali‘the light from such a train
of pulses. |

- For totsi discharge observations, it is also clear now
why-stage separation by means of intensity peaksvis difficult’by
just increasing the peak current (increasing VO)'et‘fixed L, C, and
R (fixed Y);:'The.separationtdimension - seéond tern in Eq. (1-11)
is not ntilized all that occurs is ; verticalvtrsfersal in the E
versus %-plot, ex01t1ng more and higher stages of 1onlzatlon as the'
power isrlncreased.- At best broad 1nten51ty peaks may be obtalned
by exciting higher stages of 1onlzat10n at the expense of the lower
stages for a constant sample vapourlzatlon rate. (see bottom of
Fig. 1.7, V IIT at lp- 900 amperes) | . > |

Tlme resolving the flrst current pulse of an underdamped

.discharge achieves the tWOhfold_optimum of exoiting higher stages

of ionization while at the same time presenting an excellent
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opportunity to separate them; It has been noted tbat the highest
stage of ionization occurs.at tp. This is as expected since_the
amount of charge transported through the source within a fixed

time interval.is;a maximum at tp, i;e. the highest étages of ioni-
zation enter the discharge at this time. In addition to sample
vapour leaving the electrode surfaceAduring the discharge, it was
found that the sputtered sample material on the surface of the
spacer borehole contributes significantly to the material being
excited. As the current is less on either side of tp, lower
ionization stages enter the discharge at times different from tp.
This wouldvexplain the observed twin-peaked intensities of the
lower stages on both sides of tp. When either\E?VB is increased
or Y is decreased the maximum rate of charée transfer increases.
The neceséary charge transfer rate td gain a given stage of ioni-
zation is achieved before tp and lasts after tp; the intensity-time
profile of the highest stage present broadens aé does the intensity-
minimum valley of the lower stages. When the pezak current is
increased still further, higher stages.of ionization begin to appear
at the time tp at the expense of the lower stagés. 'With a time
resolution window, a proper fraction of the discharge duration
Vide, this appearance and disappearance of the ionization stages
has been observed (Figs. 1.9 and 1.10). Necessary plate exposure

times in terms of total number of pulses required remain reasonable.
To gain very high excitation energies in an electrically

' ce s . c .
pulsed light source it is necessary to increase E-and Vo, i.e.
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(Eq. 1-11). Both these

ﬁhd

increase the peak-current and/or

t ' o
qua.ntltles, 1 \IC' A h(y) and ip- =_ \/% g(y), _are‘a meximum for

2

agivenv%‘andv as Yy = R -*O(llm

= 1lim
h(Y) 1, y +

Consider then thé limit R + 0 for given v, and"%4'with small values

0 g(y) = -0

of L in’which>Case the dlscharge'approaches'a pure“sihusoidal wave
(R + 0) with’ pulses of” hlgh peak current and short duratlon:

(tp > 22;%2Q - 2 LC + small). In pract1ce,vaand L (and
therefore Y) remain finite and the peak current decays in the
consecutlve pulses of the osc1llatory train.” Thus, lower nelghbour—
ing stages ‘of ionization are excited in the consecutlve current
pulses of an oscillatory train meking stage separation difficult

in total discharge observations. Separation of these high ioniza-
tion stages may be attained when the following is considered. - For
sufficiently short current pulses the intensities-of the highest
ionization stages present tend to dominate (Figs. 1.10 and 1.12),

so thatbpulses with high'peak current and with tpanot larger than

a few microseconds excite but a few high 1onlzat10n stages.. These
few high 1onlzatlon stages present’ln a 51ngle current pulse may be
observed by transmlttlng into the spectrograph only 11ght arlslng
from pulses with nearly the same peak current, for example, by use
_of a rotating sector window of appropriate duration. Alternatively,
the speetrum of the highest stagefof ioniiation present in any one
of the current pulses may be observed with a time-window of suffi-

cientlyAshort duration and appropriately synchronized with the
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discharge. Thus, for high values of V and fixed %’ with suffi-
ciently small values of L and ¥, high stages ofAiohijgtion are
excited which may be separated by varying the peak current through

voltage variation.

Thié research has confirmed that the excitation energy and
the emission line intensities in a vacuum sliding spark depend 6n the
power delivered to the soﬁrce and on the duration of the discharge
pulse in a definitive manner. A relationship was found betwéen
the excitation in the source and the électrical circuit parameters
that may be simple expressed in terms of the caﬁacitance, the
inductance, thevinitial voltage on the capacitor, twb knowﬁ funq—
tions.of the continuous circuit parameter y one of which is
diréctly associated with the discharge dﬁration and the other
directly to the peak current through the source, and two'constahts
which in general depend on the source geometry énd the electrode
sample material. No such direct relationship coﬁld_fe ascerfained
between the intensities of the spectral lines and the electrical
circuit parémeters. In general the line intensity depends on the
distribution of the sample—vépour atoms among the_different stages
of ionization present in the light source.

Eicellent separation of the spectra of higher~ionized .
atomic states was obtained by two different methods. The fifst
method consisted of analyzing the total light pulse while varying

the inductance and resistance, with constant capacitance, Yy, and
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coﬁstant'initial voltage on the cépaéitor; The second méfhod,

superior to the first in éepafating higher‘ionizatibn‘stages,
consisted 9f'time-resolviﬁg the light pulse whilerarying’the . ' .f' | »
initial voltage on the capacitor with constant inductance, capa-
citance;‘anavresistance. Other variations of the circuit para-
meﬁers'may be employed to attain different’degréésabf excitatioﬁ
and separaﬁion'éf ionization stages.

Thé equations devéloped and found have hefe‘been applied
to the excitation and separatiqn'qf spectra of highér jonized
atomic states. In addition, tﬁese equations should be of uée in
spectrochemical analysis whefe quantitative application of the
specificétion of spark source pafameters and their correlation
with spectral character is of basic importance. With the improved
understanding and control of the eicitation.in the source as a.
function of the circuit parameters; it is feaéiblé to inveétigape
Zeeman studies Qf'higher ionized atOmic states E&'b}aciug the light
source in a maghetic fiéld. o |

Further work is in progress eséecially.tb.piace the C and
Y dependence of Eq. (1-11) on a more sécure basié,'to.extend tﬁé
source analysis tp higher stages‘of iqnizatidﬁ,'and to investigéte

Zeeman analysis of higher ionized atomic states.. . .
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2-1. INTRODUCTION
+ . b+ . . . . : ‘
The Scz‘ and V,4 ions have a ground state [Ar] 3d1 3'2D3/2
_ahd are is¢e1ectronic'with neutral pdtaésium. Previous investiga-

tions of Sc TIT have been conducted by Gibbs and White2l and re-

vised by‘Smith,22'who identified the seven lowest levels. Russell

and Lang23 predicted seven new levels from an analysiS'of the quan-

tum défect variation and isoelectronic data. The known data for
V Y are scanty, consisting of 15 classified lines in the region
between 286A and 18114, 'eleven_of which were observed by Gibbs and
4

White2 ~and four by Iglesias,17 from which avtofal of seven levels
were deduced. The objectives for renewing the investiggtions of

the épectra'from these two ions are two-fold. -Eirstly, it was
desired to improve and extend the knowledge about thése'ions, there-
by extendigg the isocelectronic data of the neutrél potassium series
for furtherAanalysis of other members of the seriés, for example

T

Fe * the spectral lines of which are expected to be observable in
the spectrum of the solar corona. Secondly, wifh'the improved
anélysis.of these ions, it was desi?ed to investigéte the excita-
tion and separation of higher ionized etomic states as a fﬁnction
of the circuit parameters in an electrically pulsed light source,
in particular a vacuum sliding sparku This chaptef:cqncerns the

:first objective of improving and extending the analysis of Se IIT

end V YT.
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2-2. THEORY

A. FEnergy Levels

The Study of regulafities'in:atomic specffa.is consider-
ably facilitéted by the concept of énergy 1evéls; . When an atom
is'unpefturbed'b} external fields, an enéfgy level ié designated
by the total angular momentum of the ‘electron od¢u§y1ng the level,
the principal quantﬁm number n,‘and”ofher quentum numbers. 7The:
Hamiitdnian of the atom'eétabiishes (in principle)’thé-energy of
thé level in terms ofvthe~quantumbnumbefs. An exPerimenfalev
observed Vavelength cap be expressed a;_the_energy.difference
between two levels of a system ofTenergy,leveis1cha¥acteriétic of .
the atom. . Consider an enefgy-level seriesiin-whicﬁ only thé prin-

cipal quantum number varies. If En is the energy Qf the nth

level
relative to the ground level (n = 1) and E > the ionization
‘energy, is the energywrequired to remove an electron from the

ground level to a free position, then the binding energy_(Eb) of an
E  E. -E

Cl th . b _ Tdion n —
electron in the n level may be expressed as - = % "o = Tn,

.Where h is-Pianck's quantum constaht and ¢ is the velocity of light.

Tn’ référred to as the term value, isva convenient<quanfity'for

describing'experimental.regularitieé, espécially of atomic systeﬁs

whosevenergy—level series'éfe.néérly.ﬁydrogen-like. 'v' f : | T ¢
Ir the atom is pictured as‘coﬁsisting of a:éore'wifh Eharge

zZ.e and a single eléctron, interacting chieflj acc6rding to the.

Coulomb law, the deviation from pure Coulomb behaviour may be

accounted for by introducing a penetratibn paramétér P or a quantum
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defect §. The experimental regularities are then éonveniently :
L ' ) P
discussed in terms of this deviation from a central Coulomb field

behaviour by defining p and 6n by
rIIn =R n =R (n-dn ' (2-1)

- where n is the principal quantum number of the hydrogen~like

Coulomb system (p = én = 0); Z, =Z - N', N' being the total num-
ber 6f_electrons in the systém less one; and R is the Rydberg
constant for the atom in question. The penetration parametgr P
serves most appropriately when‘considering for a given n, the
variation of Tn versus Zc in isoelectronic atomic systems - systems
with identical electronic structure apd differing only in the
nuclear charge Z. The gquantum defect is ﬁseful in describing for
a fixed core chargé Zc’ the variation of Tn versus n in a term
serieg. The penetration parameter p and the quantum defect 6n are
related by p(n - 6 ) = § 2.

Consider first an isoelectronic comparison. Assuming that

T
n

Zc+po

Z, is the main charge dependence in Eq. (2~1) avploﬁ of
versus Zc’ where P, is a suitably chosen constant, is nearly a

linear funct;on of Zc' With a free choice of zero level, one may
B Erer

+
ZC pO

1evel.25 A relation which is more sensitive to the slow variation

also plot versus Zc, where Eref is a convenient reference

of the penetration parameter p &s a function‘of_zc may be obtained

by considering the difference



n
| | . R.2 |
or S Tn --T§_+ aZc = S5p .(2-2)
‘ n ’
o [Z\? : : .
where Ti = R(EE) 'is the term value of the equivalent hydrogen-

like level and a is nearly constant for fixed n. Equation (2-2) -
is of practical imporfance when checking the analysis of spectra
of highly ;onized.atoms for suspected interactions whenever
unperturbed positions of suitable pairs of ferms approach closely.
Such interaction takes the form of a mixing of wave functions,
resulting in a mutual repulsibn of the term energies.

Fbr a given electronic structure, consider the quantum
defect vériation;' It has been found‘empirically26 that Gn expressed
in a powa:'series of t = ;E (where S is a scaliné_factor) repro-
duces observed unperturbed series of levels to within the experi-
mental error._'This power series:expansion of.G#-Waé'later'déduced

27

quantum-mechanically by Hartree and it is known that in the limit

n > o thé qﬁantum deféct Gn approaches in general a constaht value.28
The experimentally observed energy differences of unperturbed levels
may be utilized to determine the ionizationvenergy Eion and fhe.
.constantsvin the pover series eipanéién of'Gn. vSeries formulae can

thus be obtained to represent the énergy level series which may then

be used to predict unobserved levels of the series..
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‘B. Ionization Energies and Series Formulae

'Thé ionization energy of a particular atomié.configuration

may be calculated from an unperturbed level series”that ébeys é
power series expansion of 6; by considering the observed energy
differences. Prior methods of calcuiating ionization energiesz9
generally made use of four or less observed levels of a series at
a time. In extended atomic analysis often more than four levels
in a series are determined and calculating ionization energiés by
taking the known levels four at a time frequently results in dis-
agreement between tﬁe ionization energies of a given series obtained
in this maﬁner. Furthermore, ionization energies determined from
different level series in a configuration seldom agree. It is
therefore desirable to calculate ioniéation energies using all
theAknown levels of an unperturbed series simultapeously aﬁd com-
pare ionization energies obtained from differeﬁt_sefies within the
configﬁration.

: Let N be the total number of levels observed in an unper-
turbed series and Gn = %i% aitni, where the conétants a; are.to

- 1=0
be determined. In order to determine the correct ionization

energy, Eioﬁ (cm-l), assume initially an approximate value Eggi
' (o)

from which the initial values tn

and Gﬁo).méyﬁbe determined by

means of
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o) _ (o) -
tn° = (E:°% - E)/8

ion

5o
. n

|
[=]
. 1
=]
O
[\

For convenience in writing the following equations the superscripts

(0) g 5(0)
n

on t will be omitted; in what follows various ioniza- .

tion energies, Egol)l, are to be investigated by méans of an incre-
mental procedure. Forming first differences of the initial quantum

defects obfains

N—l i-1
= i-1-J j
n n+1 Z 8 (tn tn+1) Z &5 Z (tn tn+l hn+1 (2-3)
i i=1 :

- ‘ N-1 i-1
+ -] -
or Q(n,n+1) = n n oo+l Z E aitnl 1 J nil .
' 0" a1 i=1 §=0 o \
Similarly
' “N-1l i-1
— 6n+l_6n+2 - ot —1-3 J
Q(n+1 n+2) =3 % = i‘n+l oo
ntl n+2 i=1 3=0 .
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| L
o) = Snsplidloel . 33 3
: i=2 J=1

- FPorming differences of the qua.htities Q one obtains =

S d=1

Z ‘ 1—l—j ,j—l-k t k
i n+l n n+2

-

and in general, to determine the constants (1 Sn <N - 1):

N-1
Q(n n+m-1)-Q(n+1,n+m) _
_Q(n’n+m) T -t = :E:
v n ntm
i =m
m
wheié
im-l 13-1
C(il'n,n,n:'-m)- Z Z o o o
m l"m-lv 1m 2—m—2 ig=2
i =11 o i -1~
t 1 m-2 o o ot

is a-combinational expression involving tn,t

8y C(im,n,',ri+m)  (2-k)
m o
i -1 i -1
2 1 i ~-1-i
t -],
A “nm-1
1l=1 10=O .
(2-5)
tll—l-l . 10
n “nt+m

I . The

n+l?’ n+m

quantities C(im,n,n+m) may be constructed by means of the expression

n+m

> &, c(i~1,n,v¢m)

v=k

C(im,n,k-ﬂn) =
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Designate by qf and ny the first_andrlasﬁ observed levels,

frespectively. Then for m = N-1 from Eq. (2-k)

Qlng sny-1) = Qlnp+1,0,)
Q(nf ,nz) = - f f: s il - = aN-i- - - (2-7) .

vhere C(m,n,n+m) = 1 has been used. To determine the correct

ionization energy and the N-1 constants ao, 8.5 Bay o+ o "aN—2’ set

aN-l = 0 vhich obtains
Q(nf_, nz-l) = Q(nf+1,nz)-

or from Eq. (2-4)

Q(nf,n£-2) - Q(@f+l,n2;1) '= ne  ‘mp-l =" np-1 | ng (5-8)
Q(nf+l,n2—l) - Q(nf+2,nz) » tnf-l-l— tnz Engl — Enf-i-l

The right-hand side of Eq. (2-8) depends only on the observed energy

differences, while the left-hand side depends on the chosen trisal

g(o

ionization energy. Varying the trial ionization'énérgy, jon® until

Eq. (2-8) is satisfied yields the correct ionization energy and the

corresponding conctants may then be determined from Eq. (2-k) i.e., ..

| N-1 - - - |

am' = Q(n,z_1+m) - Z ay C(im,p,n+m) . (o < m < N-1) (2-9) -
: i =m+l m ' : ' '

vhere Q(n,n) = Gn. The method developed here allows calculation of
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the ionization energy using any number (N 2’2)_of observed levels
in a series of which the quantﬁm defect obeys a pbwef series expan-
sion in the tn. For four observed levels with 8 = l:the equations
reduce to those used by Shenstone;ag Tt was foﬁnd asvexpected that
the right hand side of Eq. (2-8) is nearly constant for an unper-
turbed series in an isoelectronic sequence and thaf'fhe deviation
in neighbouring elementS'decféases as the orbital angular momentum
éf the series increases.. For example, the values of the right hand
side of Eq. (2-8) obtained from the ng series (n = 5,6,7) in Sc III
and V X agreed to better than 0.05%. Thié mey be utilized to cal-
culate ionization energies when only two levels of an unperturbed
series have been observed. Alternatively, for'the case N = 2, an
estimate of the constant 8y for the series of a particular ion under
considefation may be obtained from the ion's isoelectronic sequence,
the calculation then follows through in the samé manner.

Wheﬁ the ionization energy for the configuration has been
derived, one more constant (aN—l # 0) may be inéluﬁed in the power
series expansion of Gn; thereby_possibiy reproducing the observed
members of a series more exactly and improving the prédiction of
other,.unobserved numbers of the series. The calculation of the
constants is the same as in Eq. (2-9) starting with the derived
ionization energy ofvthe configuration under consideration and
oy %0 | |

A computer prbgram (IENEXT) has been written that (1) calcu-

lates the ionization energy and N-1 constants for a given level
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series and (2) céléulates N~constaﬁts for a giveh ionization energy
v usuaily determined'ffom a consideration of all'thé‘ioniiatibn ener-
gies obtéinea from the different'leVel‘series invg éonfiguration.
The number'of constants'nécessary to represent a'sefies is the |
minimum pumber of constants that represents the observed levelsvbf
the series to within the exﬁerimeﬁtal error. The computer progfam
is included in the appendix. ~In genéral; more ﬁhﬁn.one value‘df Eion
satisfies the equality of Eq. (2-8)‘bedau$é‘the ieft.hand side may

contain a sihgularity in Eion’ so’ that a range of.Eion values should
bevexémineq‘around any oné obtained vélue with the‘ionization incre-
ment (DELTA) as small as necessary. for values bf Eion‘which satisfy
Eq. (2-8) and which are close together, an independent verification
of the ﬁrue value of the ionization energy ié necessary - for example

from at least one other series in the configuration.

c. ‘Fine-Struéture\Inﬁerﬁals

The_interaction of the intrinsic spin Magnetié momenf of ﬂheA
electrop'with the magnetic field‘due to its orbitairﬁotion causes &
Asplitting of eacﬁ energy term (except ﬁhen the orﬁital angular momen-
tum is zéro) into two levels, the 1évé1'with thé sma11er total
angular momentum héving the iower energy.  The éxpériméntally ob;b,

served energy splittings can be represented by the Landé-formula30 

' B Ra?z2(z +p')2 | - o
MEpg = v < - (2-10)
(n*)°2(2 + 1/2)(2 + 1) : |

. Where o= 2ﬂe2/hc is the_fihe—structure constant, p' is an averagef
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penetratioh parameter for the core-penetrating pgrt‘bf the orbit,
a* =g - Gn'is the effective.ériﬁcipa; quantum nﬁgber, and £ is the
quantum number associated with the orbital anguler mbmentum of the
elecfron. For orbits which do not penetrate the»éore'(p'v+ 0)

Eq. (2-10) approaches the splitting factor of a pure Coulomb field

due to a charge Zc for which quantum mechanics pfedicts the value3l
Razzﬁ
AEnl é

n3n(2 + 1/2)(% + 1)

called the spin-orbit integral. From Eq. (2-1) and (2-10) and the

definitions of n* and Tn one finds,

a2(2c+P')2.
-'i‘_ T W w 1/2)(% + 1) ~—

- showing that for.a fixed orbital angulaf momentum, the difference
An* for the two componentsAof & doublet term is constant to the
same extent as Zc+p'. This near constancy of An*_is of practical
use as a guide in predicting fine-structure intervéls of unobserved
levels in an unperturbed level series. When only one level of a
seriesris known or when perturbations are susﬁectéd;'a plot of

y1/k |

(AEnl versus Zc immediately shows a wrong identification or a

perturbation as a deviation from a smooth curve.
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2-3. EXPERIMENTAL DETAILS .

To excite and separate the spectra of séaﬁdium'and Vénadium

e vacuum sliding spark light source was used'connected'in'a series
LCR electricai circuit (L = inductance, C = capacitance, Rﬂ= ?esist_
ance).. ihe vacuum sliding spark lighfvsource,‘its mode éf operation,
béhaviour;>and ability to excite and separate higher ionized atomic
states as the circuit parameters L, C, R, and the voltage Vo across
the capacitor are #aried have been described in Chapter 1.  Lines
belonéinglfo a éiven stagé of ionization were identifiéd by ob-
serving their cormon intensity behaviour with curreﬁt. In the
sliding-spark spectrum lines of oxygen, silicon,fana.carbon spectra
are also present due to the excitation of the spacer material,
especially at peak currents gfeater than 40O amperes. Several
different spéctrogfaphs were emplbyed fo dbéerve-tﬁe SPectra from
500 to 9500A. They are listed in Table 2.1, élong with their
figures.of merit. Kodak sbectroscopic plates_wefe used: short
wavelength radiation (SWR) plates in the vacuum‘region;_and l—O,-
1-F, 1-N, and 1-Z plates in the air region. |

 The scandium spectra were first surveyed at 20A/mm in air
which cqnfirmed the stfong-Sc TIT lines predicted by Russell and
Lang.23 Mbre careful separation of the spectré was theh obtained
at 5SA/mm in aif and 2.783/mm in vacuum. A peak current of 250
.amperes, at which the final spectrum was taken, ﬁés selected és

the minimum excitation with which a good number of Sc IIT lines
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TABLE 2.1. Spectrograph Characteristics.

Mounting Focal Grooves/mm mA(at blaze) m %
Length '
(m} (order x A)  (order % A/mm)

Ebert,air 3.k 79 225900 : 17.5
Ebert,air 3.4 600 5000 5.2
Czerny-Turner,air 0.75 © 600 7000 . 20
Fegle,vacuum (NBS) 10.7 1200 1200 0.78
Eagle,vacuum 3.0 1200 - 1380 - 2.78
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could be éhofographedvat réasonable’exposure timeé. The Sc ITI
spectrum was then phétographed, at a peak qurreﬁt'of 250 amperes,
v froﬁVSSO to'2675A{with the 10.7-m vuv normal—ihcidence'épeétrograph
at the National Bureau of Standards (NBS) in WaShington; from 2680
to 7900A with the mh = 225900-A grating, which recorded the stronger
lines (intensity 2’9) in this regioﬁi and from 2400 to 95003.with
the SA/mm grating in order to obtain the remaining wegker lines
(at exposures up to 1 %-hours). Most §f the shortérawaveleﬁgth
lines in the vuv were photographed iﬁ'the first; éecbnd, and third
order on the NBS spectrograph. Some of -the linés pﬁotbgraphed with
and SA/mm gfating were also obtained in sevéral differeht ordefs.
The weak 93TLA-line could be obtainéd only with fhe 20A/mm grating.
For the 250-amperes peak current the circuit parameters were-
L =133 ph, C = 2b uf, R, o = 4.5 Q, and V_ = 800 volts, giving
a cuirent-pulse full width at half—maximum of 130 us. The spark
was triggered every 65 msec. -

‘ The vanadium spectra were Separated at EA/mm in air and
2.78A/ﬁm'in’vacuum. To obtain good excitation of V Ya peak‘cﬁrrent
of 1000 amperes was selected. The electrical circuit parameters

were L = 13 ph, C = 24 uf? Radded

current-pulse full width at half maximum was 56 psec and thé.spark

<1Q, and V_ = 1160 volts. The

was triggered 15 times per sec. The V X spectrum ﬁas photographed
from hsoArto 2800A with the 3-m normal-incidence vacuum specfro-
graph (2.788/mm dispersion), and from 2600A to'BSOOA.With‘the 5.2A/m

 spectrograph invair. The triplet at h83A.was_photographed in the
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first four orders, and the linee at 962A and 978&'were photographed

‘v.1n the first and second order. The.lines at 285A‘aﬁd_286A appeared

~in the second end third order. : |
Calibration spectra below 2680A-were obtained from a water-

cooled copper hollow cathode with Ge and Si in the'eathode,32-34‘

.. and above 2680A from a ThI electrodeless lam.p.35—37

Plate measure- -
ments were made on a 25-cm Grant comperator;'2S-h0'calibration
lines were used on evevy 25-cm piateﬁ When fitted with a Slxth~
order polynomlal the wavelengths of the caJibration llnes deviated
from their 1nterferometr1c value by not more than - +1 Su x (plate
factor). For some of the scandlum wavelengths the fourth dec1mal
was retained because these lines_wefevmeasured on”sevefal plates
and agreed to better thanvthe third decimal, e.g., the 730-A and'
end T31-A lines were each measured siw timee on different flatesh
in the second and third orders with an rms deviation of 0.000b4A.
The error limite in the scandium wavelengths are estimated to be

a few units in the last decimal retained. The vahadium lines
obtained in multiorders showed an rms éeviation ef 0.002A'(except‘
the lines of 285A and 286A which agreed ﬁo +0.014) when the wave-
lengths were reduced to the first order; the values listed are the
average values. The error limits in the vanadium wavelengths are
estimated to be 0.004] in vacuum and 0;008A in air. |

Intensities were estimated visually from the plates on a

scale 1-350.
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2-4, -DATA AND RESULTS .

The analysis of the'structure of Se ITT and v Y was started
on the basis of the previously reported levels and a study of iso-
electronic_and quantum—defect regﬁlarities. The lowest unkhown_
levels Were predicted from known isoelectronicbdata‘with a pessible
error of the'ofder of *+ (100 +‘AEion) em™ where AEion is the:
possible error in the ionization energy. Fine-structure intervals
were predicted.from the near constancy ef'the difference An* for
the two eomponents of a doublet ferm-in a Rydbefg sefies. The
calculations'are'straight forward and were made-usiné«the computer
program'ISOEL, ineluded in'tﬁe appendix. The observed V ¥ lines
were thenvclaseified tolestablish the fifsf three members,of 8
series. _At this éoint %he_higher levels of a series could be
predicted and'the ionization energy calculeated by use of the program
- IENEXT. Remaining obser;ed lines wefe then claseified'te establish |
these higher levels.

A. Wavelengths -and Energy Le#els

i. Doubly Ionized Scandium

The list of 93 classified lines of sé I1r is preSehted in
Table 2.2. The line at 1Th2A appeared hazy at‘2;78A/mm and has been
interpreted as two lines of the multiplet»associated'with the 7p;hd
transition. The fine-structure separatione of_fhe Tp and‘hd:terﬁs

differ by 2.6 em™L. This weak line did not appear on the NBS plates.
[o]

The weak line at L6L2A (7p2P3/é - SdQDs/z) blends with an OIT line
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and could not be c’om’pie’tely resolved at S5A/mm. Thé_ 4740.954A 1ine
wﬁs resoived‘from the neutral scandium liné at h7h1.o3a& on the
m\ = 225900-A grating.

Investiggtion of the structure of Sec ITT was started on the
basis of the analysis by Smith and the seven 1evelsﬂpredicted by
Russell and Lang. There was however a 3 cm-'l discrepancyvin the
key combination cycle 3d-bp-hd-Uf (see Fig. 2.1).as given by Smith;
it is attributed to the 1600-A and 2000-A tripléts being >aboi1t 0.06A
too large; The cycle now ¢loses to within a few hundredths of a -
wave number withvthe impfoved wavelehgths obtained. Because this
discrepancy involved the key vacuum lines 3d-Up-lLd, the levels

38 Atomic Energy Levels tables are all too low by

, with the exception of the 5s which is 1.3 cm * too

given in Moore's
1

about 2-3 cm
high, owing to another disérepancy in the'1895—1912qA doublet as
reported by Russell and Lang. The 23 newly found lévels and the
corrected vaiues for the previously known levels are presented in
Table 2.3.. The combination cycles close to within a few units in
the second decimal place of the wave numbers,'i.e§§ to within the
experiméntalverror, indicating that it was possible to maintain

sufficient control over excitation to achieve internal consistency.
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TABLE 2.2. Classified Lines of Sc III.

Level combination Wave number waQeiengih >vIntensity
o (oL @ |
| 6p2Pi/é -‘7s2si/2‘ 10667.&5 | §371.7L 1
hsz;/z - 5d2D3/2» 11256.16 .‘8881;585 15
be%r? , - 5d?D5/2 11276.08 8865.801 30
5d2D5/2'- ssz‘;/2 11322,19 8829.785 50
5&2D3/2 - 5f2F;/2 11342.09 881h;293 35
56°G - 6£°F° 11715.46 8533.383 2
6£°F°- 8% 12426.97 " 80kk.T99 1
5£°F°- 667G 12705.17 7868.648 10
53281/2 - 5p2P;/2 132Lk, 64 - 7548.148 70
sszsl,/2 - szPg/e 13426.65 | 7#&9;155 90
6<121>5/2 - 7f2F$/2 113611.43 T34k T46 1
6a°Dy 5 - T£Fg 13622.02 7339.033 1
-hd2D3/2 - Sngi/g 15849.52  63071595 6o
hd?Ds/g - 5p2Pg/2 15980.21 ‘16256.010 - 80
SE°F3 , - 4D, 1598k.67 _6251;.'_261}' 1
5£°F0 5 - 14Dy, 15991.23 6251.698 1
hd2D3/2 - 5p2P§/2 ' ’1502555h-‘, ‘6238.31h 10
5p2P§/2 - 5d2D3/2 19846.86 /5037.176 9
50°F3 /5 = 54D 19866.93 ;5932,087 60
6p2P§/2 - 7d2D5/2 19888.36 . 5026.665 2
6P ), - TdD, © 19967.25 5006.80k - 1
5£%F°- 7g°G 20004.97 4997.365 6

( con_tinued)
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TABLE 2.2 (continued)
vLevel combination Wave number Wavelength  Intensity
(em™) (A

Sngi/e - 5d2D3/2 20022.91 - 4992.886 50
6p2P§/2 - esgsl/2 20220.60 lghk.072 1
5p2Pg/2 - 65281/2 20910.86 4780.868 15
5p2P§/2 --V6sgsl/2 21086.90 4740.954 10
TPQPE/Q‘- 5d2D3/2 21507.93 - 4648.148 1
7p2P§/2 - Sd2D5/2 21536.0 4642.08 2b

1£25°-. 5¢°G 23198.18 4309471 40
5a2D5/2 - 6f2F$/2 23637.52 4229.371 6
5d2D3/2 - 6f2F§/2 - 23657.61 4225.779 6
ud2D5/2 - hf2F$/2 24571.17 4068.661 100
h§2D3/2 - hszg/g 24616.25 4061.209 80

56270~ 8g°G 2l7h2.36 4040.510 6
hfZF;/2 - 6d2D3/2 28718.63 3481.06k 5
hf2?$/2 - 6d2D5/2 28729.19 3479.785 6

4£2F°- 685G 35303.b2 2831.75k 10
iss, , - bpeC 3656%.98 273h.048 230
4s%s, , - up?e§ © 37038.85 2699.067 350
S0°B3, - 64D 37309.41 2679.193 1
-5p2P§/2 - 6d2D5/2 37320.10 - 2678.725 8
5p°F , - 62D 378547 2666.90T 6
50°P3 5 - 755 37874 .02 2639.546 2
5p2pi/2 - 75281/2 .38050.05 2627.334 . 1

(continued)
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TASLE 2.2. (continued)

Level combination | WaVé number v Wavéléngth Iﬁténsity
em™) (A4 |
535, - 6p°Pyp . WOTIRS 25552 1
4e?r%- 7676 42603.27 2347.238% 6
hd2D3/2 - 6p2§§/2 43232.16 ~ 2313.093% 6
. hd2D5/2 f,6p2P§/2- 43272.25 | 2310.950% ':'7
4Dy, - 6D°P5 M3317.58  2308.532% 5
5p2P§/2 - 7d2D3/2 ; 47173.6k , 2119.628* 1
5p2P§/2 - 7d2D5/2 © 47180.41 | 2119.52L% 5
4£°F°- 8% - 47340.62 2112.351* 1
5p2?i/2'- 7d2D3/é 473k9.89 o 2111}937* 2
5p2P;/2 - 8§Qsl/2 47512.51 - 210k.709% 2
5p2P272 - 8sesl/2_ 47688.6 2096.9h * 1
upng/e -'hd2p3/2 | 49679 42 - 2012..906* 50
4P, -'hdzDs/g loT2b.TT ~ zou.0m0¢ 160
w%s? - hap, 50153.31 © 1993.886 90
hsz%/Q - Sszsl/z 52281:..29 1912.620 60
Wwoe o - 5s%s,, 5215818 895 MO
7p2P°-'hd2D, , 57382.7 :  1Th2.69 2h‘i
ud2D5/2 - 6f2F$/2 | ~ 59k8l.69 | '1681;105} | : T
hd2D3/2 6f2F;/2 59530.03  1679.82k 5
3d2D3/2 - hp2Pi/2 6210k, 30 ,. 1610;19k5 150
3d2D5/2.- hngg/z 62380.55 " -  | _1693;0637 | ;180
3d2D3/2 - hszg/g o 62578.16 1598.002 . | 80

(continued) -
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TABLE 2.2. (continued)

Level combination Wave number Wavelength Intensity
| (em™t) (A) |
4ap_ - TEF 66911.73 1494 506 1
s/2 = 't e, | e

by, = TER 66956.75 1493.502 1
up2pg/2 - 5d2D3/2 85551.78 1168.883 10
upgpg/g - 5d295/2 85571.92 1168.6077 25
hpzpf/e - 5d2D3/2 86025.72 1162.4431 20
hngg/z - 6s231/2 86615.87 . 1154.523 20
hpeP;/e - 65281/2 87089.75 1148.2k41 15
hsesl/2 - spzpf/2 102567.8 974,965 6
4s°8 - 5p2P§/2 102743.8 973.295 8
hpepg/g - 6d2D5/2 103025.1 970.638 4
4p°p? P 6d2D3 A 103488.3 966.293 3
hp2P§/2 - 7s2sl/2 103578.81 9§5.hh8h 4
W°py =~ 1578, 104052.7 961.052 2
3c121)S 1o - 5p2P§ 1o 128085.5 780.729 8
3d2D3/2 - Sp?Pf/g 128107.14 7§o.5966 6
us,zsl/2 - 6p2P£>2 129950, 4 76952k 1
usgsl/2 - 6p2P§>2 130035.9 769.019 1
34D, , - be%F7 136676.45 731.6549 15
36°D, , = BEOFS 136873.86 730.5997 10
3¢°Dg -~ 60°P5 ), 155376.7 6143.597 2.
3d2D3 e S 1o 155488.8 643.133 2
3d2D5/2 - 5f2F;>2 15927460 627.8165 8

(continued)
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TABLE 2.2. (continued)

3/2 © 5/2

Level combination - . Wave number Wévelength Intensity
cm ) (A).
33%p, . - 5£°F° 159472.00 627.0693 7
3/2 77 Ts/2r N S _
2 PPN can - R :
3d°Dg /, -v6f F1/2 171589.99 v582.78h6 B 3
2 : 2_0 . ' : ' :
3d°Dg ), - 6f Fo /o 171787.52 ~ 582.11hk 2
2 e p2n0 .
3d Ds/p = Tf Fo /o 179016.6 - 558.608 1
3¢%p (F 179213,2 557.995 1

b - Blends with an OII 1line.

h - H&ZY.

¥ - Wavelength in vacuum as measured.
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TABLE 2.3. Energy Levels of Sc III.

Symbol Energy Interval .Térm Value n* v -An*
| -1 -1, -1 |
cm (em™™) (em ™)
hSEél/é' 25539.32 174138.05  2.381k91 .
-53281/2 114862.48 -~ . 8L81k.89 3.412398 - -
6s281/2‘ 149194 .03  50483.3%  L.L230k9
73231 Jp 16615T.17 33520.20  5.428033
85281/2 175795.73 23881.64  6.430781
9s%, ,, (181799)° (17678).
hpaP; /p  62104.30 137573.07  2.679348 |
1z 473.88 - 0.004626
293/2 62578.18 137099.19  2.68397h
59°P) , 128107.12 71570.25  3.7147h9
e ©176.03 0.00457T
293/2 128283.15 . T1394.22  3.719326 |
'sp??;/z 155489.78 L4187.59  14.727653
o 85.42 0.004576 .
2P3/2 155575.20 44102.17  4.732229
T5°Py ), 169637.96 30039.51  5.733899 -
47.9 ‘ . 0.00458
293/2 169685.9 29991.5 5.73848
8P, /, (177920) P |
29.
°p3/, (177950) (21728)
3d2D3/2 0.00  199677.37  2.223982 :
2 - 197.6k 0.001102
Do/ 197.6k 199479.73  2.22508k4
hd2D3/2 112257.62 87419.75 3.36117h
45.33 , ~0.0008T72
2D5/2 112302.95 8737h.42 - 3.3620L46

(continued)
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| TABLE 2.3. (Continued)

aPrédié_t'ed levels.

Symbol Enei‘éy " Interval .‘Té.rm‘Va.iue‘ n an"
| | Cemt (en™) (em™1) : '
5d2D3/2"1h813o.93 : 51547.34 L.377162° - '
S 20.11 e - 0.000854
2D5/2 ' 148150.14 51527.23 ~ 4.378016 .
6a2D3/2- 165592.55  3h08k.82  5.382887 .
~ o 10.74 - : - 77 0.000848 -
2D5/2_ 165603.29 3&91&.08 . 5.3837135 '
7d2D3/2 175457.03 24220.34 . 6.385658
’ E -~ 6.53 _— - 0.000860
Ds/n 175463.56 2k213.81 = 6.386518
8‘12"3/2 (181579) h.3) (18098) - o
» (k.3
2D5/2_(18158h)' (1809k) '
beFD . 136873.87 © 62803.50  3.96555k
2 o .25 S 7 0.000008
2F7/2 136874.12 . 62803.25  3.965562
5:°F°  159472.2k 40205.13  h.956271
6£2F° 171787.64 o 27889.73 - - 5.950776 .
702F°  179214.70 : | 20462.67 . 6.947277 ‘;'
8r%F°  (184031) (15646) o
562G +.160072.18 : 539605.191 ‘.h.993668
6g2G 172177.41 f~g7h99,9§ . 5.992799
7geG  1T9NTT.24 20200.13  6.992278 .
8g%¢  18421k.61 15462.76 L oTeggil
96°G - (187462) (12215) B
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FIG. 2.1.

Energy-level diagram for Se¢ TII.

The figures give the

approximate wavelength of the leading line in each
multiplet. Dotted lines are the next predicted terms.
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ii. Quadruple Tonized Vanadium

Table 2.4 1ists 59 éiassifié@xiineé of Viﬁ;_hG of which sare
newly classified. Tﬁe lines mafked h appeared hgzy, apparently
éaused by blehdiﬂg with impurity lines or with lines.from.iower
ionization stages of vanadium. The linexat'h293f7hA.blends with a-
V TIT 1line at 4293.47A, |

The level‘analysis was begun oﬁ the basis*bf.the levels

reported by Gibbs and White. The wavelengths reportéd'by thém for
the h83A.triplet énd SQOA doublet are about 0.1 too large and O.3AA
too small, respectively, and the lines at 285A& and 2867 (3d-hf)"
vere wrongiy class;fied' 4"thé Lf levels are inﬁértéd in VI

Four lines between the‘3p6 and_3p5

3d2 configuratiénsbwére’obserVed.
The triplet at 962A.has been classified as the 3p6hd - 3p53d2 2F°‘
combination and plaées the latter terﬁAabput 80'cm.-l beiow the value
reported by Gabriel, Fawcett and Jordan;sgﬁ Tﬁe Line at ShL2A haé’
been tentatively aésighédlto'the'3p653 2G9/é - 3p53d2 2Ff;/2 transi-
- tion which constitutes a double electron jump. Tﬁé‘IB newly found
levels and the corrected values for the preVioﬁsly_réported‘1e§els'
are preéénted in Table 2.5. vThe combination cycies‘closevto ﬁithiﬁ‘
& few units in the first decimal -place of the.wavé_nuﬁber. The un-
certainty in the levels relative fo the ground state is‘estimated
to be about 3 emt resulting from the uncertainty in the Wp-3d
triplet. Figure 2.2 shows the energy level diagram for quadrﬁple

ionized vanadium. Table 2.6 lists several unclassified lines the

intensity behaviour of which is similar to that of V Y lines.

{
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Classified Lines of V Y.

TABLE 2.L.
. Level Combination - Wave number Wavelength -  Intensity
odd =~ even (emt) (A)
hf2F5/2 - '3<121>3/2 349675 - 285.98 . 1
W%, - 36°D 5 348628 286.8l 2
hp2P3/2 - 3@1")‘1)3/2 207660.2 481.556 3
hp2P3/2 - 3d2D5/2 207035.9 483.008 30
hp2P1/2 - 3<121)3/2 206393.7 48Y4.511 20
5p2P3/2 - l;sesl/2 203874.6 490.498 Y
5p2P1/2 —'hszsl/2 20335676 491.747 2
thPi/e - 6s231/2 197461.0 506.429 1
up2P3/2 - 6s2sl/2 196196 509.69k4 2
up2Pl/2 - 5s231/2 121822.9 820.864 20
6p2P3/2 - ud2D3/2 121773.0 821.200 1
6p2P3/2 - ha2D5/2 121628 822.18 6n
6p2Pl/2 - hd2D3/2 121516.7 822.932 3
hf2F7/2 - 7g2G 121080.7 825.895 | 2
ue%F, /2 186, 5 120656.7 828.798 1
Y 2P3/2 - 55231/2 120556.6 829.486 30
3p°3d° 2F - hd2D5/2 103946.2 962.036 15
3p°3d 2F - hd2D3/2 102232.0 978.168 10
3p”3d° 2F 52 thDS/Q 102087.6 979.551 1
b2 Fr/o = 682G 100771.5 992.3k4 10 -
hf2F5/2 - 632G7/2 1op3h8.o 996.532 5
5p2P1/2 - Ts 8112 91575 1092.00 1h

~(Continued)
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TABIE 2.4. (Continued) .

Level Combination Wave number Wavelength  Intensity
odd - . -even (cm-l) _ (A) ' ”

5P2P3/2 - 7s231/2 91056. 3 ' 1098.222-;-"' 2
k%P, - 4D, 87508.7 1142, 74k 15
hp2P3/2 - ha’p 86387.0 - 1157;58;' ,- 25
up2P3/2 - ha2D3/2 862L2.5 1159.522 6
hf2F7/2 - Sg?G 67108.8 1490.118 20
hf2F5/2 - Sg2G7/2 6668k4.2 1499.605  ‘10
hp2P3/2 - ﬁszsl/z '59516.6 1680. 20k 100
hp2P1/2 - hs?sl/z- © 58250.4 1716.725 50
5p2P3/2 - hd2D3/2 | 58115.5 1720.710 - 4
59°P5, ~ 4D ), 5T971.2 1724.995 15
50°P) /p ~ 43°D, 57597.6 1736.183 10
hszs/e - ud2D3/2 55772.9 ;792.98h. | 25
b7, - 4D,  55628.5 179T.639°  6n
hr2F7/2 - hd2D5/2 552054 1811.418 - 30
5p2P1/2 - 65281/2 52355.0 11910.038 R
5?233/2 _ 65281/2 51836.9 | 1929.126 | 9
hf2F7/2 -'sdzns/z 38791.2 2577.130 20.

| hfer/z - 5¢?D5/2 38368.6 2605.523 b
‘hf2F5/2 - 5d2D3/2 | 38301.3 | 2610.098 10
5p2Pl/2 - Sd2D3/2 36L476.7 27hq.666 10
5p2P3/2 - 5d2D5/2 36025.4 2774.998 15

(Continued)
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'TABLE 2.4. (Continued)

Level Combination Wave number Wavelength Intensity
0dd - even (em™) (A)
5p2P3/2 - 5d2D3/2 | 35958.8 2780.1L4 3
6°H - 5g°G 33886.8 © 2950.13 8w
60°P5 /, - 54°D ), 27698. 5k 3609.269 2
6p2Pl/2 - 75281/2 27654.33 3615.039 oh
6p2P3/2 - 5d2D5/2 27631.96 3617.966 15h
62°P, ), - 537Dy, 27hk2, 9k 3642.887 8
6p2P3/2 - 73281/2 27399.03 3648. 72k L
5p2P3/2 - 5s2Sl/2 23800. 99 4200.322 20
5p2Pl/2 - 55231/2 23283.2 4293.Th 20b
ThH - 6g2G 20L463.86 4885.299 Tw
6n°H - Ti%T 20276.12 4930.533 15w
6p2Pl/2 - 6d2D3/2 18883.6k4 5294.115 L
6p2P3/2 - 6d2D5/2 18665.21 5356.070 8
6p2P3/2 - 6d2D3/2 18628.07 5366.750 1
3p53d2 2F7/2 - 5g2G9/2 ? 18368.12 sLL2. 70k 3
6p2P3/2 - 65281/2 11820. 50 BUST. 555 1
h-hazy; b-blend; w-wide.
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TABLE 2.5. Energy Levels of V V.

*

Symbol Energy Interval Term Value on An
' (cm_l) (em™1) P
bs%s) ,  148143.3 378380.7  2.692652
5s231/2 © 308216.9 198307.1°  3.7T1942k
63231/2 403854.8 122669.2  L4.72908L
752s1 /p  bh30Th.2 83449.8  5.733663"
2 a
8s 31/2 (L66065) (60459)
hszzlz 206393.7  320130.3  2.927395
. ’ 1266.2 © | ~ 0.005807
4p%P3,,  207659.9 318864.1  2.933202 |
5p°Py ),  351499.9 17502h.1  3.959095
5 5 518.0 0.005871
5p-P3/2 352017.9 17&506.1 3.96L4966
6p2P;)2 415419.6 11110k.4  L.969117
6p°P3 ), M15675.2 110848.8  L.g7h8k2
3d2D3/2 0.0 526524.0 2.282631
623.6 1 ' 0.001353
3d2D5/2 623.6 525900.4 2.28398h4 '
hd2D3/2 . 293902.L4 232621.6° 3.434154
o 1hkL. b _ : 0.001066
La D5/2 294046.8 232477.2 3.h35220 ’ -
5d2D3/2 387976.7 138547.3  L.hLg8sk
5 66.6 o 0.001070
54 Ds/z 388043.3 138480.7 L .450924
6d2D3/2 434303.2 92220.8 s.h55191
/e 37.2 -~ 0.001100
6d2D5/2 L434340.4 92183.6 5.455291
7d2D3/2 (460702) (65822)
: (22.7)
7a21>5 /5 (460725) (65799)

(continued)
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TABLE 2.5. (continued) .,

Symbbl’ Energy Interval Term Value - n An
(cm-l) ( cm-l‘) ( cm-l) '
hfaF;/z 349675. 3 © 176848.7  3.938618
ot . =423.2 -0.00LTOL
Lf F7/2 ‘ 3&9252.1 177271.9 3.93391&
5g2G7/2 416359.5 110164.5  4.990269
5 1.k - 0.000032
sg,G9/2 416360.9 110163.1  4.990301
6e°G 450023.5 ~ 76500.5  5.988426
7s2G L70332.5 56191.5 6.987302
882G - (48351h) (43010)
6n°H° 450247.2 76276.8 5.997201 .
70%° L70487.3  56036.7  6.996946
5. 220 ‘ '
3p73d° FS/2 39613h.4 130389.6 4.586943
5..2 2 0 1858.6 0.0330L45
3p“3d 7/2 397993.0 128531.0 4.619988

a'Predictecl levels.
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FIG. 2.2. Energy-level diagram for V Y. The figures give the
approximate wavelength of the leading line in each
multiplet. Dotted lines are the next predicted terms.



Vo U e YU e

-91-

TABLE 2.6. Unclassified Lines.

Wavelength Wave number Intensity

(A) (cn™)
3316.470 30143.86 10
3363.517 29722.24 6
3966.598 ' 25203.39 5

L106.318 24345.84 - 4 3
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B. JIonization Energies and Series Formulae

The deduced energy levels of,ddubly ionized scandium -
present an opportunity to calculate ionization energies using
more than four levels and the possibility of presenting unperturbed
series by series formulae. In Téblesf2.7 and 2.8 are listed the
quantities calculated from the obseréed energy levels uéing the
Kb;égravaENEXT. The ionization energy of each level series was
calculated using simultaneously &ll of the observed levels in the
series. The ng éeries that reaches closest to the ionization ehergy
and is representable by the least number of quaﬁtum—defect constants
is assumed to give the best value of the ionization energy. The
agreement between the ionization energies cﬁlculated from the
different series improves as (1) more observed levels are included
in the caleulation, (2) the levels used in the calcﬁiation reach
closer to the ionization limit, end (3) the number of constants
necessary'to represent a series decreases. Four quantum-defeét
constants were inadequate to represent the nd series within the
experimental errgr,‘due @9 the irregularity of Gn presumably caused
by the cofe effects.on éhese level series especially on the 3d ground
term. | | |

For Sc TIT the ionization energy obtained from the ns series
agrees with that obtained from the ng series>byf0.05 cmfl. Unfil'
more lefels are found the ionization energy of the sc2+ ioﬁ may be
given as ‘

Ei_on = 199677.37 + 0.1 cm Sc ITI.

T



TABLE 2.7.

"

Ionization Energies and Quantum-Defect Formula Constants for Sc III.

H O 0 -~ O\ W\ F

ion

B v oo~ Onwv o FWw
» .

T
[*]
s}

A% or Té Constantsb A or Tc Constants A or Tc Constants A or '1‘c Constants
2S1/.2 2"1/2 zP3/2
0.00 1.562601 0.00  1.253729 0.00  1.249129
0.00 2.908494 2 0.00  L.28544872 0.00  L4.298965™2
0.00 4.290675-3 0.00  8.397243~3 0.00  8.448915°3
0.00 -2.85&532‘h -0.12 -0.11
0.01 21757.11 21727.53
17878.31 16L487.31 16467.78
199677.42 199676.88 ©199676.91
iz Dsp Te.e. o
0.00  6.088486™1 0.00  6.078507™1
0.00 2.062338=2 0.00  2.17311372  0.00  6.32243272
0.00  2.00857572 0.00  1.73974572  0.00 -6.0080892 0.01  9.168469-3
0.00 -5.34262173 0.00 -2.848258-3 0.00 2.168658™2 -0.02  -7.858949=3
0.00 8.695480™3 0.00  7.98416973 0.00 -8.005183~3 0.00
18097.95 18093.64 15646.31 0.01
14036.36 14033.37 12348.05 12215.44
199669.42 199670.09 199675.93

199677.37

1 .
8 = Tc_— To' bConstants ai in ascending order for 6n = 2: a.(—£> , calculated using the value

CE; = 199677.37 em™L.

10

i=o 1'R

Superseripts indicate powers of 10.

_26-
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Quantum-defect constants were calculated using the derived ioniza~-

tion energy (199677.37 ™),

and the minimum number of constants
necessary to represént each series within the experimental error
are presented in Table 2.7. The listed constants wefe used to
calculate remaining observed levels and the differences A= T ~T

. calc “obs
are also listed in Table 2.7 together with the calculated values
of new levels above the last observed levels. The calculations

were carried out by means of an iterative procedure on the predicted

value of T until

[T + 1) - ™(1)]| < 102 et

usually satisfied in one or two steps.

A similar procedure was followed for V X and the pertinent
information is presented in Table 2.8. The ionization energy
derived from the np 2P§/2 series is 22 cm T less than the value
derived from the np 2P;/2 series and both are about 500 cm,-l less
than the values obtained from the ng and ﬂs seriés. This is pro-
bably due to a depression of these series caused by a perturbing
level(s) located above the 6p °p° term which is further indicated
by the gradual decrease in An* for this term serieé (Table 2.5).
The perturbétion is most likely caused by the 3?5 3d2(2P°,hP°)
terms. The ionizatior energies derived from the 3d-64d terms are
about 300 cm-l too large as compared to 130 cm-1 in the case of "

Se IIT; in scandium with an additionally observed term included .

in the calculation the nd ionization energies agree with the values



TABIE 2.8. Ionization Energies and Quantum-Defect Formula Constents for VY,

M o~ AWV oW

H oo 3 o &

ion

ion

A% or ‘1‘c Consta.ntsb A or Tc . Constants A or '1‘c Constants A or Tc . Constants
%, /o Zpyz 21:3/ )
0.0 1.25766 0.0 1.01920 0.0 1.01400
0.0 1.03935-2 0.0 7.94246~3 0.0 7.25557~3
0.0 1.37402-3 0.0 3.5525473 0.0  3.756813
0.0 -6.07831~> 76883 76740
60459 '
526517 526039 ' 526017 , :
2D3/2 2135/2 o QGC.g. %H
0.0 5.41263-1 - 0.0 5.k0023°1
0.0 3.3867573 0.0 3.627563
0.0 1.h4k4223-3 0.0 1.3457273 0.0 1.58069-2
0.0 1.1466073 0.0 1.1602073 0.0  -6.07093"3 0.0 3.75800™3
65822 65799 , 0.0 0.0  -1.3793373
49338 49323 43010 42900 |
526832 | . 526835 52652l 526529°
8, —- b : : Tn . | '
A= Tc - To" Constants a, in ascendiqg order for Gn ?Z ai (R_) s calculated using the value
Eion = 52652k cm"l, Ccalculated using Géh - 67h = —0.00]633 + 5% as determined from the iso-

electronic sequence.

-G6-
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obtained from the ng and ns series to within 8_cm-l. "The possible
error in the ionization energy derived from the ng series is
estimated to be a few wave numbers which is mainly due to the
uncertainty in the wave numbers derived from the 4p-3d and 4f-ng
lines. From the present investigation the ionization ehergy of
the Vh+ ion may be correcfed from the previously reported value
of 526100 ent to

E, = 526524 5 cn * VL
ion ‘ , .
In Table 2.8 is also presented the ionization energy calculated

from the two observed nh levels (n.= 6,7) with the quantum defect

. change ~0.00037 + 5% as determined from the isoelectronic sequence.'

The ionization energy thus obteined is 5 et larger than the

value obtained from the ng series.
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C. Isoelectronic Sequence

With the spectra of K I, Ca‘II end Ti IT¥ well ana;yZed’385h0,kl

it is possible to observe how the Sc IIT and V'Ilenergy levels fit
into the néutrél:potassium isoelectronic sequencé. Figure 2;3 shows
the isoeiectronic trends for selectedtlevels. Levels belonging to
two other configurations, 3p53d2 and 3p53dhs as reforted in the

literature39’h2’h3

Ahave also been ploteed. Evidently the depression
and inversion of the 3p6hf 2F° levels in V ¥ are due to the per-
turbing interaction of the 3p53d2 2F° levels. This mutual repulsion

was first recognized in Cr YT by Gabriel, Fawcett, and Jordan.39

The more sensitive plots of TH -T+aZ and (AE')l-/h

versus Zc in
Fig. 2.4 further illustrate the point. Other members of the 3p6nf
series are expected to be perturbed also. Because the core charge
Zc outside the closed shell is small, LC coupling is a good appro-
ximation and interactions between terms of the same L and S and
the same parity need only be considered; no interaction with the

3p°3d° °D° term was detected in VY. Note from Fig. 2.3 that

2 250 jevels to Sc ITI, places them well

extrapolating the 3p’3d
above the 3p6 ionization limit, though conceivably they may slightly
depress the'3p6nf series in doubly ionized scandium which explains

the rather low value of the ionization energy obtained from this

series.
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2-5. (CONCLUSION

This research has extended the knowledge.df:the doubly
ionized state of scandium and the quadruple ionized state of
vanadium;_bothfions are isoelectronic with neutral potassium. ' The
3p6hf levels in V Y are inverted due to configuration interaction
with the 3p53d2 2F° levels; the present classificationlis con-
sistent with the isoelectronic data, It has beeﬂ shown that the
agreement between ionization energies>ca1culated from different’
series of & configuration improves as (1) more levels are included
in the calculation, (2) the levels used in the calculation reach
closer to the ionization limit, and (3) the number of quantum-defect
constants hecessary to represent a series to within the experimental
error decreases. Internal consistency was obtained in the level
systems derived from the spectra, indicﬁting that it is possible
to maintain sufficient control over sburce eicitation parameters.

It would be of interest to study the line and level variation

with varying source conditions. Investigation 6f thé VZIZsﬁectfﬁm
is continuing. In addition, many lines ‘of the VIT, VIII, and VIV
spectra, previously unfeported, have been identified on the present

spectrographic plates and remain to be measured.
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PROGRAM ISCEL{INPUT,0UTPUT,TAPE2=INPUT,TAPE3=0UTPUT)
ISOELECTRONIC CALCULATICNS FOR PREDICTING SINGLE-ELECTRON DOUBLETS.

CARD CCLUMNS

1
2

[C IR B PV

X
LAST

1- 4
1-10
11-20
21-30
31-42
41-50
1- 4
11-20
1
11~-12
1-20
22-23

ALL ENGRGIES IN WAVENUMBERS

. ' FORMAT

+1.0 SIGHNALS START OF ELEMENT F4.0

LELEMENT IDENTIFICATIGN Al0
ATOMIC WEIGHT - CHSMICAL SCALE Fl10.5
CHARGE THAT THE ELECTRON SEES . FlC.2
IONIZATION EMERGY . ' FlZ.2
CONVENIENT REFERENCE LEVEL F10.2
+2.0 SIGMALS START OF SERIES F4.0
BLANK OR CONFIGURATIUN IDENTIFICATION AlO
ANGULAR MOMCNTUM SYMBOL SsPsDyFyGyH e Al
NUMBER OF LEVELS WITH THIS ANGM 12
ENERGY OF FIRST LEVEL (LOWEST) F20.9
N VALUE OfF FIRST LEVEL I2

REPEAT CARD 5 FOR ALL LEVELS WITH THIS
ANGULAR MOMENTUM, INCRESASING WAVENUMBCR.
REPEAT CARDS 3 TO 6 FOR ADDITIONAL SERIES
REPEAT CARDS 1 TO X FOR ADDITIONAL ELEMENTS
AS CARD 1 WITH = IN COLUMN 1 (END OF DATA}

DIMENSION F(20)4N(21),T(20),TR(20), TH(ZO)oQS(ZO):QD(ZO)vQN(ZO)
*,K(20),L(20),D1(20)+D2(20)4DE(20)+G(20}

DATA BLANK/19H

/

READ (2,6) TEST,CF1G
1C1 READ (241) ELEM+CM,ZL,EION,EREF

RMZI=RM2{Z]1%%2)

WRITE (3+2) ELEMyRMsRMZ,EION

WRITE

3+3)

READ (2,6) TEST,CFI1G

102 READ (244) P,NL
READ(2,5) (E{I)s4N(I)yI=1,NL}
DO 50 1=1,NL

PICK=0.

G(I)=(E(I)-EREF)/(Z1+PICK)

T(I)=EION=-E(]}

THIT)sRMZ/ (N(T)*%2)

03=T(I)}=-TH(I1}

TRAI)=SQRT(T(I)/RM)

QS{1)=SQRT(RMZ/T( 1))
QN{I)=N{T)
QD(I)=ON(I)=QS (1)

X=QS8(1}

IF(TI.FQ.1) GO TO 30

NONL+L)=N(NL)I+1

K(I})=N{I)=N(I~-1)

LOTI=N(T+1)=N(1)}

IF(I.EQ.2) GO TC 24

IF(K(I) EQat(]) cANDK(I-1).EQ.L(I~1}) GO T0 25
22 DI(I)=(QS{I}=-QS(I~-1})*1.5+C6

I1=IFIX{(D1(1))

ODE(L)=E(1)~C(I-1)
FS=ABS(DE(]) )*%0,25 .

IF(I.LT.3)

GO TG 31

"D2(I)=(QD(1)-QD(I-2) )*1.F+06

12=1F1X(D2(11})

IF(K(I)=-L(T)) 23,33,33
23 IF(K(I).EQ.1) GU TO 33

Y e

SymMsoL
TEST
ELEM
CM

"Il

EION
EREF
TEST
CFIG
P

NL
E(1)
N(1)
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GO TO 32

24 K(I)=N(I)—N(!-1)
IF(K(I)=1) 22,425,100

25 02(1)={QD(I)=QD(I-1))*1.E+06
I12=IFIX(D2(1))

GO0 70 33 . : '

30 WRITE (3,60) N(I)oPoE(l)o . TiI)eXe ~QD(I), TR(1}),6(1),03
GO 7O 49 ) )

31 WRITE (3,61) NUI)oP,ECT),DECI),FS»T(I)sXs11,QDC1), TR{I)+G(I),03
GO TO 49

32 WRITE (3,62) N(I)'P E(l)oDE(I)1FS.T(I)'X:IvaD(l),IZ.TR(I) G{I),03
GO TO 49

33 WRITE (3,63) N(I}sPyE(I), TAI) e Xy QD(I) I2,TR(I),G(I},D3

49 CONTINUE
50 CONTINUE
: READ (246) TESTHLCFIG
IF(TEST~1.) 1CG0,1C1,110
110 IF(CFIG. N:.BLANK) WRITE(3,112) CFIG

GO 70 102

1 FORMAT(A10,F10.543F10.2)

2 FORMAT (1H1, 5X¢ BHELEMENT A10/5X:4HRM= F11.3/5X,4H*22 F11.3/5Xe4
*HIE= F10.2/)

3 FORMAT (4X,3H NLs1Xy10H E #21X,8H DELTA Ele'7H**(1/4)93XQIOH
* T ¢ 1Xy 1CH N* »1Xy 8H DELTANZ 41Xy 10H QDEF v1Xe9H

l'DELTAQD.ZXp'?HSQRT(T/R)93’(-l’oH(E-EREF)/(Zﬂ.hZ)h’lH T-TH )

4 FORMAT(A1,9X,412)

S5 FORMAT(F20.951X+12)

6 FORMAT(F4.0+6X,A10)

60 FORMAT(/4X4124Aly F1lla291Xe8X ¢1XeTX 92X9oF11a2¢1Xy3F10.751Xe6Xs
*3XyFlO0aTelX99Xs 1X9F1lJe793XyF9.048XyFT7.0)

61 FORMAT( 4Xy12,Al, F1le2y1XoF8e291XoFTa%92X9F11e241X9F10.791Xs16,
E3X 9 F10aT 91X 99X o 1X9FLlOe743X+1FIeCdXyFT40)

62 FORMAT( 4Xy124A1, F11e29)1XsFB8e291XeFT70442XyF11e291IX9FLl0eT91Xe16y

¥3XyFLlO0aTe1X9I9¢1XeF1l0s743X+F9e018XeFTo0)
63 FORMAT( 4Xe125A1y Flle291X¢8X ¢1Xs7X 32X9F11e291XyF10.T91X96Xs
*¥3X9Fl0aT791X919)1X3F10e793XeF9.093X4FT60)
112 FORMAT{/1X,A10)
100 CatL EXIT
END
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PRAGRAM fENEXT(INPUT'OUTPUT,TAPEZ=INPUT}*APE3=OUTPUTF

CALCULATION OF A SERIES IOMNIZATION ENERGY AND PREDICTION OF NEW LEVELS
USING QDEF=N-N*=A(0}+A{L)*T+A{2)*%(T*22)+A(3)*(T#%3)+A(L)*({T*%4) ¢ seaee

T(N)=EXPANSION PAPAMETER=(EIGN—E(N))/$ -
ALL ENERGIES IN WAVENUMBERS
S=SCALING FACTOR= 1 9y R 3 RZI**2

" CARD  COLUMNS : : v ' " FORMAT SYMBOL

1
2

1 1-10 ELEMENT IDENTIFICATICON Al0 - ELEM
: 11-20 ATOMIC WEIGHY = CHEMICAL SCALE o F10.5 (o, I
21-30 CHARGE THAT THE ELECTRON SEES . F10s2 1
" 31-40 0O« OR TRUE IE FOR ALL SERIES ' Fl10.2 - TIE
C 2 1. ANGULAR HMOMENTUM SYMBCL SonD,F.G.H coe Al P
- 11=12 N VALUE OF THE FIRST LEVFL (LOWEST) <12 NFIR
21-22 N VALUE OF THE LAST LEVEL - ' 12 NLAR

31-40 TRIAL IONJZATION ENERGY FOR THIS SERIES Fl10.2 TRYIEL
41-50 DELTA IONIZATION ENERGY FOR THIS SERIES Fl10.4 DELTA
51-60 0. OR QOCFIN)-QDEF(N+1) FOR 2-LEVEL IE Fl0. 5 Qoc2L
61-62 ASSIGNS WEIGHT IN AVERAGING CCNSTANTS 12 . 1A2

" LESS THAN 1 IF LOWER LEVELS MOST ACCURATE :

IF 1 ALL WEIGHTS ARE SET EQUAL TO 1.

" MORE THAN 1 IF UPPER LEVELS MCST ACCURATE - s :

71-72 NUMBER OF NEW LEVELS DESIRED 12 NPRED

-3 1-20 ENERGY VALUE OF FIRST LEVEL : F20.9 EINFIR}
‘4 L REPEAT CARD 3 FOR ALL LEVELS TO E{NLAR)
REPEAT CARDS 2-4 FOR ADDITIONAL SERIES
LAST .  AS CARD 2 WITH - IN COLUMN 71 (END OF DATA).

DIMENSIGN E(ZO):TO(ZO).Q(ZO) D(ZO).DD(ZO):T(ZO)yZ(ZOoZO)cTRY(llO)
*,CL20920)9CNM(20) sA(20)9AS(20)9yWI20)+S(20)+ED{20)+Y(20)+TN(20+5)
*,¥1(20),Y2(20) 4¥3(20) ,SUML(20}SUM2{20) 4 SUM3( 20}

EQUIVALENCE (Yl(Z)oA(l))y(YZ(Z)'AS(I)),(Y312)'S(1))

FORMAT (ALO04F10e5¢/F10.2¢F1062)

FORMAT (Al1,9Xy,12, 8X.IZ.BXyFlO.Z,FlO.h'FlO.S'lZ,aX,IZ)

3 FORMAT(F20.9)

11
12

10

FORMAT (1H1,y 58X, BHELEMENT A10/59X112HR(H)*(Z'*2)8F12.3
*/59Xs THLEVELS I1,1H-12,A1)

FORMAT (8Xy44H EL LHS
READI{24+1) ELEM,CM,Z1,TIE
RM=109737.31-60.22/CM
RHZ—RH'(ZI**Z)

sC= .

READ‘Z,Z) PoNFIR, NLAR)TRYIEL’UELTA:QDCZL'IAZ’NPRED
lF(NPRED.LToO) 50056

NFI=NFIR

NLR=NLAR-NFIR+1

NUl=NLAR+1

NUL=NLAR+NPRED _ _

READ(2¢3) (E(N) JN=NFIR,NLAR)

NLMIN=MINO(NLR,3)

DO 200 NL=NLMIN,NLR

DELTAL=DELTA

NLA=NF I+NL—-1

NL1=NLA-NF!

WRITE(3,11) ELEHuRMZaNF],NLA:P

IF(NL.GT41l) WRITE(3,12)

NO=1

RHS OIFF )

- EL=TRYIEL

14
15

1A3=1
IFLAG=1
D0 80 K=1,100"
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' IFLAG=1FLAGHL -

IFLIFLAG.GE ole) GO T0 200

. DO 20 N=NUL, NUL
FN=N

20

.25

.30

31

40

50

E(N)-=L-1(FN-1 )IFN)*‘Z*(EL-E(N-I))
CONTINUE ° , AR
00 25 NaNFIR,NUL -~ = —wm =i e e Cem e

TO(N)=EL-E(N)
QINI=SCRT(RMZ/TO(N))

DIN)=N=-GIN) -

IF(N.GT.NFIR) DD(N)=D(N)= ocn-xn
T(N)=TC(NI/SC - o
ZINsNI=D(N).

CONTINUE R -
T IF(NLR<EQal) 30,40 -~ . - = i - R
WRITZ(3,96) EL - _

‘WRITE(3,9T) NFIoP:E(NFIloTO(NFl)oQ(NFI)’DlNFI)

WRITE( 3,498} (NoPtE(N).TO(N)oQ(N)cD(N),DD(N)oN=NU1oNUL)

"WRITE(3,31)

FORMAT (/59 Xy 25HFIRST LEVEL -OBSERVED ONLYQ

*/59Xy 48HCONSTANT SCRE:NING ASSUMED T0 PREDI(T NEW LEVELS)

60 TO 4

DO 50 J'l,NLl , T

NLJ=NLA~J Co

00 50 N=NF11NLJ '

ZIN N+ JI=Z(N) N*J-l)-Z(NfI.N0J))/(T(N)-T(N#Jl)
CONTINUE :

- JF(IA3.EQ.2) GO TO 95

TO 80 FIND CORRECT IONIZATION ENERGY
IF(NLR.GT.2) GO TO 62

- IF(QDC2L.EQ.0s) GO TO 95

62

63

. 65

XLHS= Z(NFIRfNLAR)*(E(NLAR)—E(NFIR))/SC
XRHS=QOC2L
GO TO 63

'XLHS—(Z(NFI'NLA-Z)-Z(NFI+11NLA-1))/(Z(NFI*l'NLA—I)-l(NFI*Z,NLA))

XRHS={E(NLA=1)}~ E(NFI))/(E(NLA)—E(NFI+1))

TRY{K) =XLHS-XRHS

WRITE(3,65) KoELvXLHSyXRHS,TRY(K) !
FORMAT(QX'IB'IX.FIL.B'IX,FII 711X,F10.7g1X¢F11.7)

" IF(KelLTo3) GO TO 79
- F=TRY(K-2)

G=TRY(K~-1)
H=TRY {K)

- IF(ABS(G).LE.l. OE-Ob) GD TO 70

70
11

75
79
‘80

85

95
96

IF(ABS(G).LE.ABS(F) AND.ABS(G).LE ABS(HI) 71075
IA3=2 =
EL=EL-DELTAL

. DELTAL=DELTAL/10.

IF(GeGTe0eeANDeHoGT o0 eaOReGalTo00 e AND. H.LT.O.) DELTAL=—DELTAL
GO T0-15

IF{ABS(H).GT.ABS(F)) DELTAL=-OELTAL

EL=EL+DELTAL

CONTINUE

WRITE(3,85)

»FORHAT(/bX.49HTQIAL 1€ OR DELTA INCORRECT T0 ITERATE IN N STEPSD

.60 TO 200

WRITE(3,96) EL
FORMAT (/785X ¢3HEL=F11. 2//59X,2HNL.6X,4HE(0).ZOX'QHT(O) BX.ZHN* 8Xp

*4HQDEF »y 6 Xy 6HCHANGE)

HWRITE(3,97) (N,P'E‘N.'TU(N"Q(N,yo(N).NSNFIQ,NFIR,
N2=NFIR+]
WRITE(3,98) (NsP,E(N),TOIN)Q(N) .D(N).DD(N) +N=N24NLAR)
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97 FORMAT(58Xs123A141XeF11.2,12X91X9F11e2¢2{1XsF107)])
98 FORMAT(S8X,125,ALs 1XyFlle2512X91XsF1lle293(1X5F107))
WRITE(3,39) P
99 FORMAT{/10X,SHIDEF{AL,11H) CONSTANTS,8X+3HAVE 18X+ 7HRMS DEV,6Xs2hNL
*06X,4HE(C) 96X 9HE(O) = E(C)ySX'4HT(C)qSX,ZHN*.SX,#HQDEF.6X.6HCHANGE)
C~==—T0 130 CALCULATE CONSTANTS
DO 100 N=NFIR,NUL
TI(N)=TC(N)/SC
TNI{NyL)=E(NY}
100 CONTINUE
00 102 M=1,NL1
SUM1 (M)=0.
SUM2{M)=0.
SUM3(M)=0.
102 CINTINUE
DO 120 N=NFI,NLA
NLN=NLA=N+1
00 110 MO=14NLN
M=NLN=-MO
A{M)=Z(N,N+M)
AS{NL-1)=A(NL-1)
IF(MaGESNLL) GO TO 110
CALL COEFT(T(N)sMyNLL1,CNM)
Mi=M+1l -
DO 105 I=M1,NL1
A(M)=A(M)=-A(T)=CNM(I)
105 CONTINUE
IF(NJEQ.NFI) AS(M)=A(M)
W(N)=1. '
IF(TA2.UTel) WIN)=(L1/Q(N) }*%x3
IF(IA2.GT.1) W(N)=Q(N)*>=3
SUML{M+1)=SUML(M+1)+H(N)
SUM2(M+1)=SUM2{M+L)+W(N)I*A(M)
SUM3(M+1)=SUM3IM+LI+W(NI*A{M)*%2
110 CONTINUE
120 CONTINUE
DO 130 M=1,NL1
A(M-1)=SUM2{M)/SUML(M)
S({M=1)=2SQRT(ABSISUM3(M)/SUML(M)-A(M~-L)**2))
130 CONTINUE
C~——T0 162 CALC T(08S)-T(CALC) ANC ITERATE
NIT=NF1
DO 162 1T7=2,4
DO 161 N=NIT,NUL
D(N)=0.
D0 140 I=1,NL
DIN)=D(N)+ALI~ 1)*T(N)**(1°1)
140 CONTINUE
Q(N)=N-D{(N)
TINI=RMZ/Q(N)*%2
ED(N)=EL=~T(N)
141 M=N-NFI
IFINNEJNFIR) DLIN}=DI(N)=-D(N-1)
TNINIT)=ED(N)
YIN)=TN(NyIT=-1)-TN(N, IT)
C—=--Y0 155 REGULATING QUTPUT
142 IF(NO.EGe2.) WRITE(3,152)
: WRITE(3,144) MgAS(M)yA(M)sSIM)4NePLEDIND s YIN)oTIN)»QIN)4O(N)
GO TO 160
145 TIF(N-NLA) 146,148,159
146 WRITE(34147) MeAS(M)A(M) 4SI{M)4N,P, ED(N).Y(N)'T(N)1Q(N),D(N).DD(N)
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GO TO 160 -
148 WRITE(3,149) HvA(H)vaPvED(N)'Y(N)vT(NloQ(N)oD(N)'DD(N)
: GO 70 160
150 IFINL.EC.NLA+1) WRITE(3,152) .
WRITE(3,155) NoP,ED(N)Y(N),TE{N),QIN),D(N),DO(N) ‘
144 FORMAT (10Xs 2HALT1 42H) =920 1Xs E13. 6)12XpE7oIBvA1'3(F12-2)'2(F11 7
147 FORMAT(10Xy2HA( 1L 42H) =92(1X+E1346)¢2X+ET+185A1+3(F12.2),+3({F1lle7))
149 FORMAT (10X 2HA(TLs2H)=¢1X4E1346923Xe[85A193(FL2.2)93(F1lleT)) .
152 FORMAT(1X) -~
155 FORMAT (52X4184A1+3(1X9F1l142)+3(1XyFLl0.7))
160 T(N)=T(N)/SC
161 CONTINUE
NIT=NLA+1
162 CONTINUE
IF(TIE«EQ.0+«0R.NO.EQ.2) GO TO 200
RETURN TOQ CALC NL NEW CONSTANTS WITH TRUE IE
NO=2
EL=TIE
GO TO 14
C——~——RETURN TO INCLUDE 1 MORE LEVEL
200 CONTINUE

c

GO TO 4
500 CALL EXIT
END

SUBRJUTINE COEFT{T,M,NL1,CNM)
OIMENSION T(1),C(20,20)+CNM(20)
Ml=M+1
Ll=M+]
L2=L1+1
NL=NL1+1
DD 1 K=1,M1
ClLl,K)=1.
1 CONTINUE
D0 2 I=L24NL
DO 2 K=1l,M1
ClI4K}=0.
DO 2 J=KyM1
CULLK)I=C(I,K)+T{J)*C( I~1,J)
CNM(I-=1)=C(I,41)
2 CONTINUE
RETURN
END



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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