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ABSTRACT 

Spectra of vanadium have been produced in a vacuum sliding 

spark and their relative line intensities measured as parameters 

of the electrical circuit were varied. Intensity maxima of the 

spectral lines are interpreted as representing excitation energies 

and have been found to depend in a definitive manner on 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 

energy transfer rates from the capacitor to the source, and two 

functions of the continuous circuit parameter are 

defined which greatly assist in interpreting the effect of the 

circuit parameters on the excitation in the source. With these 

solutions, the relationship between the excitation in the source 

and the electrical circuit parameters may 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 power delivered to the source during a current pulse and the 

other with the discharge duration, and two constants which in 

general depend on the source geometry and the electrode sample 

material. " 

The circuit parameters were varied to excite' and separate 

spectra of scandium (Sc II.and Sc III) by observing total light 

pulses and spectra of vanadium (V II - 'v Y} by obserV-ing both 

total and time-resolved light pulses. For Sc TII, 93 lines are 

reported in the region 55oA-940oA.which give rise to_23 new levels 

with an accuracy of about 0.03 cm-l and the ionization energy is 

-1 revised to 199677.37 ± 0.1 em • The results for Sc·m have been 

published in J. Opt. Soc. Am. 63, 158 ( 1973) • For V X, 61 lines 

in the region 48oA-850oA give rise to 18 new levels and the ioniza­

tion energy is revised to 526524 ± 5 cm-1 • The ionization energies 

have been calculated with a method presented here that allows the 

use of all the known levels in a series simultaneously. Series 

formulae are presented which are used to predict some of the newly 

found levels to within 0.25 cm-1 •. An isoelectronic comparison con-, 

64 2 0 firms the inversion of the 3p f F
512

,
712 

levels in V ::g: as being 

.caused by the interaction of these levels with those of the 2F0 

term in the 3p53d2 configuration. 
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1-1. . INTRODUCTION 

Perhaps the most widely used method of generating the 

spectra of higher ionized atomic species is the discharge of a 

capacitor acres~ a gap between electrodes 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 

exploitatlon of this dependence. It is desired to establish a 

definitive relationship between the excitation observed in a 

spark discharge and the parameters 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 small capacitor (< 0.1 ~fl charged to a 

high voltage (~ 10 kV), an inductor, and usually an auxiliary gap 

to trigger the discharge synchronously with the charging cycle. 

No external resistance is employed in the discharge 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 of excitation 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. 
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S:l.nce 1943 three major developments in this type of spec-

troscopic unit have arisen in attempts to achieve greater control 

over the discharge through external parameters. · In 1943 Hasler 

and Dietert1 developed the idea that by separatingthe charge and 
.· 

discharge cycles of the capacitor making each independently con-:-

trollable~ breakdown of the gap can be achieved with a low-power 

high voltage ignitor circuit and a low-voltage high power capacitor 

di~charged through the gap once it has broken down. ··.Several 

advantages over the previous sparks are: (1) the amount of energy 

discharge in each cycle is more reproducible, (2) higher capacitances 

('V 10 l.lf') can be used with the lower voltages ('V 1 ·kV) for a given 

amount of energy allowing variation f'roiil underda.mped through 

critically damped and overdamp~d discharges, (3) termination of 

the discharge depends only.on the circuit and gap constants, it 

is no longer aff'ected by the synchronous rotating gap and (4) 

lower voltages reduces the broadening and shifting of atomic 

spectral lines _caused by the Stark effect which is particularly im-

portant for radiation involving lev~ls with large aZimuthal quantum. 

2 . 
number •. In 1950 Vodar and Astoin suggested the sliding spark 

. . 3 
.which was :further developed by Bockasten .··who introduced a porce-

lain or quartz spacer with a small bore along its a.ris through 
. . . ~ 

which the spark passes and with • a radi~. channel y:iewport. The . 
. · ·' . . . ·-:. ;.: . ,.\;· •,. " •.. . .. · 

chief advantages are: (1) the voltage necessa.rY f'~r the bre8.kdown · 

of the · spark gap is reduced, ( 2) conf'ining the discharge enhances. 

the spectral line intensity, and (3,) it operates with large 

-. 

. } . 
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inductances (~1000 ~h) which is not possible with vacuum sparks. 

Spacer impurity spectral lines such as carbon, silicon and oxygen 

are also produced. The third development in the spark was the 

introduction of an electronic switching circuit consisting essen-
.· 

tially of an ignitron triggered by a mercury thyratron to initiate 

4 
the discharge. This allowed still better control over the repro-

ducibility of the current discharge and is essential for synchroni-

zation in the time resolution of spectral line intensities within 

the current pulse. 

The present investigation consists of two chief parts: (1) 

to determine the excitation of different stages of atomic ioniza-

tion and investigate the circuit conditions that optimize the 

variation between these stages when observing the total discharge 

pulses, and (2) the investigation of the behaviour of the ioniza-

tion stages within a 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 

parameters, the voltage and the discharge repetition rate. The 

results will then be correlated with the experimentally observed 

intensity variations in a discharge incorporating all three of 

the above developments. 
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1-2. MATHEMATICS OF TRANSIENT DISCHARGES OF CAPACITORS 

The general mathematics of transient discharges of capa-

citors has been developed in many texts and with particular 
. . 

application to ~he study ot spectrochemdcal sources5 but the 

characteristic times involved and the rate of charge and energy 

delivery to the source in terms of the circuit parameters are not 

usually discussec;l. When a capacitor {C), which at 'the time (t = 0) 

when the current (i) starts, is. triggered·to discharge through an· 

inductor '(L) and resistance (R), the voltages in the LCR circuit 

sum to give the differential equation 

L 2!_ + R" + .9. = 0 dt l. c (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 

v 
i( t} = R o .;::e ______ -;::::===-=e:=-~-------1 

{;-~ 
where V is the negative initial voltage on the capacitor and 

0 

(1-2) 

- C (R)2 ~ 0 • . t . •t . Y = L 2 - 1.s an appropr1.a e ci.rcUI. parameter, cont1.nuous 

over the region of possible behaviour of the discharge (0 ~ y ~ oo). 

Three quite different current flows are possible depending on the 

value of y: y < 1 underdamped, y = 1 cri tica11y damped, and y > 1 

overdamped. 

-. 
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A characteristic discharge time is the time (t ) at which 
p 

the discharge current reaches its peak value i.e. where the charge 

transfer from the capacitor through the circuit for a given inter-

val of time is a maximum. The time tp m~zy" be obtained by putting 

the time derivative of the current equal to zero and solving for 

t ; the peak current i = i(t ) is then obtained by substituting 
p p . p 

the value oft in Eq. (1-2). p . 

or 

where 

1 /1+.n) 
2 

R.n \i-"1- ! = X = 
R 

·-1- r:-T 
tanh '\'1-:; 

X 

-1- r-r­tanh '\'1- ~ 
( ) - 1 X g y = -

~ ~1-~ 

(1-3) 



v 
0 

i 
p 
=-

R 

or 

where 

e 

-6-

·~ . 

-1-r-'r 

( _ ,---y) tanh V1- y 
- 1- V1- :=:-

y ~1- ~ 
- e 

-1- ,---y-
- r-T' tanh Vl- :=:-

-(l+Vl- ::-) X 

y ~1- 1 
y 

.· 

: (1-4) 

t h-l v;;:-I _ ,.--,-_ tanh-1 .J1- 1 

-(1-~1- 1 ) an -- -(l+Vl- y-) 
1 

y ~1- ~ ~1-
h(y) 5 _1_ ..;;.e----------==~-~e ___ . _____ Y __ 1 

2\[Y ~1- 1 
y 

The charge and energy transfer rates may- be determined as 

follows . The maximum amount of charge transported through the 

circuit per unit time (i ) occurs at the time t and may be ex-
p p 

pressed in terms of tp' y, C and V
0 

using Eqs., (1-3) and (1-4) 

(1-5) 

A measure of the rate of energy transfer from the capacitor to the· 

circuit containing the spark gap i.e. a measure of the power in a 

current pulse can be o~tained by considering the time interval ~/ 
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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 (1-4} 

- !L tl !L.Jl-
1 

t - !L~l- 1 
t! ittl_ 2L 2L y · 2L y f _ ~= __ e~ ______ e __________ -__ e __________ ~--

P - _R t 1-R ~1- 1 t - _R ~1- 1 t l 
e 2L p e2L y p _ e 2L y p~ 

or (1-6) 

where 

t+ 
and r is the double-valued ratio t- for a given current pulse. 

p 
Given the circuit parameter y and the fraction!, Eq. (1-6) m~ 

. t+ 
be solved for the ratios t- , and the . time interval -r1 formed in 

p 
Tf t+-t-

t .&>t . - ::;:,0 Th • . t ul erms o.~. l.. e. t = t - • e power l.n any curren p se 
p p p 

~ thus be expressed as 

cv 2 

i v = __2_ h(y) 
p 0 '\[LC 

CV 2 
T 

= ___Q_ h(y) g(y) _j_ 
Tf t p 

(1-7) 

Tf 
where in the expression on the right, is the solution obtained 

tp 
from Eq. (1-6). 
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Note that for a fixed LC, g(y} determines tp and together 

wi.th f i.t ~etermines the chosen time interval T:f .i.e. g(y} is the 

discharge duration function. The function h(y).is the power function 

in the sense t~t given ~ arid vo it determines ip and therefore 

the power per current pUlse, i V • Equations (l-3f to (1-7) will . p 0 

be useful. in discussing charge and energy transfer rates in terms 

of t , i ; V and the associated functions g(y). and h(y); for given 
p p 0 

L, C, y, Wld the initial voltage V on the capacitor. · The above 
' 0 

equations-were solved for the range 10~4 ~y ~ 103 and the results 

for f = ~ and principal values of the trigonometric functions are 

presented in Figs. 1.1 and 1. 2. In the case of y < 1, calculations 

were made for the first current pulse in the oscillatory train; 

the calculations for following pulses in the train are straight 

forward. Note that the fUnctions plotted are monotonic in 

y Co ~ y ~ oo) , and that both the peak current and the product i t pp 

are maximum as y + 0 for fixed ( CV 
0 

,L) and ( CV 
0 

), respectively. 

Of' co-urse, L, C, R (or y for fixed ~) , and V 
0 

uniquely determine 

the discharge pulse. In addition ~able 1.1 shows the limits of 

Eqs. (1-3) and (1-4} to first order in the significant variable 

as y ranges from zero, through unity to infinity. The limits were 

obtained by proper expansions6 o~ by differentiation. When y is 

outside the range plotted in the figures or y ; 1, the expressions 

in Table 1.1 are applicable. It should be noted that in the limit 

when the resistance added to the circuit approa~hes zero, the 

resistance of the spark gap and the resistance corresponding to 

.. 
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TABLE 1.1. Limits of t and p 

Ri 
-E. 
v 

0 

r<1 r=1 r>1 

in Capacitor Discharges. 

Underdamped Critical Overdamped 

O+-r r-+«> r-+1 

L-+ «> C-+0 R-+0 L-+0 C-+«> R-+"' 

rr ~ 2 _ )a jLC ~J _ RC /IC 2L jTC r 1 (1 ) J t = -v'LC 1--v'r+-·· ..;-cc- - -+0. v'rLC=--+«>b v'--=--,---+Oc --1----1 +··· 
P 2 rr r 1 2 r R r 3r 

2-- . 
r 

1-~ 
r 

- 1 +J 1-~ 
Ri ~ ) r t ] P rr- d 2 e f 2-11 

- R ft 1 --v' r + ... - ~ -+ 1 - v' r 1 + -(- -1\ + ··· 
v0 , L 2 e J 

1 
_2._ e 3 'Y ') 

r 

aSinusoidal as R + 0. 

bCurrent never peaks as C + oo implies infinite energy available. 

cOpen circuit never starts. 
d. 

1 

~ independent of R. 
f 0 
Ohms Law. 

XBL734-441 

I ..... ..... 
I 
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r.t. ra4iation losses are. no longer negligible and must be taken 

into account. For a discussion in the.underdam:J?ed case see Ret. 5 • 

. Consider now the three various current discharg.es possible. 

A. Underd!imped Discharge (y < 1) 

In this case ~1- ~. is imaginary and the equations are more 

appropriately written 

i(t) = _i Jc e-~ t sin ('-lid t) · 
·. ~11 1Lc" .· 

tan-1 V1 -1 
~ tP = ___ x.___· 

~ 
. 
' 

..;1- rr-­
tan V :7· -1 

g( y) = --;::::=:::::X=­Vl -·y 

. 
' 

h(y) = e -vr g(y) 

~ t (1-r) .. 
e P · sin (6'r) = f ...}1-y 

where 

(l-2a) 

(l-3a) 

(l-4a) 

(l-6a) 

R . -1~ ~ () t = tan - -1 = 1 - y g y 
LC p . y .. 

.. 
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and the identities ta.Dh(ix} = i tan(x}, sin f tan-1(x}] = X 

~l+x2 
have been used. It is of interest to note that as y decreases 

. i . . 
from unity both tp and. 2 ~ r incr.ease; and when y approaches 

. 0 

zero, t?· approaches one quartel;' of the period (21r..JIZ) of pure 

sinusoidal oscillations (R = 0 for all LC} while i becomes inde­
P 

pendent of R (Table 1.1). It is in this region that the earlier 

sparks (y + 0 through C + 0) previously discussed were operated 

and it may now be seen why no external resistance is employed in 

the high-voltage, small-capacitor ·spark. In short, when employing· 

a small capacitor, higher energy-dissipating resist~ces of low 

inductance are necessary to change appreciably the character of 

the discharge pulse from oscillatory behaviour (y < 1) to critical 

damping ( y = 1). 

B. Criticall.y Damped Discharge (y = 1) 

When y = 1 Eqs~ (1-2) to (1-5) are indeterminate. However, 

by taking appropriate limits ( ~1- 1 
+ 0) or by differentiation y . 

the equations can be written 

v t 
i(t) = Lo~ e- 'JLC t (l-2b) 

. 
' g(y) = 1 (1-3b) 



i =· _rc vo 
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. 
. , 

. .. ~{1-r}r. =·f 

. 1 
h(y}. =-. . e (l-4b) 

(l-6b) 

Note that the equations in this case depend on but two of the three 

( 
. ). . .. . . . 2L RC ... r.;-:::- · 

circuit parameters L, C, and R e.g. tp = R ~ 2 = .~LC and that 
. . . ~ ' ' ' 

c. Overdamped Discharge (y >· 1) 

The equations are perhaps most appropriately written in 

the form (1-2) to (1-6). From Table 1.1 note that as y increases 

from unity to large values, the time at. which the peak current 

is a maximum decreases and approaches zero (exc~pt when y ~ 00 

through C ~ oo in which case t increases linearly with C, as 
p 

expected because C ~ 00 implies large energies available and the 
Ri 

current never reaches its peak value) • In this limit of y, ~ 
. 0 

increases from£ at y = 1, to unity (Ohm's Law} as y ·~ oo; while 
e 

the rate of energy transfer approaches a constant value (Fig. 1.1). 

This is the case that approaches the continuous d. c. arc type of 

source across which a nearly constant voltage is maintained and 

pulse discharge duration is sufficiently long fo~ th.e discharge 

to achieve thermal equilibrium. In the case of electrode contact 

the voltage may be varied for the.coriducting metal and Ohm's Law 

is obeyed. 

:: 
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1-3. EXPERIMENTAL DETAILS 

To excite and separat·e 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 tinit. 

A. Light Source 

As originally used by Vodar and Astoin, 2 their arrangement 

in vacuum consisted of a carbon rod, along which the produced spark 

slides, provided with two ring electrodes connected to a (0.03-0.1 ~f) 

capacitor charged to 30 kV. They reported spectra similar to ordi-

nary sparks but with additional carbon lines present. The idea was 

further developed byBockasten3 who used cylindrical electrodes of 

the material studied and replaced the carbon rod with an axially­

bored porcelain disk provided with a small (1 :mm) r~9.ial viewing ... 

slit towards the spectrograph. In this manner a grei3.t gain in 

intensity was obtained since all the sparks occured in the bore 

hole rather than along the outside of a cylinder. To trigger the 

discharge Bockasten inserted in series an auxilia7Y spark gap in 

air, consisting of two brass. spheres whose distance apart determined 

the desired voltage. The spark voltage was between 6-15 kV with a 

capacitor of 0.3 ~f, triggered 6-8 times per second. The inductance 

was varied to obtain different degrees of oscillatory discharges • 

The light source used in this experiment is similar to the 

one used at the Johns Hopkins University
4' 7 and the National Bureau 

' \ :~ 
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or Standards8, 9 ~hich is a somewhat modified version of the one 

used by Bockasten. The vacuum chamber consists of a glass envelope 

in the shape of two cylindrical glass tubings crossed at their 

centre (Fig. 1.3). The two vertical ends are kovar-to~etal seals 

through which the water-cooled electrodes are inserted and 0-ring 

sealed. The right end of the horizontal tubing fits, through a 

ball-joint connection, to a pump outlet and an 0-ririg sealed 

window holder; 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 

~6 ' about 5 x 1.0 mm of Hg are maintained. The quartz 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 recessed bor'e hole 

through which the spark passes. It is provided With a horizontal 

viewport, centered between the electrodes. The spacing between 

the electrodes is a quarter of an inch. At pressures above about 

10~ mm or Hg occasional electrical. flash-over occurred between 
. . ' 

the electrodes and the brass window holder,· some f;i.ve inches apart. 

The horizontal windows should not be closer to the· central electrodes 

than about rive inches to prevent excessive sputter deposition from 

the sparking which decreases their light transmission. 

B. Electrical Circuit 

The circuit is basically a series LCR circuit (heavy lines 

Fig. 1.4) with the light source and a trigger unit connected in 

. " 
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FIG. 1.3. Sliding spark light source. 
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series. Inductance coils w~re made from copper wire (1.02-2.05 mm 

dia.) coated with an insulating varnish and consist of the values 

13, 36, 133, ·312, 592 and 860 llh· Two capacitor values were used, 

4 llf and 24 llf., though most of the results were obtained with the 
.· 

latter. ·Two types of negligible-inductance(< 0.5 llh) resistance 

were used: for high peak currents several carbon pile compression 

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 external resistance 

in the circuit could be varied from a fraction of an ohm to 240 

ohms. The trigger unit used originally was a rotating spark gap 

of variable 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 suppression of 

undesirable current ends. 

The electronic switching unit is similar to the one used 

at Johns Hopkins University4 and consists of an ignitron (GL-7171) 

used as a switching tube which in turn is triggered 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 

triggered by a rotating sector wheel which at the same time may 

serve as a time-selection window when observing the light intensity 

versus time within a current pulse. The rotating sector wheel 

consists of an aluminum disk (20 em dia.) into which have been cut, 

at a radius of 7.5 em and at 90° from each other, four slits 3/4 
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inches in length radially and 0.005, 0.010, 0.020,• and 0.050 inches 

wide azimuthally. Wh.en rotated on the axis of a synchronous motor 

(115 volts a. c., 60 cycle, 0. 59 amp, 1 h.p., by Bo'd.ine Electric 

Company) at 3600 revolutions per minute, the result is four time 

windows i.e. when placed in front of the spectrograph slit, the 

sector slits will pass light into the spectrograph for 4.5, 9, 18 

end 45 l-!sec. 

The trigger and synchronization units were 'obtained from 

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

slit reach~s the top vertical position of its cycle,. it passes 

between a small light and a photo-diode. The resulting signal is 

amplified to diode-transitor-logic level (0-5 volts) and trans-

mitted (1) to a pulse width discriminator (2) to a counter and (3) 

through a fixed ( i 3~go ::! 2. 8 msec) delay plus a variable ( ± 300 

l-!Sec) delay. The pulse width discriminator selects the desired 

slit while the scalar demands a coincidence between the number of 

times the selected slit has passed the photo-diode and the exter-

nally preassigned discharge repetition rate(. ~d per second). J.n eger 

When the coincidence occurs the signal, appropriately delayed and 

once more amplified to 50 volts, is transmitted to trigger the 

thyratron which fires the ignitron, thereby discharging the capaci-

to:r and firing the light source at the time (within the variable 

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

spectrograph slit. 

·-

-. 
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In the time resolution o£ the light pulse the time loca-

tion o£ the window in relation to the current pulse was determined 

as £ollows. 1 " - " A f"iber optics light guide, o£ 4 - diameter and 12 

long which tr~smits wavelengths between 400 and 2000 nm, was 

placed inside the spectrograph at 1 m £rom the entrance slit. The 

light guide intercepts approximately 4% o£ the light entering the 

spectrograph which is tranmitted to a photomultiplier (1P28} and 

the resulting signal displayed on the dual beam oscilloscope, 

synchrorio~sly triggered with the spark discharge (Fig. 1.5}. With 

the built-in variable time delay between the time. at which the 

sector slit is passing in £ront o£ the spectrograph slit and the 

£iring o£ the discharge, the light pulse could be translated across 

the coincident slits in intervals o£ the window duration. 

c. MOde of Operation 

Electrical isolation of the power supply and the LCR circuit 

was ensured by placing an LR £ilter (200 mh, 750 ohm power resistor} 

between the two. This may easily be checked by means o£ the rela-

tion T
112 

= 2.446 tp at critical damping. For a given 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 discharge repetition rate o£ firing 

the source is itself limited; the lower limit {"'40/sec} being 

determined by the desire to. prevent spacer heat and glow, and the 
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FIG. 1.6. Typical oscillographs of the voltage across and current 
through the light source. 

Top: L = 68 ~h, C = 24 ~f, Radded ~ 3~. 

Excites mainly Sc 1IT and spacer impurities. 

Bottom: L = 860 ~h, C = 24 ~f, Radded ~ 14~. 

Excites mainly Sc I and II, and only the 
strongest lines of Sc III. 
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upper limit being decided by the power supp:cy. Of course there 

exists a.d~rect trade ott b~tween 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 a dual-beam oscilloscope by means of which i , 
p 

. . . 

tp' -r112, and the total pulse length were readizy reproducible for 

a given combination of L, C, R, V , and the discharge repetition 
0 

rate. Typical oscillographs of the voltage and curr.ent versus 

time for some widely separated LCR settings are presented in 

Fig. L6. Note in Fig. 1. 5 that the start of the current pulse 

is delayed 4 ~sec. Critical damping could be achieved by adjusting 

the resistance while the source was in operation until the ends 

of; the voltage and current pulses on the oscilloscope ._appeared 

sharp resulting in -r112/t ·= 2.45. 
. p 

. . 

Because there exists a·lower 

limit on V , below which the spark gap will not operate, it is 
. 0 

necessary to operate the source in the·overda.mpedca~e in order to 

achieve lower peak current (~ 125 amperes) • Peak c'lirrents as low 

as 20 amperes mey. be achieved without. difficulty, but. for still 

lower currents the source·tires intermittent:cy un+ess L is made 

smaller and R correspondingly larger. No attempt was made to 

overcome this intermittent :firing by introducing a carrier gas as 

· ·this would probably result in electrical :flash-over between t~e 

" electrodes and the metallic parts of the present source. Further:... 
. . ' ' 
'more, since it was found that in this source there is no great 

.- \' 
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because the first and second stages of ionization are produced 

with better lipe quality (smaller Stark effect , etc. } in other 

sources, no advantage was to be gained by investigating these 

lower currents. with respect to the s·eparation of higher ionized 

atomic states. 

Th '11 t t . d . t . kn 4 e osc~ a ory case was no ex~ne as ~ 1s own 

that critically damped discharges are superior for the separation 

of ionization states when observing total pulses. This is evident 

from the ~esults obtained by Strasheim and Blum10 who reported 

that the radiated spectra of neutral aluminum and All+ follow 

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 was 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. 
t 

It was found that the experimentally determined value of _.:e. does 
VrE' 

not represent the value of the effective y very well,' probably 

because of breakdown effects and residual inductances. A more 

reliable and more sensitive measure of y is obtained from the 
T I 

ratio ! 2 which ir.volves that part of the current pulse which 
p 

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 

possible, the electrode surfaces were machined flat·and the spacer 

bore hole cleaned every time a spectrographic plate was exposed. 

To start the spark a pencil line was made along the bore of the 
.· 

quartz spacer. For wear on. the electrodes as a function of the 

inductance and capacitance see Ref. 10. 

D. Observations 

In the light of the foregoing discussion and previous 

experience_ gained from separating the spectrum of Sc III from 

lower ionization stages, ll,l2 observations were made on vanadium 

spectra in an effort to correlate the excitation observed in the 

discharge of a vacuum sliding spark and the parameters involved 

' 
in its production. The scandium spectra were separated by vary-

ing the inductance arid resistance at constant voltage and'capaci-

tance; observations we:re made for two values of the capacitance, 

C = 4 ~f and 24 ~f. Observations on vanadium spectra were made 

of both total time-integrated and time-resolved light pulses 

with constant capacitance and various values of the voltage at 

different values of L and R. 

The light emission of the spark, using vanadium metal 

electrodes (99. 7% pure), was observed by means of a 3.4 m focal 

length, Ebert-mount spectrograph from 2300-48oOA in air (grating: 

600 lines/mm, 5. 2A/mm dispersion, 500oA blaze). The capacitance 

of 24 ~f vas discharged 15 times per second. Observations on the 

.. 
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total pa1ses were made with inductances of 13, 36, 133, 312, and 
- T, /0 

593 l.lh and resi.stances adjusted to obtain f= l.60 ± 0.01 
p 

(y = 0.08} and overdamping. At each of the five inductances the 

voltage was varied.over its range. The constant-time exposures 

(400 pulses) were made on one photographic plate. Table l.2 lists 

the parameter values of the discharge pulses investigated, which 

have been numbered for easy reference. The quantities y, g{y), 

and h(y) in Table 1.2 were obtained from Fig. l.l using the · 

Tl/2 
observed ratios t Confidence in the value of y thus obtained 

p 
is demonstrated as follows. First, the current pulses with the 

Tl/2 
same value of --t-- were observed on the oscilloscope to have the 

p 
same damping character. Second, plotting the observed values of 

t 2 versus the inductance added to the circuit at constant C and p 

constant damping character~ results in a straight line with ordinate 

intercept 0.6 l.lh, presumably the residual inductance of the circuit 

and source, Eq. (1-3). Third, Eq. (l-4) is approximately obeyed 

for the pulses listed in Table 1.2. In general, the source will 
_fC i 

operate _if VL V
0 

= h(~) ~ K where K is approximately 200 amperes 

for the present source as determined from pulses 18 and 22 which 

were obtained with V near the minimum voltage at which the source 
0 

barely operates stably. This confirms the well known phenomenon 

that for a given electrical circuit the voltage across a source gap 

is nearly independent of current, i.e. the voltage at which the 

source barely operates is nearly constant for fixed circuit para-

meters, source geometry and electrode material. For constant 
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y (= 0.5) wi.th various values of L, C, and R, and for the minimum 

voltage 
avo 

at which the source barely operates, it was found that 

is approxillla.tely constant, Eq. (1-7). 

To investigate the behaviour of the ionization stages 

versus time within a given discharge pulse, light pulses were time 

resolved b,y use of the rotating sector wheel. With the 9-~sec 

window, observations were made at 10 ~sec.intervals on the pulses 

marked tr (time resolved) in Table 1.2. Photographic plate 

exposure times were constant at 4000 pUlses. Three plates sufficed 

to obtain the results of the seven pulses, each plate representing 

a fixed v&l..ue of L, C, and R. Each plate was also exposed to a 

Tungsten~ogen lamp, reproducible through constant voltage and 

photomultiplier monitoring, for appropriately stepped times from 

~ to ~O minutes, in ~rder to monitor plate variations and determine 

pl.ate emulsion calibration curves. Measurements were made on the 

intensities of representative and convenient lines listed in 

Table 1.3, and the relative intensities read from each·plate's 

calibration curve. The observations using the 24 ~f capacitor are 

presented in graphical form in Figs. 1.7 to 1.10. In fig. 1.7 the 

relative intensities of the lines listed in Table 1.3 are plotted 

versus peak current for the five different inductance values· • 

. Figures 1.8, 1.9, and 1.10 show the relative intensities of the 

lines of different ionization stages versus time within the time 

resolved current pulses. 

·. 
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TABLE 1.2. Circ~t Parameter Values of Discharge Pulses Investigated. 

Observed From FIG. 1.1. 

Circuit Parameters Current Pulse 

(C = 24 llf) 
...... 

!Pulse L v Ra i t Tl/2 
db _Y g(y) h(y) 

No. 0 p p 
(ph) (volts} (Q) (amp) (J.Isec} 

1 13 300 <1 150 35 56 96 0.08 1.34 0.68 
2 13 450 <1 300 35 56 96 0.08 1.34 0.68 
3 13 560 <J. 4oo 35 56 96 0.08 1.34 0.68 
4 13 690 <1 500 35 56 96 0.08 1.34 0.68 
5( tr )c 13 750 .<]. 600 35 56 96 0.08 1.34 0.68 
6 13 850 <I 700 35 56 96 0.08 1.34 0.68 
7(tr) 13 980 <1 800 35 56 96 0.08 1.34 0.68 
8 13 1050 <I 900 35 56 96 0.08 1.34 0.68 
9(tr) 13 1160 .<J.. 1000 35 56 96 0.08 1.34 0.68 

10 36 300 1 150 48 77 115 0.08 1.34 0.68 
11 36 480 1 300 48 77 115 0.08 1.34 0.68 
12(tr) 36 580 1 . 400 48 77 115 0.08 1.34 0.68 
13 36 700 1 500 48 77 115 0.08 1.34 0.68 
14(tr) 36 780 1 600 48 77 115 0.08 1.34 0.68 
15 36 890 1 700 48 77 115 0.08 1.34 0.68 
l:6(tr) 36 1000 1 Boo 48 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) 133 700 1.5 4oo 83 133 190 0.08 1.34 0.68 

21 312 1350 30* 50 0 65 380 700 6.30 0.68 0.18 
22 3l2 600 2 150 125 200 300 o~oa 1.34 0.68 
23 312 1050 2 300 125 200 300 0.08 1.34 0.68 

24 593 1400 30* 50 6.5 380 1100 6.30 0.68 0.18 
25 593 1400 15* 100 110 330 600 1.06 0.915 o;32 
26 593 1010 3 200 160 255 400 0.08 1.34 0.68 

~· aAdded resistance values are approximate only; * = overdan:i:ped. 

bTotal time duration of current pulse. 

~ulses marked (tr) were time resolved. 
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TABLE 1.3. Vanadium Lines Selected for Intensity Measurements. 

Wavelengths Transition Reference Excitation energy a 
- (A) (electron volts) 

V II 2924.017 a5F -z5F
0 

5 5 
13 11.4 

VII 3257. 893'' c~l-y3n~ 14 13.0 •• 

V II 3263.33 3 ~0 b G4-z 4 14 12.6 

V II 3271.124 ~ 3 0 a 3-z a4 14 11.6 

VIII 3107.817 c~5/2-z~~/2 15 32.4 

V III 3350.211 16 ~ 25.1 

V III 3351.56 J,§: ~ 25.1 

V]][ 3294.259 3d(4d3p2-5p~;) 17 82.7 

vn 3295.501 3 0 3 3d(5p F2-5d F 21' 17 86.2 

vnr . 3328.527 3 ° 3 3d(5p F4-.5d F4) 17 86.3 

vn 3333.986 3d(4d~2-5p3p~) 17 82.6 
•) 

vrr 3334.79 3d(4d
1

G4-5p
1
F;) 17 82.7 

.{:;.' 

VJl 2774.998 ~0 2 
5p 3/2~5d D5/2 12 145.6 

VY 3363.517 12 ~ 101.2 

~he excitation energy is defined as the total energy necessary 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. Relat.i ve line· intensities versus peak current. 
C=24llf, y=O. 08 except • = overdamped. 
For additional circuit parameter values see Table 1.2. 
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FIG. 1.9. Relative line intensities versus time. 
L = 36 J.lh; pulses 12, 14, and 16, Table 1.2. 
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FIG. 1.10. Relative li_ne intensities versus time. 
L = 13 ~h; pulses 5, 7, and 9, Table 1.2. 
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The light emission of scandium electrodes in the region 

sooA to 950oA was observed for three different peak currents (100, 

250, and 500 amperes) with two capacitor values, 4 l..lf and 24 1..1f. 

The circuit parameter values were V = 2800 and l400 volts respec­
o 

1"1/2 . 
tively, with constant t = 1.9 (y = 0.35) and constant discharge 

t p 
repetition rate. Exposure times were constant. On visual compari-

son of the spectra thre.e facts could be observed: (1) the intensi-

ties of the spectra obtained with the 4 l..lf capacitor were reduced 

b,y about a factor of four from those obtained with the 24 l..lf capa-

citor, (2).the Sc II spectrum showed a much sharper decrease in 

intensity with current increase (lower L values) in the 4 l..lf spec-

tra than in the 24 ~f spectra, and (3) the intensity of the Sc III 

spectrum obtained with the 4 l..lf capacitor showed a much slower 

rise with current increase than the spectrum obtained with the 

24 l..lf capacitor. 
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l-4. RESULTS 

A. Total Pulses 

Figure l. 7 displays several i·nteresting phenomena. As the 

peak current (or . .V~) is increased for fixed values of L, C, and R, 

2+ . . . 
higher 'stages of ionization ( ~ V ) are excited at some definite 

' . 

peak current and their 'line intensities increase with peak current. 

Sufficiently strong lines of the doubly ionized. stage may be pre- . 

sent at lower peak currents, e.g. the strongest lines of Sc m 

were observed in a 10-ampere peak current discharge. The singly 

ionized stage is more favourably excited in the overdamped dis-

charge but remains present at the higher peak currents. Separation 

of stage ionizations by increasing the peak current for fixed 

values of L, C, and R, appears difficult as no usefUl intensity 

reversal of a given ionization stage is obtained within the limits 

of the present power supply. 

In general the relationship between the line intensity and 

the excitation energy is complicated by the fact that the line 

intensity depends on the number of atoms excited to the particular 

upper state involved in the transition i.e. on the number of atoms 

released from the electrodes and their distribution over the ioni-

zations stages present during a discharge pulse. The time resolu-

tion observations (Figs. l. 8 to 1.10) indicate that during a. given 

time interval within the current pulse the line intensities of the 

higher stages of ionization stages increase at the expense of the 
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lower stages when the peak current (or the power) is increased. 

Thus, the number of atoms per unit time contributing to .the rate 

of charge transfer through the source is approximately constant· 

for fixed L, C, andy (fixed t ). This is further supported by . p 
. 10 

photographs · of electrode wear as a function of L and C with 

constant y, which show the highest degree of similarity when the 

product LC is constant. 

From the 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 i 
p 

is increased for fixed L, C, andy (fixed t ) and (2) increase 
. p 

when the inductance is increased (increasing t ) at constant C, 
p 

y and i • Thus, the line intensities of a given ionization 
p 

stage increase as either i or t is increased at constant C and . p p 

y. A simple picture of line intensity and excitation energy as a 

function of the circuit parameters presents itself. Let i . nun,s 

be the minimum rate of charge transfer necessary to produce the 

highest ionization stage, (s) observed in a discharge pulse. With 

sample vapour leaving the electrode surface at a constant rate for 

fixed L and C, the longer pulse duration results in a higher 

intensity of a time-integrated line exposure i.e. Ti . increases . m1n,s 

where T is the time interval during which i(t) ~ i . • From . nun,s 

Eq. {1-5) i t = CV h( y) g( y), hence for a fixed C the product 
p p 0 

i t is governed by both V h(y) and the discharge duration function 
p p . 0 

g(y), increasing with higher voltages or lower values of y. The 
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departure from this generalized simple picture at low peak currents 

. 18 
may be due to the following phenomena. Walters · reports that at 

' ' ' 

any fixed-~iectrode displacement the intensity~time profile con-

tains an initial. high amplitude spike, whose duration ( < 15 lJSec 

for the present source) depends on the electrode·gap distance but 

not on the form of the discharge pulse~ This would explain the 

irregular intensity behaviour at constant..,..voltage,·low peak 

currents: (1) for sufficiently short pulses the initial intensity 

spike becomes a significartt fraction of the ;;tota.1 time-integrated 

intensities' and (2} for long pulses obtained with large L values 

the initial: intensity spike is also dominant for the highest 

ionization stage present because in the later part of the current 

pulse after breakdown effects cease to play a major role, the cir-

cuit-parameter controlled charge transfer rate is less effective 

in exciting the higher ionization stages as will.be seen later. 

To excite higher ionization stages increase the maximum 

rate of charge transfer; to obtain stronger line intensities 

increase the discharge duration for fixed peak current. In both 

cases.this means deliver more energy (1
2 CV 2) to the source. For 

' 0 

a fixed energy there exists a trade-off between .th~ highest 

ionization stage gained and the strength of its lin'e intensity. 

For ionization stages lower than the highest ionization stage 

present, increasing the rate of charge transfer depletes the num-

ber of ato:mS excited to those stages during a given time interval 

for a nearly constant electrode vapourization rate. This will be 

• .• 
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discussed in conjunction with the time resolution results. Generally 

then, the relationship between relative intensities and circuit 

parameters is complicated by the distribution of the atoms among 

the different ionization stages and in certain cases by breakdown 

effects. Caution is necess~ry when trying to relate relative 

intensities and especially 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 transition, 

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 first are 

those obtained when three of the four circuit parameters are held 

fixed. Relative intensities of the different lines may be read 

from Fig. 1.7 as a function of L at constant C, y, and V • Results 
0 

are presented in Fig. 1.11 for C = 24 ~f, y = 0~08 and V = 700 volts. 
0 

Intensity peaks are clearly defined and good separation of ioniza-

tion stages may be obtained from the spectra at constant C by 

varying L, adjusting R to achieve constant y, and maintaining 

constant V (see Fig. 1.14). In this manner the spectra of Sc III 
0 

and V Yin the region 50oA to 950oA were successfully separated 

f th . 1 t f • • t" 11,12 rom e1r ower s ages o 10n1za 1on. In the top graph of 

Fig. 1.11 excitation ener&ies (Table 1.3) are plotted, at the 

corresponding intensity peaks, versus ~ For voltages less than-
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TOO volts, the intensity peaks occur at lower L values and are 

' spread further apart. Similar plots at different voltages, 

although further observations at different L values are necessary 

to determine the intensity peaks more closely, indicate that 
<v )o 

0 sufficiently high excitation energies are proportional to L 

where o !::!' 2, for constant C and y. 
v 2 

0 The departure from L at low 

voltages is attributed to breakdown effects, i.e. a certain mini-

mum current is necessary to operate the source, which will be 

discussed later. 

The power delivered to the source is a quantity more 

generally applicable to a variety of sources and it is appropriate 

to investigate its influence .on the excitation energy attained in 

the ~ource. A useful relation between the power in a pulse and 

;pvo may be obtained from Eq. (1-7) which indicates that the pro­

portionality factor between i v and cv2;-~ is what has been . p 0 0 v.uv 
called the power function h(y) for a given ~ and V

0
• For the cases 

of _present interest in Fig. 1.7, y is constant and i V will serve 
p 0 

as a measure of the power per pulse', the proportionality factor 

between ipVo and ~ CV
0

2/Tl/2 being about three for y = 0.08 

{Fig. l.l). Relative intensities of the different lines may be 

read from Fig. 1.7 as a function of L at constant C, y and i V 
p 0 

with curves of i V obtained from Table. 1.2. This was done for 
p 0 

two values of i V (165 kVA and 280 kVA) and the results are pre­
p 0 

1 sented in Fig. 1.12, plotted versus L • 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 constant voltage (Fig. 1.11). In the central graph of 

Fig. 1.12 excitation energies are plotted, at the corresponding 

. t •t . ak 1 
~n ens1 y pe s, versus 

1 
. With exception of the V IY intensity 

peak at 165 kVA, all points are rather well defined resulting in 

1 two linear, parallel lines of excitation energy versus L ; the 

curve obtained with the higher value of i V is shifted to higher 
p 0 

excitation energies. Figure 1.7 further indicates that the inten-

sity peaks (including that of VY) at a higher power would result 

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

at constant C andy. With breakdown effects appropriately reflected 

in the product i V , one obtains from the intercept and slope of 
p 0 

the two linear curves 

E = (1.16 X 10-2 i v )2 + 2.61 X 103 1 
e p o L 

constant C,y (1-8) 

where the excitation energy, E , is in electron volts when i V is e p o 

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

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

and may be useful in future investigations of other elements. 

Consider now the C dependence of Eq. (1-8). From the 

observations using the scandium electrodes, by varying C at constant 

y, the 

i v = p 0 

C dependence m~ be 

V[ V
0 

2 h(y), thus 

determined. From Eq. (1-4), 

forming ratios of the power associated 

with the 4 ~f and 24 ~f capacitors at constant y obtains 
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2.5 

Despite this increase in power per pulse used with the 4 lJf capa-

ci tor • the intem;i ties drastically decreased and the intensity 

peaks o:f Sc .II and Sc .III are spread :further apart on an .intensity . 

l versus . L plot. With ·the assumption that an increase in C is 

equivalent to a decrease. in L.,- these ·facts indicate .a linea.:t: 

l dependence- on C in the excitation energy versus L plot at constant 

y, so that Eq. (l-8) becomes 

E = a' (i V )2 + b 1 C 
e p o L 

constant y (1-9) 

where a' and b 1 are constants depending on the source geometry, the 

electrode element, and· possibly y. 

Consider next the y dependence of Eq •. (l-9). First it will 

l 
be established that the slope of the Ee versus L · plot is a decreas-

ing function of y. The relative intensities of V II :for the pulses 

numbered 24, 21, and 17 in Table 1.2 are 4.1, 4.3, and 5.9, 

re·spectively. The corresponding values of L are 593, 312, and 133 

}Jh, and of y are 6.3, 6.3, and 10.0. From the topmost graph. in 

Fig. 1-.7 note that the VII line intensity increases with a decrease 

in y and a·corresponding increase in i V , at fixed Land c. 
p 0 

Therefore. the relative 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 i V , at the given L and C. Hence, the 
p 0 

intensity peak of the VII lines tor y = 6.3 and i V = 69 kVA po 

occurs at L < 133 llh, resulting in a single data point on the E 
e 

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

1 1 -1 
less than L = 0 . 133 = 7.52 mh • Because no negative excitation 

1 energies exist by definition the intercept of the Ee versus L 

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~ be determined from 

the topmost graph in Fig. 1.7 (pulses 24, 25, and 26, Table 1.2) 

where the relative intensity of the spectra from ionization stages 

higher than VII is comparatively weak or nonexistent. Consider 

the special case when only,the spectra of the neutral atom and 

the singly ionized stage are present in the emission of the dis-

charge. This condition occurs for a certain minimum charge trans-

fer per unit time through the source, sufficient to operate the 

source stably. For a nearly constant sample vapourization rate 

(fixed Land C), the number of singly ionized atoms at any given 

time during the discharge is chiefly determined by the rate of 

charge trans£er through the source, i(t). At the time t the 
p 

abundance of singly ionized atoms and hence the maximum intensity 

is determined by i a: V h(y). In addition, when one observes 
p 0 

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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which atoms are being excited to the upper level of the emitting 

transition. For the total-pulse observations under consideration, 

the time-integrated relative intensity of the V II lines thus 

depends on V0h(y~ and g(y), and in this special case is in prin­

ciple a direct measure of the excitation energy achieved and main-

tained during some time interval of the discharge duration. To 

compare this with the controlled excitation of the neutral atom in 

a low-current source with constant y and varying voltage see 

Ref. 19. The relative intensity of the V rr· lines for pulses 24, 

25 and 26 are plotted versus [V h(y)]2 and versus g2(y) in Fig. 1.13, 0 . 
i 

where ~ = 300 amperes (± 6%) has been used (Table 1.2). The 

V II line intensities have been drawn to approach zero for some 

minimum value of the peak current, I ( i ) . I· ;;;;;,. 0; the departure 
P Illl.n 

from the straight line at low peak currents is interpreted as being 

caused chiefly by thermal equilibrium effects in the light source 

at high value of y (long discharge duration) • Recall that the 

extreme limit y ~ oo (g(y) « t ~ 0, long discharge duration) with 
. p i 

voltages which barely operate the source (~ = constant) is the 

d.c. arc limit in which thermal equilibrium prevails in the light 

source and much lower power values suffice to operate the source. 

With a nearly linear relationship between h(y) and g(y) near y = 1, 

the results of Fig. 1.13 indicate that the relative intensity of 

VII lines, Irel' for sufficiently high intensities and at constant 

L and C, obeys 

(1-10) 

._ 
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where a., 13, and a' are independent of the circuit parameter y. 

Correlating Eqs. ( 1~9) and. ( 1-10) , and recalling .that the exci­
V 2 

tation energy is approximately proportional to ~ for constant 

C andy, results in 

. b. (.t n ·)2 =ai 2 + ...._ 
p L. (1-11) 

where a and b are positive constants ·of the source geometry and the 

electrode material and the assumption has been made that an increase 

in C is equivalent to a decrease in L. The right hand side of 

Eq. (1-11) is obtained by substituting Eqs. (1-3} and (1-4) where 

tp is to be reckoned from the 

correlation of Eqs. (1-9) and 

start of a given current pulse. The 
Ri 

(1-10) implies that 2 y/h(y) = V
0 

is constant for high values of y and at voltages which barely 

suffice to operate the source stably. In the present investigation 

the latter condition occurs for pulses 18 and 22 (Table 1.2). In 
Ri 

the limit y + co, ~ = 2Vf h(y) -+ 1 (Table 1.1) and V 
0 

is the 
0 

operating voltage of the d. c. arc. Substituting in Eq. (1-8) the 

appropriate values (Table 1.2) of the necessary quantities in 

accordance with their dependence indicated by Eq. (1-11), one ob-

tains that the peak intensity of V II lines for the case dis.cussed 

previously (c = 24 }.If, y = 6.3, ipVo = 69 kVA) occurs at L ~ 50 llh, 

consistent with the observations which indicate L < 133 }.lh. 

The functions h(y) and g{y) in Eq. (1-11) are known, 

monotonically decreasing of y (0 ~ y ~co), Eqs. (1-3) and (1-4). 

.•.. 

·-
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The function g(y) is the diE\cha:r-ge duration function and h(y) is 

the power function relatin,g the peak current and yoltage, for a 

given L and C. The excitation energy gained in the source depends 

on the power delivered to the source and the pulse duration. The 

~ dependence in Eq. (1-11) is consistent with the data reported 

b,y Schreiber and Fry20 for an underdamped discharge at constant 

voltage. 

B. Time Resolved Pulses 

The time resolution observations are disp1~ed in Figs. 

1.8, 1.9, and 1.10. The first of these figures shows the relative 

intensities of the lines versus time within the current envelope 

of pulse 20. Three lines of each ionization stage present are 

shown to displ~ their common behaviour. In Figs. (1.9) and (1.10) 

relative intensities are plotted versus time within three different 

current envelopes at constant L, C, and R; pulses 12, 14, 16 and 

pulses 5, 7, and 9, respectively. The intensity of the highest 

ionization stage present is a maximum at tp' in accord with the 

results reported for the case of underdamping by Strasheim and 

Blum. 10 The intensity-time profiles of the .lower ionization stages 

generally consist of two peaks separated by an int.ensi ty-minimum 
" " 18 

valley, the duration of which depends on the current pulse length 

and the stage of ionization. Both the intensity profile of the 

higher ionization stages and the intensity valley of the lower 

stages broaden as the power is increased. It appears that as the 
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peak current is increased for fixed L, C, and R the intensities 

of the higher ionization stages is increased at the expense of 

the lower stage 'excitations. The topmost graphs in Figs. 1.9 and 

1.10 show the variation of intensity ratios at t versus peak 
c p 

current at constant L, C, and R. Evidently much greater intensity 

varie.tions occur within the current pulse than can be observed 

from the time-integrated puls~s. Using a':.time resolution rotating 

sector with a window of appropriate duration, a rather sudden 

change in the intensity ratio of two consecutive ionization stages 

may be observed between two spectra, for. example the. vvri intensity 

ratio in Fig. 1.10 between 600 and 1000 amperes peak current. The 

spectra are shown in Fig. 1.14. Comparing relative intensities 

or intensity ratios between Figs. 1.9 and 1.10 it is clear that for 

fixed y higher peak currents gain higher excitation energies i.e. 

higher charge transport through the source within a. time interval 

results in the excitation of higher ionized atomic states during 

that time interval. , 
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FIG. 1.14. Ionization stages of vanadium obtained with different values 
of the circuit parameters at constant C = 24 ~f and y = 0.08. 
a=V TI 3271.1, b=V IIJ: 3350.2, c=V :or 3328.5, d=V Y 3363. 5A. 
Top: total-pulse observation, L = 13 ~h, varying V0 • 

Center: total-pulse observation, V0 ~ 1000 v, varying L and R. 
Bottom: time-resolved at t , L = 13 ~h, varying V . p 0 
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l-5 •· DISCUSSION 

Both total-pulse and time-resolution analysis indicate 

that higher excitation energies are gained With increased power 

delivered to the-source. For a :fixed y, increasing the voltage 

increases the highest excitation energy gained in a current 

pulse, while :for a :fixed voltage increasing the discharge dura­

tion increases the time-integrated intensity. Separation of' 

stages when observing total-pulse, time-integrated intensities 

may best be effected by varying the discharge duration function 

g(y) and/or ~ while maintaining constant voltage. Time-resolution 

of' the discharge pulse with a constant time window allows separa­

tion of ionization stages by varying the current through voltage 

variation with constant L,.C, and R. 

When observing total pulses, in addition to C and L the 

discharge duration may be exploited to improve separation of higher 

ionized atomic states. The discharge duration function g(y) is a 

monotonically decreasing function of y ·co~ y ~ oo). Thus, the 

intensity peaks in the ~ plot may be spread f'urther.apart (y ~ oo, 

improved separation) or brought closer together (y ~ 0, worse 

separation) for fixed C and power. However, at fixed power the 

former means a decrease in the maximum excitation attained in the 

discharge, while the latter gains higher excitation. Thus, there 

exists a trade off between stage of excitation attainable and the 
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ability to separate them. Without time resolving underdamped dis-

charges, indeed the optimum exists at critical damping (y = 1) where 

high stages are best separable. For fixed CV , overdamping reduces 
0 

the stage attainable while underdamping introduces an unduly amount 

of lower stages of ionization in the consecutive pulses of the 

oscillatory train. 

Consider first low excitation energies. It is well known 

that spectroscopic sources will not operate below a certain mini-

mum current i.e. a sufficient number of electrons 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 operate, e.g. of the order of the first ionization energy 

of the neutral atom. Thus~ there exists a lower threshold 

E ~ E . > 0, the last inequality because no negative ionization e ID.J.n 

energies exist by definition, which represents a horizontal line 

in the E versus e 
1 
L · plot. This then explains the intermittent 

firing of the vacuum sliding spark at low currents achieved by 

overdamping with large values of L, i.e. Eq. (1-11) approaches 

zero as y and/or L approach large values such that E is below e 

E . for the electrode element and the source geometry. Similarly ID.J.n 

it explains why a vacuum spark (low C and y) will not operate at 

some fixed voltage for sufficiently large L value. 

In the limit y ~ oo and voltages such that the source barely 

· · ult In th1's J.1'-4 t g(y) 4 0 and the slope operates the d.c. arc res _s. ~ 
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of' the Ee.versus ~plot approaches zero; f'or powers just suf'f'icient 

to operate the source stably only the radiation C>f' the neutral atom 

and the single ionized stage is observable. In addition, the in• 

tensity peak of' the singly ionized stage·broadens and moves of'f' 

to t _. oo, makin~ its detection dif'f'icuit. Iri the opposite limit 

( y -. 0), e.g. the highly underdamped discharge of' a vacuum spark, 

the slope increases which allows the excitation of' much higher 

stages of' ionization but the intensity peaks of' neighbouring· stages 

crowd closer together and the lower stages are unduly excited in · 

the consecutive pulses of' the oscillatory train, both making stage 

separation dif'f'icult when observing ·all" the light f'rom such a train 

of' pulses. 

For total discharge observations, it is also clear nov 

'Why· stage separation by means of' intensity peaks is dif'f'icul.t- by 

just increasing the peak current {increasing V ) at f'ixed L, C, and 
0 

R (f'ixed y). -The separation dimension ...; second term in Eq. (1-11) 

is not utilized, all that occurs is a vertical traversal in the E e 

versus ~ plot, exciting more and higher stages of' ionization as the 

power is increased. At best, broad intensity. peaks may be obtained 

by exciting higher stages of' ionization at the expense of' the lower 

stages f'or a constant sample vapourization rate. (see bottom of' 

Fig. L 7, V .III at i = 900 amperes). p 

Time' resolving the f'irst current pulse of' an underda.mped 

discharge achieves the two-f'old optimum of' exciting higher stages 

of' ionization while at the same time presenting an excellent 



.. 

.. 

-55-

• i 

"~ ~;, 

opportunity to separate them. It has been noted that the highest 

stage of ionization occurs at t • This is as expected since the p 

amount of charge transported through the source within a fixed 

time interval .is a maximum at t , i.e. the highest stages of ioni-
.· p 

zation enter the discharge at this time. In addition to sample 

vapour leaving the electrode surface during 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 t • p 

This would explain the observed twin-peaked intensities of the 

lower stages on both sides of tp. When either~ V
0 

is increased 

or y is decreased the maximum rate of charge transfer increases. 

The necessary charge transfer rate to gain a given stage of ioni-

zation is achieved before t and lasts after t · the intensity-time p p' 

profile of the highest stage present broadens as does the intensity-

minimum valley of the lower stages. When the peak current is 

increased still further, higher stages of ionization begin to appear 

at the time tp at the expense of the lower stages. With a time 

resolution window, a proper fraction of the discharge duration 

wide, this appearance and disappearance of the ionizatio.n stages 

has been observed (Figs. 1.9 and 1.10). Necessary plate exposure 

times in terms of total n~ber of pulses required remain reasonable. 

To gain very high excitation energies in an electrically 

· t · C dV • e pulsed light source it is necessary o ~ncrease L an o' ~. • 
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t 
increase the peak current and/qr :f- (Eq. 1-11). 

quanti ties, ip = ..Jf: V 
0 

h( y) and 
t . 

t- = ~ g(y), 

· c ·d v R2 o ·cy1~mo h(y .. ) ·= 1, a g~ ven L an 
0 

as Y a: -+- ~ 

Consider then the limit R-+- 0 for given V
0 

and ~· 

Both these 

are a maximum for 

lim ( ) lT) 
y-+Ogy =2· 

with small values 

of L in which case the discharge approaches a pure sinusoidal wave 

(R -+- 0) with pUlses· of high peak current and short duration ·· 

( tp -+- pertod -+- ·~ ..JLC-+- small:). In practice, R and L (and 

therefore Y) remain finite and the peak current dec~s in the 

consecutive pulses of the oscillatory train~ · Thus, lower neighbour-

ing stages of ionization are excited in the consecutive current 

pulses of' an oscillatory train making 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 that pulses with high peak current and with t not larger than 
p 

a f'ew microseconds excite but a few high ionization stages. These 

few high ionization stages present in a single current pulse may be 

observed b,y transmitting into the spectrograph only light arising 

from pulses with nearly the same peak current, for example, by use 

of a rotating sector window of appropriate duration. Alternatively, 

the spectrum of the highest stage .. of ionization present in any one 

of the current pulses m~ be observed with a time-window of suffi-

ciently short duration and appropriately synchronized with the 

. ·• 

.. 
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c 
discharge. Thus, for high values of V

0 
and fixed L with suffi-

ciently small values of L and y, high stages of ionization are 

excited which may be separated by varying the peak current through 

voltage variation. 

This research has confirmed that the excitation energy and 

the emission line intensities in a vacuum sliding spark depend on the 

power delivered to the source and on the duration of the discharge 

pulse in a ·definitive manner. A relationship was found between 

the excitation in the source and the electrical c.ircuit parameters 

that ~ be simple expressed in terms of the capacitance, the 

inductance, the initial voltage on the capacitor, two known func-

tions of the continuous circuit parameter y one of which is 

directly associated with the discharge duration and the other 

directly to the peak current through the source, and two constants 

which in general depend on the source geometry and the electrode 

sample material. No such direct relationship could be ascertained 

between the intensities of the spectral lines and the electrical 

·, circuit parameters. In general the line intensity depends on the 

distribution of the sample-vapour atoms among the different stages 

of ionization present in the light source. 

Excellent separation of the spectra of higher ionized 

atomic states was obtained by two different methods. The first 

method consisted of analyzing the total light pulse while varying 

the inductance and resistance, with constant capacitance, y, and 
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constant initial voltage on.the capacitor. The second method, 

superior to the first in separating higher ionization stages, 

consisted of' time-resolving the light pulse while 'varying·the 

initial voltage on the capacitor with constant inductance, capa-

citance, and.resistaiice. Other variations of the circuit para-

meters may be employed to attain different degrees of' excitation 

and separation of' ionization stages. 

The equations developed and found have here been applied 

to the e.X:c·itation and separation of' spectra of' higher ionized 

atomic states. In addition, these equations should be of' use in 

spectrochemical analysis where quantitative application of' the 

specification of spark source parameters and their correlation 

with spectral character is of basic importance. With the improved 

understanding and control of the excitation in the source as a 

function of the circuit parameters, it is feasible to investigate 

Zeeman studies of' higher ionized atomic states by placing the light 

source in a magnetic field. 

Further work is in progress especially to place the C and 

y dependence of' Eq. (1-11) on a more secure basis; to extend the 

source analysis to higher stages of ionization, and to investigate 

Zeeman analysis of' higher ionized atomic states •. 

. 
·• 
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2-1. INTRODUCTION 
2+ •.· 4+ ' . . 1 2 

The Sc · and V ions have a ground state [Ar] 3d J n
312 

and are isoelectronic with neutral potassium. Previous investiga~ 
. ' 

tions o-r Sc III have been conducted by Gibbs and White21 and re-

22 vised by Smith, who identi-ried the seven lowest levels. Russell 

and Lang23 predicted seven new levels -rrom an analysis o-r the quan-

tum defect variation and isoelectronic data. The known data -ror 

V Yare scanty, consistin~ o-r 15 classi-ried lines in the region 

between 28~ arid 1811A, eleven o-r which were observed by Gibbs and 

Wbite24 an~ -rour by Iglesias,17 -rrom which a total o-r seven levels 

were deduced. The objectives -ror renewing the investigations o-r 

the spectra -rrom these two ions are two--rold. Firstly, it was 

desired to improve and extend the knowledge about these ions, there-

by extending the isoelectronic data o-r the neutral potassium series 

for -rurther analysis o-r other members o-r the series, -ror example 

Fe7+ the spectral lines o-r which are expected to be observable in 

the spectrum of the solar corona. Secondly, with the improved 

analysis o-r these ions, it was desired to investigate the excita-

tion and separation o-r higher ionized atomic states as a function 

o-r the circuit parameters in an electrically pulsed light source, 

in particular a vacuum sliding spark. This chapter concerns the 

-rirst objective o-r improving .and extending the analysis o-r Sc III 

and V Y.. 
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2-2. THEORY 

A. Energy Levels 

The study of regularities in·atom:ic spectra is consider-

ably facilitated by the concept of energy levels. When an atom 

is unperturbed by external fields, an energy level is designated 

by the total angular momentum of the. electron: occupying the l'evel, 

the principal quantum number n, and other quantum numbers. The 

Hamiltonian of the atom establishes (in principle) the energy of 

the level in terms of the quantum numbers. :!m e:xpe:rimentally 

observed wavelength can be expressed as the energy difference 

between two levels of .a system of.energy levels characteristic of 

the atom. Consider an energy level series.in which only the prin-

cipal quantum number ~aries. th If E is the energy of the n level n 

relative to the ground level (n = 1) and Eion' the ionization 

energy, is the energy_ required to remove an electron from the 

ground level to a free position, then the binding energy (Eb) of an 

E E. -E 
electron in the nth level may be expressed as - ~ =· ~on n = T 

he he n' 

where h is Planck's quantum constant and c is the velocity o-f light. 

Tn' referred to .as the term value, is a convenient quantity·for 

describing experimental regularities, especially of atom:ic systems 

whose energy-level series are nearly hydrogen-like. 

If the atom is pictured as consisting of a.core with charge 

Zce and a single electron, interacting chiefly according to the 

Coulomb law, the deviation from pure Coulomb behaviour may be 

accounted for by introducing a penetration parameter p or a quantum 

.-
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defect ~. The experimental regularities are then conveniently 

discussed in terms of this deviation from a central Coulomb field 

behaviour b,y defining p and 5n by 

.· Tn = R e~ +p) 2 
= R (nj} (2-1) 

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

Coulomb system (p = 5 = O)· Z = Z- N', N' being the total num-n ' c 

ber of electrons in the system less one; and R is the Rydberg 

constant for the atom in question. The penetration parameter p 

serves most appropriately •!hen considering for a given n, the 

variation of Tn versus Zc in isoelectronic atomic,systems - systems 

with identical electronic structure and differing only in the 

nuclear charge Z. The quantum defect is useful in describing for 

a fixed core c!1arge Z , the variation of T versus n in a term c n 

series. The penetration parameter p and the quantum defect 5 are 
n 

related by p(n - 5 ) = n z . n n c 

Consider first an isoelectronic comparison. Assuming that 
. T 

Z is the m.ain charge dependence in Eq.o (2-1) a plot of Z +n 
c c Po 

versus Z , where p is a suitably chosen constant, is nearly a 
c 0 

linear function of Z • With a free choice of zero level, one may c 
E -E 

also plot ~+ref versus Z , where E f is a convenient reference 
c Po c re 

leve1. 25 A relation which is more sensitive to the slow variation 

of the penetration parameter p as a function of Zc may be obtained 

by considering the difference 
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T ~ = li_ [(Z + )2 - Z2] 
n n 2 c p .· c 

n 

T ~+ aZ R 2 (2-2) or = 2P n n c n 

where~ -
n (

z )2 · 
R n c ·is the term value ·of the equivalent hydrogen.;.. 

like level. and a is nearly constant for fixed n. Equation (2-2) 

is of practical importance when checking the analysis of spectra 

of highlY ~onized atoms for suspected interactions whenever 

unperturbed positions of suitable pairs of terms approach closely. 

Such interaction takes the form of a mixing of wave functions, 

resulting in a mutual repulsion of the term energies. 

For a given electronic structure, consider the quantum 

defect variation. It has been found 'empirically26 that o . expressed 
T n 

in a power series of tn = 8 n (where S is a scalirig factor) repro-

duces observed unperturbed series of levels to within the experi-

mental error. This power series expansion of o was later deduced . n 

quantum-mechanically by Ha.rtree27 and it is known that in the limit 

28 n ~ oo the quantum defect o approaches in general a constant value. 
n 

The experimentally observed energy differences of unperturbed levels 

may be utilized to determine the ionization energy E. and the · . · 10n 

constants in the power series expansion of o • Series formulae can 
n 

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

be used to predict unobserved levels of the series. 

.; 
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-B. Ionization Energies and Series Formulae 

The ionization energy of a particular atomic configuration 

may be calculated from an unperturbed level series that obeys a 

power series expansion of o~ by considering the observed energy 
n 

differences. Prior methods of calculating ionization energies29 

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 energies by 

taking the known levels four at a time frequently results in dis-

agreement between the ionization energies of a given series obtained 

in this manner. Furthermore, ionization energies determined from 

different level series in a configuration seldom agree. It is 

therefore desirable to calculate ionization energies using all 

the known levels of an unperturbed series simultaneously and com-

pare ionization energies obtained from different series within the 

configuration. 

Let N be the total number of levels observed in an unper­
N-1 i 

turbed series and o = "' a. t , where the constants a. are to n .LJ ~n - ~ 
i=O 

be determined. In order to determine the correct ionization 

energy, E. - (cm-1 ), assume initially 
~on 

from which the initial values t(o) and 
n 

means of 

an approximate value E~o) _ -~on 

o(o) may be determined by 
n 
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t(o) = (E~o) - E )/S 
n ~on n 

= n 
- ( RZ~ )1/2 

E~o) - E . 
~on n 

.· 

For convenience in writing the following equations the superscripts 

on t ( 0 ) and cS ( 
0

) will be omitted;, in what follows various ioniza-
n n 

tion ener~ies, E~0 ), are to be investigated by means of an incre­
~on 

mental procedure. Forming first differences of the initial quantum 

defects obtains 

N-1 N-1 i-1 

0n-0n+l =2: a1(t!-t!+1 l =2: a. 2: (t -t . )t i-1-j 
l. n n+l n 

or 

Similarly 

i=O i=l j=O 

cS -o .·N-1 
_ n+ 1 n+2 """ Q( n+l,n+2) = ~ _ = L...J 

tn+l tn+2 
i=l 

"b·J 
n+l (2-3) 
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Forming differences of the quantities Q one obtains 

N-1 i-1 j-1 
Q( +2) = Q(n.n+l)-Q(n.n+2) 

, n,n , t -t 
n n+2 

= L: L: L: 
i=2 j=l k=O .· 

and in general, to determine the constants (1 ~m ~N- 1): 

Q.(n,n+m) :..... Q(n,n+m-1}-Q(n+l.n+m) 
- ' t -t 

where 

i -1 m 

n n+m 

i -1 m-1 

C(im,n,n+m) - L L 
i =m-1 i =m-2 m-1 m-2 

• 

im-1-l-im-2 
X t , • • n+m-2 

• 

N-1 

=L 
i=m 
m 

i -1 
3 

·I: 
i =2 

2 

a. C(i ,n,n+m) 
~, m 
m 

i -1 i -1 2 1 i -1-i 
L: ~ t m 

n+m-1 
i =1 1 i =0 0 

i -1-i i -l::..i i 
t 2 1 t 1 0 t 0 

• n+l n ·n+m, 

(2-4) 

m-1 

(2-5) 

is a combinational expression involving t ,t +l' ••• , t + • The n n , n m 

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

n+m 

=L tv C(i -l,n,v+m) , m 
v=k 

m+l ~ i ~ N-1 
m 

n ~ k ~ n+m, 
(2-6) 
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Designate by nf and nR, the first and .last observed levels, 

respectively. Then for m = N~l from Eq. (2-4) 

_ Q(n1 ,nR,-1) - Q(n1+l,nR,) 
Q(nf ,nR,) = -.. ---:-t----t------

n1 nR, 
= 

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

(2-7) 

ionization energy- and the N-1 constants a
0

, a1 , a.2 , ••• ,~_2 , set 

~-l = 0 which obtains 

or from Eq. (2-4) 

Q(n1 ,nR,-2) - Q(n1+l,nR,-l) 

Q(n1 +l,nR,-l) - Q(n1 +2,nR,l = 
t - t 

"t1[ n!L -1 

t - t 
zy+l nR, 

= (2-8) 

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

differences, while. the left-hand side depends on the chosen trial 

ionization energy. Varying the trial ionization energy, E~o), until 
~on 

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

corresponding constants may then be determined from Eq. ( 2-4) i.e. , 

a = Q(n,n+m) m 

where Q(n,n) -

N-1 

I: 
i =m+l 

m 

a. C(i ,n,n+m) 
~m m . 

(0 ·~ m ~ N-1) (2-9) 

0 . 
n The method developed here allows calculation of 

.. 
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the ionization energy using any number (N ~ 2) of observed levels 

in a series of which the quantum defect obeys a power series expan-

sion in the tn. For four observed levels with S = 1 the equations 

29 
reduce to thos_e used by Shenstone. It was found as expected that 

the right hand side of Eq. (2-8) is nearly constant for an unper-

turbed series in an isoelectronic sequence and that the deviation 

in neighbouring elements· decreases as the orbital angular momentum 

of 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 m 

and V Y agreed to better than 0.05%. This may be utilized to cal-

culate ionization energies when only two levels of an unperturbed 

series haYe been observed. Alternatively, for the case N = 2, an 

estimate of the constant a1 for the series of a particular ion under 

consideration may Qe obtained from the ion's isoelectronic sequence, 

the calculation then follows through in the same manner. 

When the ionization energy for the configuration has been 

derived, one more constant (~-l * 0) may be included in the power 

series expansion of on, thereby possibly reproducing the observed 

members of a series more exactly and improving the prediction of 

other, unobserved numbers of the series. The calculation of the 

constants is the same as in Eq. (2-9) starting with the derived 

i.onization energy of the configuration under consideration and 

~-1 * o. 
A computer program (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) calculates N constants for a given ionization energy 

usually determined from a consideration of all the ionization ener-

gies obtained from the different level series in a configuration. 

The number of constants necessary to represent a series is the 

minimum number of constants that represents the observed levels of 

the series to within the experimental error •. - The computer program 
. . 

is included in· the appendix. In general, more thEm one value of E. 1on 

satisfies the equality of Eq. (2-B)'because the left hand side may 

contain a singularity in E. , so that a range of E. . values should 
~n 1~ 

be examined· around any one obtained value with the ionization incre-

ment (DELTA) as small as necessary. For values of E. which satisfy 1on 

Eq. (2-8') and which are close together, an independent verification 

o~ the true value o~ the ionization energy is necessary - ~or example 

~rom at least one other series in the configuration. 

C. Fine-Structure Intervals 

The interaction of the intrinsic spin magnetic moment of the 

electron with the magnetic field due to its orbital motion causes a 

splitting of each energy term (except when the orbital angular momen-

tum is zero) into two levels, the level with the smaller total 

angular momentum having the lower energy. · The experimentally ob­

served energy splittings can be represented by the Lande formula30 

(n*} 3~(~ + 1/2)(~ + 1) 
(2-10) 

2 where a = 27Te /he is the fine-structure constant, p 1 is an average 
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penetration parameter for the core-penetrating part of the orbit, 

n* = n - on is the effective principal quantum number, and t is the 

quantum number associated with the orbital angular momentum of the 

electron. For o+bits which do not penetrate the core (p 1 ~ 0) 

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

due to a charge Z for which quantum mechanics predicts the value31 
c 

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

definitions of n* and T one finds, n 

2t.n* = * t.T -n - = T t(t + 1/2)(1 + 1} 

showing that for a fixed orbital angular momentum, the difference 

t.n* for the two components of a doublet term is constant to the 

same extent as Z +p 1
• This near constancy of t.n* is of practical c 

use as a guide in predicting fine-structure intervals of unobserved 

levels in an unperturbed level series. When only one level of a 

series is known or when perturbations are suspected, a plot of 

(t.En1 )1/ 4 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 scandium and yanadium 

a vacuum sliding spark light source was used connected in a series 

LCR electrical circuit (L = inductance, C = capacitance, R = resist-

ance). IJ.'he vacuum sliding spark light source, its mode of operation, 

behaviour, and ability to excite and separate higher ionized atomic 

states as the circuit parameters L, C, R, and the voltage V across 
0 

the capacitor are varied have been described in Chapter 1. Lines 

belonging to a given stage of ionization were identified by ob-

serving their co~~on intensity behaviour with current. In the 

sliding-spark spectrum lines of oxygen, silicon, and carbon spectra 

are also present due to the excitation of the spacer material, 

especially at peak currents greater than 400 amperes. Several 

different spectrographs were employed to observe the spectra from 

500 to 950oA. They are listed in Table 2.1, along with their 

:f'1gures of merit. Kodak spectroscopic plates were used: short 

wavelength radiation (SWR) plates in the vacuum region, and 1-0, 

1-F, 1-N, and 1-Z plates in the air region. 

The scandium spectra were first surveyed at 2oA/mm in air 

which confirmed the strong Sc III lines predicted by Russell and 

Lang. 23 More careful separation of the spectra was then obtained 

at 5A/mm in air and 2. 78A/mm in vacuum. A peak current of 250 

amperes, at which the final spectrum was taken, was selected as 

the minimum excitation with which a good number of Sc III lines 

. ,. 
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.· 

TABLE 2.1. Spectrograph Characteristics. 

Mounting Focal Grooves/mm mA.(at blaze) dA. m-
Length dx 

<Jnl (order x A) (order ~ A/mm) 

Ebert,air 3.4 79 225900 17-5 

Ebert,air 3.4 600 5000 5.2 

Czerny-Turner,air 0.75 6oo 7000 20 

Eagle, vacuum (NBS) 10.7 1200 1200 0.78 

Eagle,vacuum 3.0 1200 1380 2.78 

·. 
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could be photographed at reasonable exposure times. The Sc_III 

spectrum was then photographed, at a peak current o~ 250 amperes, 

from 550 to 2675Awith the 10.7-m vuv normal-incidence spectrograph 

at the National Bureau o~ Standards (NBS) in Washington; ~rom 2680 

to 790oAwith the mA = 225900-A grating, which recorded the stronger 

lines (intensity~ 9) in this region; and ~rom 2400 to 950oA with 

the ~/mm grating in order to obtain the remaining weaker lines 

1 (at exposures up to 1 2 hours) • Most o~ the shorter-wavelength 

lines in the vuv were photographed in the first, second, and third 

order on the NBS spectrograph. Some of the lines photographed with 

and 5A/mm grating were also obtained in several different orders. 

The weak 9371A line could be obtained only with the 2oA/mm grating. 

For the 250-amperes peak current the circuit parameters were 

L = 133 llh, c = 24 llf, Rad~ed = 4.5 n, Md vo =Boo volts, giving 

a current-pulse full width at half-maximum of 130 lJS. The spark 

was triggered every 65 msec. 

The vanadium spectra were separated at 5A/mm in air and 

2.7~/mm in vacuum. To obtain good excitation of V Y a peak current 

of 1000 amperes was selected. The electrical circuit parameters 

were L = 13 lJh, C = 24 lJf, Radded < 1n, and V 
0 

= 1160 volts. The 

current-pulse full width at half maximum was 56 lJsec and the. spark 

was triggered 15 times per sec. The V Y spectrum was photographed 

from 45oA to 280oA with the 3~m normal-incidence vacuum spectre-

graph (2. 78A/mm dispersion), and from 26ooA to 850oA with the 5.2A/mm 

spectrograph in air. The triplet at 483A was photographed in the 

·. 
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first four orders, and the lines at 962A and 978Awere photographed 

in the first and second order. The lines at 28~ and 286A appeared 

in the second and third order • 

. Calibration spectra below 268~ were obtained from a water­

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

and above 268~ from a Thi electrodeless lamp. 35- 37 Plate measure-

ments were made on a 25-cm Grant comparator; 25-40 calibration 

lines were used on every 25-cm plate~ When fitted. with a sirlh-

order polynomial, the wavelengths of the. calibration lines deviat.ed 

from their interferometric value by not more than ±1.5~ x (plate 

factor). For·some of the scandium wavelengths the fourth decimal 

was retainedbecause these lines were measured on several plates 

and agreed to better than the third decimal, ~.g., the 730-A and 

and 731-A lines were each measured six times on different plates 

in the second and third orders with an rms deviatio.n of 0. ooo4A. 

The error limits in the scandium wavelengths are estimated to be 

a few units in the last decimal retained. The vanadium lines 

obtained in multiorders showed an rms deviation of o.oo2A ~except 

the lines of 28~ and 286A which agreed to ±O.OlA) when the wave-

lerigths were reduced to the first order; the values listed are the 

average values. The error limits in the vanadium wavelengths are 

estimated to be o.oo4A in vacuum and o.oo8A 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 Sc III and V Y was started 

on the basis of the previously reported levels and a study of iso-

electronic and quantum-defect regularities. The lowest unknown 

levels were predicted from known isoelectronic data with a possible 

error of the ·order of ± ( 100 + · 6E. ) cm:-1 where llE. is the -· 
~on ~on 

possible error in the ionization energy.· Fine-structure intervals 

. * were predicted from the near constancy of the difference ~n for 

the two components of a doublet term in a Rydberg series. The 

calculations are straight forward and were made using-the computer 

program ISOEL, included in the appendix. The observed V 1l:'lines 

were then classified to establish the first three members of a 

series. At this point the higher levels of a series could be 

predicted and the ion_ization energy calculated by use of the program 

IENEXT. Remaining observed lines were then classified to establish 

these higher levels. 

A. Wavelengths and Energy Levels 

i. Doubly Ionized Scandium 

The list of 93 classified lines of Sc III is presented in 

Table. 2.2. The line at 1742A appeared hazy at 2.78A./mm and has been 

interpreted as two lines of the multiplet associated with the 7p-4d 

transition. The fine-structure separations of the 7p and 4d terms 

differ by 2.6 cm-l This weak line did not appear on the NBS plates. 

The weak line at 464~ (7p~;12 - 5d2D
512

) blends with an OII line 

·~. 
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and could not be completely resolved at 5A/mm. The 4740.954A line 

was resolved from the neutral scandium line at 4741.030A on the 

mA = 225900-A grating. 

Investigation of the structure of Sc III was started on the 

basis of the analYsis by Smith and the seven levels predicted by 

Russell and Lang. -1 There was however a 3 em discrepancy in the 

key combination cycle 3d-4p-4d-4f (see Fig. 2.1) as given by Smith; 

it is attributed to the 1600-A and 2000-A triplets being about o.o6A 

too large. The cycle now closes to within a few hundredths of a 

wave number with the improved wavelengths obtained. Because this 

discrepancy involved the key vacuum lines 3d-4p-4d, the levels 

given in Moore's 38 Atomic Energy Levels tables are all too low by 

-1 . -1 about 2-3 em , with the exception of the 5s which ~s 1.3 em too 

high, owing to another discrepancy in the 1895-1912-A doublet as 

reported by Russell and Lang. The 23 newly found levels and the 

corrected values 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 

experimental error, 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 Wavelength Intensity 

(cm-1) (A) 

6 2 0 2 10667.45 9371.74 p pl/2 - 7s si12. 1 
• 

2 0 4f F512 - 2 5d n312 11256.16 .8881.585 15 

4 2 0 2 f F712 - 5d D512 11276.08 8865.891 . 30 

2 2 0 
5d n512 - 5f F7; 2 11322.19 8829.785 50 

2 2 0 5d n312 :- 5f F512 11342.09 8814.293 35 

5g2G - 6r2F0 11715.46 8533.383 2 

6iF0
- 8g2G 12426.97 8044.799 1 

5f2F0
- 6g2G 12705.17 7868.648 70 

2 
5s sl/2 -

2 0 
5P pl/2 13244.64 . 7548.148 70 

2 2 0 
5s sl/2 - 5p p3/2 13420.65 7449.155 90 

2 2 0 6d n512 - 7f F712 13611.43 7344.746 1 

6 2 2 0 d n312 - 7f F512 
13622.02 7339.033 1 

4 2 2 0 
d D3/2 - 5P pl/2 15849.52 6307'.595 60 

4 2 2 0 
d D5/2 - 5P p3/2 15980.21 6256.010 80 

2 0 2 
5f F512 - 7d D3/ 2 15984.67 ·. 6254.264 1 

2 0 2 
5f F712 - 7d D5; 2 15991~23 6251.698 1 

2 2 0 
4d D3/2 - 5p p3/2 . 16025.54 6238.314 10 

2 0 2 
5p p3/2 - 5d D3/2 19846.86 5037.176 9 

2 0 2 19866.93 5032.087 60 5p p 3/2 - 5d D5/2 -~ 
2 0 2 

6p p3/2 - 7d D5/2 19888.36 5026.665 2 

2 0 2 . 
6p pl/2 - 7d D3/2 19967.25 5006.804 1 

5f2F0
-· 7g2G 20004.97 4997.365. 6 

(continued) 
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TABLE 2.2 (continued) 

Level combination Wave number Wavelength Intensity 

(cm-1) (A) 

2 0 2 20022.91 4992.886 5p pl/2 - 5d D3/4 50 -. 
6 2 0 8 2 
P P3/2 - s 8112 20220.60 4944.072 1 

2 0 6 2 5P P3/2 - 5 8112 20910.86 4780.868 15 

2 0 6 2 5P P112 - 5 8112 21086.90 4740.954 10 

2 0 2 
7p pl/2 - 5d D3/2 21507.93 4648.148 1 

2 0 2 
7p p3/2 - 5d D5/2 21536.0 4642.08 2b 

4iF
0

- 5g
2

G 23198.18 4309.471 40 

2 2 0 
5d o512 - 6f F712 23637.52 4229.371 6 

2 2 0 
5d o312 - 6f F512 23657.61 4225.779 6 

2 2 0 4d n
512 

- 4f F712 
24571.1'[ 4068.661 100 

4 2 . 4 2 0 
~ 03/2 - f F5/2 24616.25 4061.209 8o 

5iF
0

- 8g
2

G 24742.36 4040.510 6 

2 0 . 2 
4f F5/ 2 - 6d n312 

28718.63 3481.064 5 

4 2 0 2 f F712 - 6d n512 28729.19 3479.785 6 

4iF
0

- 6g2G 35303.42 2831.754 10 

2 45 s112 - 4 2 0 
p pl/2 36564.98 2734.048 2.30 

4 2 4 2 0 5 81/2 - P P3/2 37038.85 2699.067 350 

2 0 . 2 
5p p3/2 - 6d D3/2 37309.41 2679.493 1 

2 0 2 
5p p 3/2 - 6d D5/2 37320.10 2678.725 8 

2 0 2 
5p p1/2 - 6d D3/2 37485.47 2666.907 6 

2 0 2 
5p P3/2 - 75 sl/2 37874.02 2639.546 2 

2 0 2 
5p Pl/2 ~ 7s 81/2 . 38050.05 2627.334 1 

lcontinued) 
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TABLE 2.2. (continued) 

Level combination Wave number Wavelength Intensity 

(cm-1) (A) 

2 6 2 0 40712.3 2455.52 1 55 8112 - P P3/2 ·· ·-

4iF0
- .7g2G 42603.27 2347.238* 6 

2 2" 0 
4d D3/2 - 6p pl/2 43232.16 2313.093* .6 

2 6 2 0 4d D5/2 ~ . p p3/2 43272.25 2310.950* 7 

2 2 0 
4d D3/2 - 6p p3/2 43317.58 2308".532* 5 

2 0 2 
5p p3/2 - 7d D3/2 47173.64 2119.828* 1 

2 0 2 
5p p3/2 - 7d D5/2 47180.41 2119. 524* 5 

4f2F0 -·8g2G 47340.62 2112.351* 1 

2 0 . 2 
5p p1/2 - 7d D3/2 47349.89 2111.937* 2 

2 0 2 
5p P3/2 - 8s sl/2 47512.51 2104.709* 2 

2 0 .2 
5p p1/2 - 8s sl/2 47688.6 2096.94 * 1 

4 2 0 4 2 
p p3/2 - d D3/2 49679.42 2012.906* 50 

2 0 2 
4p p3/2 - 4d D5/2 49724.77 2011.070* 160 

2 0 2 
4p p1/2 - 4d D3/2 50153.31 1993.886 90 

4 2 0 5 2 
P P3/2 - 5 8112 52284.29 1912.620 60 

4 2 0 2 
P Pl/2 - 55 8112 52758.18 1895.441 40 

7p2P0
- 4d

2
D 57382.7 1742.69 2h 

2 6 2 0 4d n512 - f F712 
59484.69 1681.105 7 

2 2 0 
1679.824 5 4d n312 - 6f F5/ 2 59530.03 ·• . 

2 4 2 0 3d D3/2 - p p1/2 62104.30 1610.1945 150 

2 2 0 
3d D5/2 - 4p p3/2 62380.55 1603.0637 180 

2 4 2 0 3d D3/2 - p p3/2 62578.16 1598.002 80 

(continued) · 
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TABLE 2.2. (continued) 

Level combination Wave number Wavelength Intensity 
(cm-1) (A) 

2 2 0 66911.73 1494.506 4d n512 - 7f F7/ 2 .· 1 . . 
2 2 0 

4d n312 -·7f F512 66956.75 1493.502 1 

4 2 0 2 
p p3/2 - 5d D3/2 85551.78 1168.883 10 

4 2 0 5d2D p p3/2 - 5/2 85571.92 1168.6077 25 

4 2 0 2 
p pl/2 - 5d D3/2 86025.72 1162.4431 20 

2 0 6s2 4P P3/2 - 8112 86615.87 1154.523 20 

2 0 6 2 4P Pl/2 - 5 8112 87089.75 1148.241 15 

4 2 2 0 5 8112 - 5P Pl/2 102567.8 974.965 6 

2 2 0 
4s sl/2 - 5p P3/2 102743.8 973.295 8 

2 0 - 2 
4p p3/2 - 6d D5/2 103025.1 970.638 4 

2 0 6 2 4P pl/2 - d D3/2 103488.3 966.293 3 

4 2 0 2 
P P3/2 - 75 8112 103578.81 965.4484 4 

2 0 2 
4p P1/2 - 7s sl/2 104052.7 961.052 2 

2 2 0 
3d D5/2 - 5p p3/2 128085.5 780.729 8 

2 2 0 
3d D3/2 - 5p pl/2 128107.14 780.5966 6 

2 2 0 
4s sl/2 ~ 6p Pl/2 129950.4 769.524 1 

2 2 0 
4s sl/2 - 6p P3/2 130035.9 769.019 1 

2 2 0 3d n512 - 4f F712 
136676.45 731.6549 15 

2 2 0 
3d n312 - 4f F512 136873.86 730.5997 10 

2 . 2 0 
3d D5/2 - 6p p3/2 155376.7 643.597 2 

2 2 0 
3d D3/2 - 6p pl/2 155488.8 643.133 2 

2 2 0 
3d n512 - 5f F712 

159274.60 627.8465 8 

(continued) 



Level combination · 

2 3d n312 
2 3d n512 
2 3d n312 

2 0 
- 5f F512 .. 

'6 2 0 
- f F7 /2 

2 0 
- 6f F512 

2 
3d n512 -

2 0 7f F712 
2 ,3d n312 -

2 0 7f F512 
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TABLE 2.2. 

Wave number 

(cm-1) 

159472.00 

171589.99 

171787.52 

179016.6 

179213.2 

b - Blends with an OII line. 

h - Hazy. 

* - Wavelength in vacuum as measured. 

(continued) 

Wavelength 

(A). 

627.0693 

582.7846 

582.1144 

558.608 

557.995 

Intensity 

7 

3 

2 

1 

1 

. .. 
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TABLE 2. 3. Energy Levels of Sc III. 

* * Symbol Energy Interval Term Value n t:.n 

(cm-1} (cm-1} (cm-1} 

2 174138.05 2.381491 . . 4s s112 25539.32 
2 5s s112 114862.48 84814.89 3.412398 

6s2Sl/2 149194.03 50483.34 4.423049 

2 7s s112 166157.17 33520.20 5.428033 

2 8s s112 175795.73 23881.64 6.430781 
2 

9s s112 (1817991a (17878}. 

4p~~/2 62104.30 137573.07 2.679348 
473.88 0.004626 

~;/2 62578.18 137099.19 2.683974 

5p~~/2 128107.12 71570.25 3.714749 

~;/2 
176.03 0.004577 

128283.15 71394.22 3.719326 

6p~~/2 155489.78 44187.59 4.727653 

~;/2 
85.42 0.004576 

155575.20 44102.17 4.732229 

7P~~/2 169~37.96 30039.41 5.733899 

~3/2 
47.9 0.00458 

169685.9 29991.5 5.73848 

8p~~/2 (177920) (21757) 
(29.6) 

~;/2 (177950} (21728} 

3d~3/2 o.oo 199677.37 2.223982 
2 197.64 0.001102 
D5/2 197.64 199479.73 2.225084 

2 112257.62 87419.75 3.361174 4d n312 

~5/2 
45.33 0.000872 

112302.95 87374.42 3.362046 

(continued) 
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TABLE 2.3. ·(Continued} 

* •• Symbol Energy Interval Term Value n 1m 

(cm-11 (cm-1} (cm-1) 

5d~3/2 148130.93 51547.34 4.377162' 
20.11 0.000854 

~5/2 . 14815Q.l4, 51527.23 4.378016 
2 165592.55 3408~.82 5,.382887 6d n312 10.74 . 0.000848 
~5/2 165603.29 340?:4.08 5-3~3735 

7d~3/2 175457.03 24220.34 6.385658 
2 6.53 o.ooo86o 
D5/2 1:75463.56 24213.81 6.386518 

8d~3/2 (181579) (i8098) 
2 (4.3) 

(18094)' D5/2 (181584) 

2 0 136873.87 62803.50 3.965554 4f F512 .25 0.000008 
~;/2 136874.12 62803.25 3.965562 

5f2F
0 159472.24 40205.13 4.956271 

6f2F
0 171787.64 27889.73 5-950776 

7f~0 
179214.70 20462.67 6.947277 

8f~0 (184031) (15646) 

2 5g G .160072.18 39605.19 4.~93668 

6g2G 172177.41 . 27499·96 . 5-992799 

7g2G 179477.24 20200.13 6.992278 ' 

2 . 
184214.61 15462.76 7·991941 8g.G . 

9g2G (187462) (12215) 

Bpredicted levels. 
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FIG. 2.1. Energy-level diagram for Sc III. 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 Ionized Vanadium 

Table 2.4 lists 59 classified lines of V Y, 46 of which are 

newly classified. The lines marked h appeared hazy, apparently 

caused by blending with impurity lines or 'with lines from lower 

ionization stages of vanadium. The line at 4293.74A blends with a 

V III line at 4293.47A. 

The level analysis W!lS begun on the basis of the levels 

reported by Gibbs and White. The wavelengths reported by them for 

the 483A triplet and 59~ doublet are about o.lA too large and 0.~ 

too small, respectively, and the lines at 285A and 286A ( 3d-4f) 

were wrongly classified - the 4f levels are inverted in V ][. 

Four lines between the 3p6 and 3p53d2 configurations were observed. 

The triplet at 962A has been classified ~s the 3p64a ~ - 3p53d2 ~0 

combination and places the latter term about 80 em -l below the value · 

reported by Gabriel, Fawcett and Jordan. 39 The line at 544~ has 

6 2 . 5 . 2 2 0 
been tentatively assigned to the 3p 5g G

912 
3p 3d F

712 
transi-

. tion which constitutes a double electron jump. The 18 newly found 

levels and ~he corrected values for the previously reported levels 

are presented in Table 2.5. The combination cycles close to within 

a few units in the first decimal place of the wave number. The un-

certainty in the levels relative to the ground state is estimated 

to be about 3 cm-1 resulting from the uncertainty in the 4p-3d 

triplet. Figure 2.2 shows the energy level diagram for quadruple 

ionized vanadium. Table 2.6 lists several unclassified lines the 

intensity behaviour of which is similar to that of V ~ lines. 
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TABLE 2.4. Classified Lines of V 7. 

Level Combination - Wave number Wavelength Intensity 

odd even (cm-11 (A) 

4f~5/2 - 3d~3/2 349675 285.98 1 

4f~7/2 ~ 3d205/2 348628 286.84 2 

4P~3/2 - 3d~3/2 207660.2 481.556 3 

4p~3/2 - 3d2D5/2 207035.9 483~008 30 

4P~l/2 - 3d~3/2 206393.7 484.511 20 

5p~3/2 - 4s2Sl/2 203874.6 490.498 4 
~ . 2 

5p 1/2 - 4s sl/2 203356.6 491.747 2 

~- 2 
4p 1/2 - 6s sl/2 197461.0 506.429 1 

4p~3/2 - 6s2Sl/2 196196 509.694 2 

4p~l/2 - 5s2Sl/2 121822.9 820.864 20 

6p~3/2 - 4d2D3/2 121773.0 821.200 1 

6p~3/2 - 4d2D5/2 121628 822.18 6h 

6p~l/2 - 4d2D3/2 121516.7 822.932 3 
2 2 4f F712 - 7g G 121080.7 825.895 2 

4f~5/2- 7g2G7/2 120656.7 828.798 1 

~ 2 4p 3/2 - 5s sl/2 120556.6 829.486 30 

5 2 ~ 2 3p 3d 712 - 4d n512 103946.2 962.036 15 

5 2 ~ 2 3p 3d 512 ~ 4d n312 102232.0 978.168 10 

3p53d2 ~5/2- 4d~5/2 102087.6 979.551 1 

2 2 4f F712 - 6g G 100771.5 992.344 10 

2 2 4f F512 - 6g G712 100348.0 996.532 5 

5p~l/2 - 7s2Sl/2 91575 1092.00 lh 

· (continued) 
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TABLE 2.4. (Continued) 

Level Combination Wave number Wavelength Intensity 

odd -. even (cm-1} CAl 

5p2p3/2 - 7s2Sl/2 91056.3 1098.222 2 

4p2pl/2 ~ 4d~3/; 87508.7 1142.744 15 "''~ 

4P2p3/2 ~ 4d~5/2 86387.0 1157.581 25 

4P2p3/2 - 4d~3/2 86242.5 1159.522 6 
2 2 4f F712 - 5g G 67108.8 1490.118 20 
2 2 

4f F5/ 2 - 5g a712 66684.2 1499.605 10 

4p2p3/2 - ~s2Sl/2 59516.6 1680.204 100 

4p2pl/2 - 4s2Sl/2 58250.4 1716.725 50 

5p2p3/2 - 4d2D3/2 58115.5 1720.710 4 

5P2p3/2 - 4d~5/2 57971.2 172.4.995 15 

5P2pl/2 - 4d~3/2 57597.6 1736.183 10 
2 . 2 

4f F5/ 2 - 4d n312 55772.9 1792.984 25 

4f~5/2 - 4d~5/2 55628.5 1721.639 6h 

4f2F7/2 - 4d~5/2 55205.4 1811.418 . 30 

5p2pl/2 - 6s2S1/2 52355.0 1910.038 4 

5P2p3/2 - 6s2Sl/2 51836.9 1929.126 9 
2 2 

4f F712 - 5d n512 38791.2 2577.130 20 

4f2F5/2- 5d~5/2 38368.6 2605.523 4h. 

4f~5/2 - 5d~3/2 38301.3 2610.098 10 

5P2pl/2 - 5d2D3/2 36476.7 2740.666 10 

5p2p3/2 - 5d2D5/2 36025.4 2774.998 15 
(eontinued) 
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TABLE 2.4. (Continued} 

Level Combination Wave number Wavelength Intensity 

odd even (cm-1) (A} 

5p~3/2 - 5d~3/?. 35958.8 2780.144 3 

6h~ 2 
- 5g G 33886.8 2950.13 8w 

6P~3/2 - 5d~3/2 27698.54 3609.269 2 

6p~l/2 - 7s2Sl/2 27654.33 3615.039 2h 

6P~3/2 - 5d~5/2 27631.96 3617.966 15h 

6p~l/2 - 5d2D3/2 27442.94 3642.887 8 

6p~3/2 - 7s2Sl/2 27399-03 3648.724 4 

5p~3/2 - 5s2Sl/2 23800.99 4200.322 20 

5p~l/2 - 5s2Sl/2 23283.2 4293-74 20b 

7h~ 2 
- 6g G 20463.86 4885.299 7w 

6h2H - 7i2I 20276.12 4930.533 15w 

6P~l/2 - 6d~3/2 18883.64 5294.115 4 

6p~3/2 - 6d2D5/2 18665.21 5356.070 8 

6p~3/2 - 6d2D3/2 18628.07 5366.750 1 

3p53d2 ~7/2 - 5g2G9/2 1 18368.12 5442.704 3 

6p~3/2 - 6s2Sl/2 11820.50 8457-555 1 

h-hazy; b-blend; w-wide. 
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TABLE 2. 5. (continued) , 

* * Symbol Energy- Interval Term Value n an 
(cm-1) (cm-1) (cm-1) . . 

. 2 0 
349675.3 176848.7 3-938618 4f F512 

~-.. 
4 2 0 

-423.2 -0.004704 
f F7/2 . 349252.1 177271.9 3.933914 

2 416359.5 110164.5 4.990269 5g G7/2 
2 1.4 0.000032 

5g G9/2 416360.9 110163.1 4.990301 

6g2G 450023.,5 76500.5 5.988426 

2 7g G · 470332.5 56191-5 6.987302 

8g2G 
. 

{483514) (43010} 

6h2
H

0 450247.2 76276.8 5.997201 

7h~0 470487.3 56036.7 6.996946 

3 53d2 2Fo 396134.4 130389.6 4.586943 p . 5/2 
1858.6 0.033045 5 2 70 3p 3d 7/2 397993.0 128531.0 4.619988 

Bpredicted levels. 
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FIG. 2.2. Energy-level diagram for V ~. The figures give the 
approximate wavelength of the leading line in each 
multiplet. Dotted lines are the next predicted terms. 
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Wavelength 
(A) 

3316.470 

3363.517 

3966.598 

4106.318 

.· 
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TABLE 2.6. Unclassified Lines. 

Wave number 

(cm-1 1 

30143.86 

29722.24 

25203.39 

24345.84 

Intensity 

10 

6 

5 

3 
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B. Ionization Energies and Series Formulae 

The deduced energy levels of doubly 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 Tables ·2.7 and 2.8 are listed the 

quantities calculated from the observed energy levels using the 

"prOgram IENEXT. The ionization energy of each level series was 

calculated using simultaneously all of the observed levels in the 

series. ~e ng series that reaches closest to the ionization energy 

and is representable b,y the least number of quantum-defect constants 

is assumed to give the best value of the ionization energy. The 

agreement between the ionization energies calculated from the 

di£ferent series improves as (1) more observed levels are included 

in the calculation, (2) the levels used in the calculation reach 

closer to the ionization limit, and (3) the number of constants 

necessary to represent a series decreases. Four quantum-defect 

constants were inadequate to represent the nd series within the 

experimental error, due to the irregularity of o presumably caused 
, \ . ~ n 

! 

b,y the core effects on these level series especially on the 3d ground 

term. 

For Sc III the ionization energy obtained from the ns series 

-1 agrees with that obtained from the ng series by 0. 05 em • Until 

more leve1s are found the ionization energy of the Sc2+ ion may be 

given as 
-1 E.. ;: 199677. 37 ± 0 .1 em 

1.on 
Scm. 

.;_"· . 
_.-.· .. 

.. 
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TABLE 2. 7. Ionization Energies and Quantum....nefect Formula Constants for Sc III. 

a b 
~ or T ~ or T !::, or T n ~ or T Constants Constants Constants Constants c c c c 

2 ~1/2 ~3/2 
c:.-

8112 
' .. , ... _ 

4 0.00 1.562691 0.00 1.253729 o.oo 1.249129 
2.908494-2 4.285448-2 4.298965-2 

,_. 
5 0.00 o.oo 0.00 

6 0.00 4.290675-3 0.00 8.397243-3 o.oo 8.448915-3 
c. 

7 0.00 -2.854532-4 -0.12 -0.11 
(_._ 

8 0.01 21757.11 21727.53 ~~: 
I 

17878.31 16487.31 16467.78 
...0 

9 VJ 
, .• 
..,,,., 

E ion 199677.42 199676.88 199676.91 

~3/.2 ~5/.2 ~ 2G ...: 

C·B· 
3 0.00 6.088486-1 o.oo 6.078507-1 • .t: 

4 0.00 2.062338-2 0.00 2.173113-2 o.oo 6.322432-2 ~· .... ~ 

5 0.00 2.008575-2 0.00 1. 739745-2 o.oo -6.008089-2 0.01 9.168469-3 

6 0.00 -5.342621-3 o.oo -2.848258-3 o.oo 2.168658-2 -0.02 -7.858949-3 

7 0.00 8.69548o-3 o.oo 7.984169-3 o.oo -8.005183-3 0.00 

8 18097.95 18093.64 15646.31 0.01 

9 14036.36 14033.37 12348.05 12215.44 

E .• 199669.42 199670.09 199675.93 199677.37 1on 
T i . 

at:,= T - T • bConstants a. in ascending order for o = ~ a.(Rn) , calculated using the value c . 0 J. n i=O J. 

E. 6 -1 . Superscripts indicate powers of 10. J.on = 199 77.37 em 
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Quantum-defect constants were calculated using the derived ioniza-

1 6 .-1) tion energy \.199 77.37 em , and the minimum number of constants 

necessary to represent each series within the experimental error 

are presented .in Table 2. 7 • The listed constants were used to 
. · 

calculate remaining observed levels and the differences 6 = T al -T b 
. c c 0 s 

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 

IT(I + l) - T(I) I ~ 10-2 cm-l 
' 

usually satisfied in one or· two steps. 

A similar procedure was followed for V Y and the pertinent 
I 

information is presented in Table 2.8. The ionization energy 

derived from the np ~;12 series is 22 cm-l less than the value 

derived from the np ~~/2 series and both are about 500 cm-l less 

than the values obtained from the ng and ns series. This is pro-

bably due to a depression of these series caused by a perturbing 

level(s) located above the 6p ~0 term which is further indicated 

by the gradual decrease in 6n* for this term series (Table 2.5). 

The perturbation is most likely caused by the 3p5 3d2{~0 , 4P0 ) 

terms. The ionizatioL energies derived from the 3d-6d terms are 

-1 1 about 300 em too large as compared to 130 em- in the case of 

Sc III; in scandium with an additionally observed term included 

in the calculation the nd ionization energies agree with the values 
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TABLE 2. 8. Ionization Energies and Quantum-Defect Formula Constants for V Y._, 

a 
6. or T Constants b 6. or T Constants 6. or T Constants 6. or T 

c c c c 
2 
slL2 ~1~2 ~3/2 

0.0 1.25766 o.o 1.01920 o.o 1.01400 

0.0 1.03935-2 0.0 7.94246-3 0.0 7.25557-3 

o.o 1.37402-3 0.0 3.55254-3 o.o 3.75681-3 

0.0 -6.07831-5 76883 76740 

60459 

526517 526039 526017 

~3/2 ~5L2 2G ~ e.g. 

0.0 5.41263-1 0.0 5.40023-1 

0.0 3.38675-3 0.0 3.62756-3 

0.0 1.44223-3 o.o 1.34572-3 o.o 1.58069-2 

0.0 1.1466o-3 o.o 1.16020-3 o.o -6.07093-3 0.0 

65822 65799 0.0 o.o 

49338 49323 43010 42900 

526832 526835 526524 526529c 

,, . 

Constants 

3.758oo-3 

-1.37933-3 

T i 
all = ·T - T • bConstan"ts a. in ascending order for o = ~ ai ( Rn) , calculated using the value co· ~ n.L.# · 

~=0 

Eion = 526524 cm-1 • cCa1culated using o6h- o
7
h = -0.00037 ± 5% as determined from the iso-

e1ectronic sequence. 

I 
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obtained from the ng and ns series to within 8 em -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 tbe wave numbers derived from the 4p-3d and 4f-ng 

lines. From the present investigation the ionization energy of 

the v4+ ion may be corrected from the previously reported value 

of 526100 cm-l to 

= 526524 ± 5 cm-l 

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. 

-1 The ionization energy thus obtained is 5 em larger than the 

value obtained from the ng series. 

.. 

.. 
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C. Isoelectronic Sequence 

With the spectra of K I, Ca II and Ti DL well anB:lyzed, 38 , 40 , 41 

it is possible to observe how the Sc III and V Y energy levels fit 

into the neutral .·potassium isoelectronic sequence. Figure 2. 3 shows 

the isoelectronic trends for selected levels. Levels belonging to 

two other configurations, 3p53d2 and 3p53d4s as reported in the 

literature39, 42 ' 43 have also been ploteed. Evidently the depression 

and inversion of the 3p64f 2F0 levels in V 7 are due to the per­

turbing interaction of the 3p53d2 ~0 
levels. This mutual repulsion 

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

The more sensitive plots of ~ - T + aZ and (M)1/ 4 versus Z in c c 

Fig. 2.4 further illustrate the point. Other members of the 3p6nf 

series are expected to be perturbed also. Because the core charge 

Z outside the closed shell is small, LC coupling is a good appro­c 

ximation and interactions between terms of the same L and S and 

the same parity need only be considered; no interaction with the 

5 2 2 0 3p 3d D term was detected in V 3Z:. N:ote from Fig. 2.3 that 

extrapolating the 3p53d2 2F0 levels to Sc III, places_them well 

6 above the 3p ionization limit, though conceivably they m~ slightly 

. 6 
depress the 3p nf series in doubly ionized scandium which explains 

the rather low value of the ionization energy obtained from this 

series. 
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-
70 I 3p

6 
7f 2 F

0 

E 
u 

0 ,·~ 

0 3p6 Gf 2FO 0 

60 ... 
N 

O' a.., 
N 

c.. / 3 p6 5f 2
F

0 

~ 
u / 

50 N / - / 
w 
I 

w 

rP.o 
40 

3p5 3d4s(3p) 3/2 

2p~2 

30 

. 20 

10 roo 3p53d2 2 ~2 
05/2 

Cu Sc Ti v Cr Mn 
(F.o 3~3d2 2 7~2 

Fe Fs12 

2 3 4 5 6 7 8 v" 

Zc XBL734-2602 

FIG. 2.3. K I isoelectronic sequence for selected levels. 
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-~ ~ 4p2p0 : .--:--:::--=: : ::.~ 
--~-- ----

6p2p0 

4f 2F0 

K Ca Sc Ti V Cr Fe Co 
0~--------~----~--------~~~--------~----~L-----~--------~ 

2 3 4 56 7 8 9 
XBL734-2638 

FIG. 2.4. Perturbing interactions and fine-structure intervals 
along the neutral potassiwn isoelectronic sequence. 
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2-5. .CONCLUSION 

This research has extended the knowledge of the doubly 

ionized state of scandium and the quadruple ionized state of 

vanadium; both ions are isoelectronic with neutral potassium. The 
6 . 

3p 4f levels in V Y. are inverted due to configuration interaction 

with the 3p53d2 2F0 levels; the present classification is con-

sistent with the isoelectronic data. It has been shown that the 

agreement between ionization energies calculated from different· 

series of a 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 necessary to represent a series to within the experimental 

error decreases. Internal consistency was obtained in the level 

systems derived from the spectra, indicating that it is possible 

to maintain sufficient control over source excitation parameters. 

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

with varying source conditions. Inves~igation of the V Y. spectrum 

is continuing. In addition, many lines of the VII, VIII; and V .I:Sr 

spectra, previously unreported, have been identified on the present 

spectrographic plates and remain to be measured. 
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PROGRAM ISCELIINPUT,OUTPUT,TAPcZ=lNPUT,TAPE3=0UTPUTI 
ISOELECTRONIC CALCUL4TICNS FOR PR~DICTING SINGLE-ELECTRON DOUBLETS 

CARD 
1 
2 

3 

4 

s 

COLUMNS 
1- 4 
1-10 

11-20 
21-30 
31-40 
41-50 
1- 4 

11-20 
1 

11-12 
1-20 

22-23 

All EN~RGIES IN WAVENUMBERS 

+1.0 SIGNALS START OF ELEHENr 
.ELEMENT IDENTIFICATION 
. ATOMIC hEIGHT ~ CH~MICAL SCALE 
CHA~~E THAT THE cLECTRaN SEES 
IONilATIO~ ENERGY 
CONV~~IENT REFERENCE LEVEL 
+2.0 SIGNALS STA~T OF S~RIES 
BLANK OR CONFIGU~ATIO~ IDENTIFICATION 
ANGULAR MOMrNTU~ SYMBOL s,p,o,F,G,H ••• 
NUMBE~ OF LEVELS wiTH THIS ANGM 
ENERGY OF FIRST LfVEL (LOWEST) 
N VALUE OF FIRST LEVEL 

FORMAT 
F4.0 
AlO 
F10.5 
F1C.2 
Fl~.z 
F10.2 
F4.0 
A10 
Al 
12 
F20.9 
12 

6 

X 

LAST 

REPEAT C~RO 5 FOR ALL LEVEL$ WITH THIS 
ANGULAR MOMENTUM,INC~EASING WAVENUMB~R. 
REPEAT CARDS 3 TO 6 FOR ADDITIONAL SERIES 
REPEAT CA~US 1 TO X fu~ ADDITIONAL ELEMENTS 
AS CARD 1 WITH - IN COLUM~ 1 lEND OF DATAl 

DIMENSION FI20J,N(21),T(2QJ,TRI20J,THC20J,QSIZOJ,QDC20J,QNC20J 
*,K(20J,L(20J,Oll20J,02120J,OEIZOJ,G(20J 

DATA BLANK/10H I 
RF.AD (2,6) TEST,CFIG 

1C1 READ 12,1) ELEM,CM,Zl,EION,EREF 
RH=109737.3l-60.22/CM 
RIIIZ=~M*fZ1**2J 
WRITE (3,2) ELEM,RM,RMZ,EION 
WRITE 13,3 J 
READ 12,61 TEST9CFIG 

102 READ C2,4J P,NL 
READ(2,51 IF.CI J,NU J,I=1,NU 
DO 50 1=1,NL 
PICK=O. 
GCIJ=lECIJ-f~EFJ/lZl+PICKJ 
TCIJa:EJON-ECII 
TH(JJ=RMZ/(N(IJ**2J 
03•Tt I J-THI I J 
TRCI)=SQRTITIIJ/RMJ 
QSIIJ=SQRTIRMZ/TCIJI 
QNCI)=NIIJ 
UDCIJ=ONCIJ-QS(l) 
X=QS (I J 
IF(i.~~.ll GO TO 30 
N( NL+1 J=N INU+l 
K( I J=NI I J-N( J-1 J 
Lfi)=Nli+lJ-N(IJ 
IFCI.EQ.2J GO TC 24 
IFIKIIJ.EQ.LIIJ.ANO.KII-li.EQ.L(l-lll GO TO 2~ 

22 DliiJ=IQSIIJ-OSll-lll*l·~+06 
Il=IFIXIDliiJJ 
::lEI I J::EI I J-f:l I-1 I 
FS=ABSIDEI J I 1**0.25 
IFCI.LT.31 GO TG 31 
02 I I J=(QDI I 1-QDI I-2) )*1.1;+06 
IZ=IFIXCD21l J J 
IFIKIIJ-LIIJJ 23,33,33 

23 lf(KfiJ.EQ.lJ GO TO 33 

SYMBOL 
TEST 
ELEH 
CM 

·n 
EION 
EREF 
TEST 
CFIG 
p 
Nl 
EC 11 
NllJ 



GO TO 32 
24 KCIJ=NCIJ-NCJ-1) 

IFCKCIJ-1) 22r25r100 
25 D2CU=CQD(IJ-QDCI.;..U)*1·E+06 

I2 .. IFIXCD2CI)J 
GO TO 33 

-106-

30 WRITE (3,60) NCIJ,P,E1IJ, TCIJ,x, QDCII, TRCII,GCIJ,03 
GO TO 49 

31 WRITE (3,61) NCIJ,P,ECIJrDECIJ,FSrTCIJrXri1rQD(IJr TR(IJ,G(IJ,03 
GO TO. 49. 

32 WRITE C 3,62) NC IJ ,P,E ll J, DEC I J,FSrTCI J ,x, IlrQDC II rl2rTRC IJ ,GU J ,03 
GO TO 49 

33 WRITE (3,63) N( IJrPrECIJ, TCIJtXr QDCIIrl2rTRCIJ,GCIJ,03 
49 CONTINU': 
50 CONT PHJE 

RE~D C2r61 T~STrCFIG 
IFCTEST-1~) 100r1C1rll0 

110 IFCCFIG.Nc.BLANK) WRITEl3rll2) CFIG 
GO TO 102 

1 FOP~ATCA10rf10.5r3Fl0.21 
2 FORMAT(1H1r 5X,8HELEMENT Alu/5Xr4HRH= Fll.3/5Xt4H*Z2 Fll.3/5Xr4 
*HIE:~ F 10. 2/J 

3 FORMATl4X,3H NLrlXrlOH E tlXrSH DELTA ErlXt7H**Cl/4Jr3XrlOH 
* T r1XrlCH N* r1Xr8H O~LTAN*r1Xrl0H QOtF r1Xr9H 
*DELTAODr2Xr9HSQRTCT/RJr3Xrl4HlE-EREFJ/(Z+CJr2Xr7H T-TH J 

4 FORMAT(Al 1 9Xrl2) 
5 FORMATCF20.9r1Xrl2J 
6 FORMATCF4.0r6X,Al0) 

60 FOR~ATl/4Xri2,Alr Fll.2r1Xr8X r1Xr7X r2XrFll.Z,lX,Fl0.7rlXr6Xr 
*3XrFl0.7,1Xr9X,lX,Fl0.7,3XrF9.0rdXrF7.0) 

61 FORMATC 4Xri2,Alr Fll.2rlXrF8.2rlX,F1.4rZXrFll.2rlX,Fl0.7rlXrl6r 
*3XrF10.7r1Xr9XrlX,F10.7f3X,F9.C,dX,F7.uJ 

62 FORMAT( 4Xr12rAlr Fl1.2rlX,F8.2rlX,F7.4,2XrF11.2rlX,Fl0.7,1Xri6,. 
*3X,Fl0.7rlXri9rlXrF10.7r3Xrf9.G,8X,F7.uJ 

63 FORMAT( 4Xrl2,Alr Fl1.2,1Xr8X t1X,7X rZXrFll.2r1X,Fl0~7rlXr6Xr 
*3XrF10.7,1Xri9,1X,Fl0.7r3X,F9.0rdXrf7.01 

112 FORMATC/lXrAlOJ 
100 CALL EXIT 

END 

J,_. 
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PROGRAM IE NEXT( INPUT ,OUTPUT tTAPE2==INPUT t TAPE3=0UTPUTJ 
CALCULATION OF A SERIES IONIZATION ENERGY AND PREDICTION OF NEW LEVELS 
USING QDEF=N-N*=A (OJ+AI 1 J *T+A (2 J *I T**2J +A 13 )*fT**3) +A (4 J*IT**4J + ••••• 

TINJ=EXPANSION PARAMETER=IElGN-ElNJJ/S 
ALL ENERGIES I~ WAVENUMBER$ 

COLU"1tiS 
S•SCALING FACTOR= 1 , R , RZ**Z 

CARD FORMAT SYMBOL 
1 1-10 ELEMENT IDENTIFICATION AlO ELEM 

11-20 ATJMIC WElGHT - CHEMICAL SCALE F10.5 CH 
21-30 CHARGE TliAT THE ELECTRON SEES Fl0.2 Ll 
31-40 o~ OR TRUE IE FOR ALL SERIES FlOeZ TIE 

2 1. ANGULAR 1IDMENTUM SYMBOL S,P,D,F~G,H ••• Al p 
11-12 N VALUE OF THE FIRST LEVFL lLOWESTJ 12- NFIR 
21-22 N VALUE OF THE LAST LEVEL 12 NLAR 
31-40 TRIAL IOHIZATIJN ENERGY FOR THIS SERIES FlO.Z TRYIEL 
41-50 DELTA IONIZATION ENERGY FOR THIS SERIES Fl0.4 DELTA 
51-60 O. OR QO(;FlNJ-QDEFlN+ll FOR 2-LEVEL IE FlO.S QOCZL 
61-62 ASSIGNS WEIGHT IN AVERAGING CCNSTANTS IZ IA2 

LESS THAN i IF LOWER LEVELS HOST ACCURATE 
IF 1 ALL ~EIGHTS ARE SET EQUAL TO 1. 
MORE THAN 1 IF UPPER LEVELS. MCST ACC~RATE 

71-72 NUMBER OF NEW LEVELS DESIRED 12 NPREO 
.] 1-20 ENERGY VALUE OF FIRST LEVEL f20.9 ElNFIR) 
4 REPEAT CARD 3 FOR ALL LEVELS TO EINLARJ 

REPEAT CARDS 2-4 FOR ADDITIONAL SE~IES 
LAST AS CARD 2 WITH- IN COLUMN 71 (END OF DATAl. 

DIMENSION EI20J,TOI20J,QilOJ,DI20J,DDC20J,TCZOJ 1 ZC20t20JtTRYl110J 
•,Ct20,20J,CNMI20J,Al20I,AS(20J,Wl20J,SI20ltED(20J,V(20J,TNC20t5J 

· *tY1(20J,Y2(20),Y3(20J,SUM1(20l,SUM2(20J,SUH3(20J 
EQUIVALENCE (Yl(Z),AI1J), CV21ZitASlUJ,CY312ltSllU 

1 FORHATlAlO,Fl0.5,Fl0.2,FlO.ZJ . 
2 FORMATCA1,9X,,I2,8X,I2,8X,Fl0•2tF10.4,FlO.S,I2t8Xt!2) 
3 FORMATIF20.9J 

11 FORMATl1Hl,58X,8HELEHENT Al0/59X,l2HR(H)*IZ**2J•Fl2.3 
*IS9X,7HLEVELS I1,1H-I2,AlJ 

12 FORMATISX,44H El LHS RHS O!ff J 
READIZtlJ ELEM,CM,L1,TIE 
RM=l09737.3l-60.Z2/CM 
RHZ=RM*CZ1**2) 
SC=RM . 

4 READC2t2J P,NFIR,NLAR,TRYIELtDEL:rA,QOC2LtlA2,NPRED 
IFlNPREO.LT.OJ 500,6 . 

. 6 NFI=NFIR . 
NLR=NLAR-NFIR+l 
NUl=NLAR+l 
NUL=NLAR+NPRED 
READI2,3J CEINJ,N~NFIR,NLAR) 
NLMIN=~INOlNLR,3J 
DO 200 NL=NLHIN,NLR 

10 DELTAL=OELTA 
NLA=NFI+NL-1 
Nll=NLA-NFI 
WRITEC3,111 ELEH,RMZ,NFltNLAtP 
IFINL.GT~lJ WRITEI3,12J 
NO=l 
EL=TRYIEL 
IA3=1 

14 IFLAG=l 
15 DO 80 K:1,100 



.· 
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IFLAG=IFLAG+l··· 
IFC1FLAG.GE.l65) GO TO ZOO 
DO ZO N=~Ul,NUL 
FN=N 
E C N J.=El-"C C FN-1. 1/FN 1**2*1 EL-ECN-1 H 

20 CONTINUE. . 

..... · 

DO 25 N=NFIR,NUL ~ -·--·-· ·- -------"-' 
TOCNJ=EL-ECNJ 
QCNJ=SCRT(R~Z/TOt~J) 
DCNJ=N-QINJ 
IFCN.GT.NFIR) DOINI=DCNI~OCN-11 
HNI.=TC C NJ /SC 
Z(N,NJ=DINJ 

25 CONTI~UE 
IF(NLR.EQ~11 30,40 . ' 

· 30 WRIT~C3,96) EL 
~RITEC3,97J NFI,PtECNFIJ,TOCNFI),QCNFIJ,OCNFij 
WRITEC3,99J CN,P,EINJ,TOINI,QCNJ,DCNJ,ODCUJ,N=NUl,NULJ 
WRITEC3,3U 

31 FORMATC/59X,25HFIRST LEVEL OBSERVED ONLY, 
*/59X,48HCONSTANT SCREENING· ASSUMED TO .PREDICT NEW LEVELSJ 

GO TO 4 
40 DO 50 J~l,NLl 

NLJ=NLA-J 
DO SO N=NF( ,NLJ 
ZCNrN+JI=CZCN,N+J-11-ZCN+l,N+JJI/CTCNI-TCN+J)J 

50 CONTINUE 
· IFCIA3.EQ.2) GO TO 95 

C-----TO 80 FI~D CORRECT IONIZATION ENERGY 
IFtNLR.GT.2J GO TO 62 
IPIQDCZL.EQ.O.J GO TO 95 
XLHS=ZCNFIR,NLARJ*CEINLARJ-ECNFIRIJ/SC 
XRHS=QDC2L 
GO TO 63 

62 XLHS= C l I NF I, NLA-2 J-ZI NF (+ 1, NLA-U J If ZCNFI+l ,NLA-11-Z( NFI+Zt NLAJ I 
XRHS=lECNLA-lJ-ECNFIJJ/IECNL·J-EINFI+lJ) 

63 TRYCKJ=XLHS-XRHS 
WRITEI3,65) K,EL,XLHStXRHS,TRYIKJ 

65 FORMATC4X,I3t1XrF11.3tlXrF11.1t1XtF10•7tiXtfll.7) 
IFCK.LT.3J GO TO 79 . . . 

·. F=TRYCK-21 
G=TRYCK-U . 
H=TRYCKJ 
IFCABSIGI.LE.l.OE.,;06) GO TO 70 
IF CABS I G I .LE. ABS C F J eANO.ABS C GJ.LE.ABSC HH 7lt 75 

70 IA3=2 . 
. 71 El=EL-OELTAL 

DELTAL=OELTAL/10. 
IFCG.GT.O •• ANO.H.GT.O •• OR.G.LT.O •• ANO.H.LT.O.I OELTALa-OELTAL 
GO TO 15 

75 IFCABSCHJ.GT.ABSCFJJ DELTAL=-DELTAL 
79 EL=EL+OELTAL 
80 CONTINUE 

WRITEC3r85J 
85 FORMATC/6Xr49HT~IAL IE OR DELTA INCORRECt TO ITERATE IN N STEPS) 

GO TO 200 
95 WRITEC3,961 EL 
96 FORMATC/85X,3HEL=Fll.2//59Xt2HNL,6X,4HECOJ,20X,4HT(0)~8X~2HN*t8Xt 

*~HQDEFt6X,6HCHANGEJ 
WRITE(3,97J (N,P,EtNJ,TOCNJ,QCNitDCNJ,N•NFIA,NFIRJ 
N2•NFIR+l . 
WRITEC3,98l CN 1 P,ElNJ 1TOCNI 1 QCNJrDlNI,OOIN),N=N2~NLARI 
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97 FORHAT(5SX,IZ,A1,1XrF11.2r12Xt1XrF11.2r2l1XrF10.7)1 
98 FORMATI58X,I2,A1,1XrF11.2,12XrlXrFll.Zr3ClX,Fl0.711 

WRITEC3,99) P 
99 FORMATl/lOXr5HQDEflAlrllH) CO~STANTS,8X,3HAVEr8X,7HRHS DEVr6Xw2hNL * 1 6 X1 4HE I C), 6X,9HE I 0 1-E lC) r5X r 4HTC C) w8Xt2HN*r8Xw4HQDEF r6Xr 6HCHANGE) 

C-----TO 130 CALCULATE CONSTANTS 
00 100 N=NFIR,~UL 
TINJ=TCIN-1/SC 
TNINrU=EHH 

100 CONTINUE 
00 102 ~=1rNL1 
SU:-IllMJ=O. 
SUM21MJ=O. 
SUMJIMI=O. 

102 CONTINUE 
00 120 N=NFirNLA 
NLN=f\LA-N+1 
00 110 MO= 1 r NLN 
M=NLN-MO 
A(MI=ZIN,N+HJ 
ASINL-11=AINL-11 
IFIM.GE.NL1) GO TO 110 
CALL COEFTITINJ,MrNL1rCNMJ 
H1=M+l · 
DO 105 I=Ml,Nll 
AlMI=AIMJ-ACII*CNMCII 

105 CONTINUE 
IF(N.EQ.NFII AS(MJ=ACMI 
W(NJ=1• 
lf(IAZ.~T.ll WINJ=C1/QIN)I**3 
IFIIAZ.GT.lJ WCNJ=QINI**3 
SUM1(M+1J=SUM11M+1)+WIN) 
SUH2(M+11=SUM21M+1J+WINI*41HJ 
SU~31 M+ 11 = SUM31 M+1 HW INI *AIM 1**2 

110 CONl"INUE 
120 CONTINUE 

DO 130 M=1,NL1 
AlH-1J=SUM2lMI/SUM1(H) 
S(M-1J25QRTIABSISUM31MI/SUM11MJ-A(H-li**21J 

130 CONTINUE . 
C-----TO 162 CALC T(OBSI-TICALCJ ANC ITERATE 

NITo:Nf I 
DO 162 IT=2r4 
00 161 N=NITrNUL 
DlNI=O. 
DO 140 I=1,NL 
OINJ=DCNJ+AII-li*TINI**CI-11 

140 CONTINUE 
QINI=N-DINI 
TlNl=RMZ/QINI**Z 
EO(NJ=EL-T& NJ 

141 M=N-NF I 
lf(N.NE.NFIRJ OCINJ=O(NJ-DIN-1) 
TNCNriTJ=EDINI 
YCNI=TNI~tiT-11-TNIN,ITI 
IFliT.GT.2.0R.N.GT.NFIRI 145,142 

C---TO 155 RE=GULATING OUTPUT 
142 IFCNO.EC.2.J W~ITE(3,1521 

WRITEI3,144) M,AS(MJ,A(MJ,Sl~),N,P,EDlN),Yl~J,T(N),Q(NJrO(N) 
GO TO lbO 

145 IFCN-NLAJ 146,l't8,15•J 
1~6 WRITE(3,147J ~,ASlMJ,A(H) 1 SCHJ,N,P,EOlNI 1 Y(NJ 1 T(N) 1 Q(NJ,O(NJ,OD(N) 
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GO TO 160 
148 WRITEC3r149) HrACM),N,PrEDCNJ,Y(N),TCNJ,QCNJ,OCNJ,ODCNJ 

GO TO 160 
150 IFlN.E~.NLA+lJ W~ITEl3r152J 

WRITE!3,155) N,P,EDCNJ,YlN),T(NJ,QCNJ,O(N),ODC~) 
144 FORMAT(l0Xr2HAlllr2HI=r2llXrE13.6J,2X,E7,I8rAlr3CF12.2Jr2CF11.7JJ 
147 FORMATClOX,2HA(Il,ZHJ=,2llX,El3.6),2X,E7,I8,Alr3CF12.2J,3(Fl1.7JJ 
149 FORMATC10Xr2HACI1,2H!=rlXrcl3.6,2JX,I8,Alr3CFlZ.Z),3(F11.7JJ 
152 FORMATC1XI ·· 
155 FORM~T(52Xri8rA1,3C1XrF11.21r3C1XtFl0.7JJ 
16 0 T ( N J = T C N J IS C 
161 COtHINUE 

NIT=NLA+1 
162 CONTINUE 

IFlTIE.EQ.O •• DR.NO.EQ.ZJ GO TO 200 
C--RETURN TO CALC NL NEW CONSTANTS WITH TRUE IE 

NO=Z 
EL•TIE 
GO TO lit 

C-----RETURN TO INCLUDE 1 MORE LEVEL 
200 CONYINUE 

GO TO 4 
500 CALL .EXIT 

END 
SUBROUTINE COEFTCT,H,NL1,CNHJ 
DIMENSION TC1J,CCZOrZOJ,CNMC20J 
Ml=H+1 
ll=H+l 
L2=l1+1 
NL=NL1+1 
DO 1 K=lrHl 
ClLlrKJ=1. 

1 CONTINUE 
DO 2 I=LZ,Nl 
DO 2 K=l,Ml 
CCI,K)•O. 
DO 2 .J=KrH1 
CC I,KJ=CCI,KJ+TCJJ*CC I-1,JJ 
CNMCI-1J=CCirll 

2 CONTINUE 
RETURN 
END 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
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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