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Light Source for Producing Self-Reversed Spectral Lines
Jack Sugar

(March 26, 1962)

A new light soures has hesn developed whish producss numerons sall-roveraed linea in

both the firsl and second speotra of rare-earth elementsy,
ven and an go-tlime of gng millisecond per eyele. HResonance
parbed, and can be distinguished by thls charneter,

with a peak current of TH am
lines are nearly completel

spectrogrema ohiained with this light source, the ﬁund ataten of
mined, and those reported for Yo, Thir, Tm 1,

1. Introduction

In atomie emission speetrs, the presence of self-
reverzed spectral lings provides valuable information
for the analysis of spectral situctore.  Becuuse such
lines generally arise from transitions to the ground
state or to low-lying atates of the atom, they may be
used to deduce this important part of the energy
level structure. In scarching for regularities in a
line-lizt containing tens of thousends of cntries, as
do those of moest rare-earth elements, it is n great
simplification to recopnize a small group of lines
which have enerpy levels in cornmon.

In the past, at least three different light sources
have been employed for oheerving the lines that are
most readily absorbed or reversed; they are {1} the
high-temperature furnace, (2} the underwater spark,
and {34} the d-¢ are.

(13 A. 5. King developed the techinique of obtain-
ing atomic absorption lines by photogpraphing a
continuous spectrurm which haa passed through an
electrically heated carbon tube containing metal va-
por.  An carly example of his work is the description
of the absorption spectrum of chromiom [1}.! How-
ever, 28 4 result of the relutively low temperatore lim-
itation on the absorbing vapor, only verv low-lying levels
of the npeutral atom, and in general no ionic levels,
are sufficiently populated to produce abeorption lines.
Furthermora, metals with very hizh boiling points
will not wield to this techaique.

f2) Spectra] phenomens observed when high-
voltuge condensed sparks are passed between metallic
electrodes submerped in waler have been investigated
for more than half a centory. It was found that
the dissociation of water produces a continuum in
which & small fruction of the spectral lines chaese-
teristic of the metal vapor are ahsorbed,  An example
of the application of this techmgue to the determina-
tion of atomic energy levels iz the study of the
underwater absorption spectra of the palladium and

latinum triads by W. F. Meggers and O. Laporte [2].
li‘hs main difficulties with thia technique arise from

¥ Figures in brackets indicabe s litorntace refeecicas 2E e end of Eis peper.

It oonsiats of o pulsed are discharge

From
1 st 1T 11 wera clotos-
11, and U1 were confirmed.

the presence in some spectral regions of absorption
bands due to water molccules, the superposition of
metallic spark lines in emission, and the tota] nbeenca
of abzorption for certain metals, presumably hecausa
of inetant oxidation.

(3} A d-c arc discharpe with a current of several
amperes nearly alwaye produces seli-reversal of the
vory atrong lines in the spectrum of the electrode
material by ahsorption in the sheath of cool vapor
sutrounding the dischurge. The deEree of seli-
reversal increases exponentially with the product of
the intensity of the radiation and the number of
absorbing atoma through which it passes [3].

The spectra of rareearth clements are charac-
teristically Iacking in lincs of outstanding hijfh
intensity. Therefore, they rarely econtain gelf-
reversed lines in the low—urrent are. It has been
found that by raising the current in the arc, ona
uzually anhances aalf-reversal because of the increased
rate of vapor production. This increascs the density
of abeorhing atoms surcounding the discharge,
A substantial risc in current, however, will generally
melt the elegtrodes unlezss adeguate cooling is
provided. A convenient methed for obtaining &
eool, high-current arc is deseribed in this paper.

2. Apparatus

A sguare current pulse of short doration and high
ampereage may be obtained by discharging a delay
line through a matching load impe?ancm This
may be employed to produce a pulsed high-current
arc by placing the clectrode gap in series with the
lond, l}i)' u suitable pulse width and repetition rate
is selected, the averape current can be kept low
enough so that no cu;i&mg is required to prevent the
alectrodes from melting.

A diasgram of the glectricnl cireuit used in this
experiment is given in figure 1. A delay line con-
gisting of five stages with a capacitence of 20 of
and an inductance of 500 xh per stage was charged
to 400 v. The rotating shorting har in series with
the load was employed to close the output circuit,
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Fiavee I, Fiecirical circuif for ebafning pulsed are discharge.

discharging the delay line through the arc chamber.
The proper loud resistor was determined by obscrvy-
ing the voltage waveform acrgss the 0.01 ohm resistor
with an oscilloscope. Too littla resistance rasults
in an cacillatin dpischa.rge, while too much causes
s distorted pulse shape. With the above circuit
values, the load was about 2 ohme, and a squarc
pulse of V5 amp pesk and 1 meec duration was
obtainad.

A repetitive rate of 10 per second gave an average
current of only 0.75 amp while providing a etron
exposuro in about 6 to 10 min o the ws.velengtﬁ
range 2400 to 7000 A. The apectrograms were
made with 4 Wadsworth mounting of 8 4 x 2 in.
concave grating having a 21 {t radius and 30,000
grooves par in.

The discharge chamber contained helium at a
pressure of 1 atm. The operation of this arc in
an incrt atmosphere prevents the oxidation of
meta]l vapor so that an absorbing layer can be
maintained. Furihermors, the presence of highly
energetic  helinm  metastable atoms favors the
production of metallic jons so that strong absorp-
tion is exhibited by these ions as well as by the
neutral atoma,

A pap of sbout 2 mm was maintained hetween
the electrodes,

3. Observations

The spectra of yiterbium, thulinm, uranium, and
terbium were obtained with the pulsed arc, Por-
tiona of each of these are shown in fizure 2, where
the self-reversed lines are indicated by a dot and
the resonance lines of the neutral and singly-ionized
atom arc furthet designated by By and By, respec-
tively. Numerous sclf-reversed  lines  appeared
among the first spectrum lines of each of these
elements and among the second spectrum lines of
all but ursnium, which contained only two. The
resonance lines of the npeutral atoms are clearly
distinguished by their appearance as hroad absorp-
tion lines sgainst & continuous backgzround.

3.1, YHarbium

The first ocheservationa with this light source were
made with ytterbiem electrodes. Both the first and
sceond spectra of this element have been extensively
analyzed by W. F. Moggers, although only a small
porticn of the level structure has been reported[4].

Meggers compared these spectrograms with s
Yh lineldist and found that 23 lines of the first

spectrum and 3% of the zecond spectrum  wers
self reversed. The highest level giving rise to
gelf-reversed lines was at 19,710 em~! in Yb1 and
ab 35,832 em~in Ybm.

Figure 2 shows the characteristic appearance of
resonance lines in the first and second specira of
ytierbiwm. Both have wide gops in tho center of
the emission line, but the wings of the Ybt line at
3464 A are almost completely absorbed. This
shape appears to be characteristic of first spectrumn
resonancs lines and can serve as a means of idanti-
fying them. The width of the self-absorbed center
of thia line was about 0.5 A.

3.2, Thulium

The absorption spectrum of thuliwim has Dheen
observad by L. F. H. Bovey and W. R, 5. Garton
in an electric furnaca operated at 2400 °C[5]. They
found &% ahsorbed lines in the wavelength range
2600 to 6000 A which they interpreted as helongin
to Tmi1. However, a comparison with the partis
analysis of Tmu reported by Megpersif] reveals
that 23 of these belong to this spectrum,

The spectrum ohtained with the pulsed are in the
wavelength range 2300 to 7000 A contained 120 self-
reversed lines of Tm: and 1286 of Tmu, In Tmr
only the °F ground term and 16 higher lavels have
been reported by W. F. Meggers [8]. Every line
which he designated sz arvising from & transition to
the *Fy; ground state gives the appearance of b
broad absorption line. However, there wers seven
mara lines with the samme character which could not
he paired with & second line whose wave number
dificrenee oquals the *F interval. These have been
classified by Meggers as originating from upper levels
with J="59/2 and, as such, can only combine with the
*Fyp ground state.

The line nt 3316 A is duve to » transition to the
ey level at 8771 cm™! above the ground state.
Although the absorbed center of the line is wide,
the wings are strong and serve to distinguish these
strongly self-reversed lines from the resonance lines,

The :lrruw ¥y 40 ond 'Fy levels of Tmt {tha groumud
state ia F,) wara also found by Meggers [8].  Sixty-
five self reversed lines of Tm T are clasmfred, among
which are all but four lines of mtensity greater than
50 This is a verification that the lines are correctl
assigned. Megpers aceepted only those upper leveﬂ
which combinaed with three low levels. By using the
pelf-revarsed lines, tha analysis can contidently be
extandad to include apper levels which cormbine with
only two low levels. Also, upper levels making
only one¢ combination with a ® ﬁwel {becansae of the
selection rule on J) ean be confidently determined if
the Zesman pattern is correct and if the line is self-
reversad,

3.3. Uranium

The spectrum of ursnium in the range 2300 to
7000 A contained 100 eelf-reversed linea of U1 and
only 2 of TT1r. The absorbed central portions of
the lines were much narrower than those of any of
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the other elements obeerved, although practicall
complete absorption of resonance lines was ati
regent. None of these self-reversed lines classified
¥ Kiess, Humphreys, and Laun (7] arise from transi-
tions to levels higher than 3801 em™'. However,
many pelf-reve lines are not classified, neluding
resonance-iype lines.

Recontly a faw U 1 lines wera nbaerved in absorp-
tion with a King-type furnace by N. F. Penkin and
5. E. Frish (8].

In U 11, two independent sets of energy lavels are
knowh. Naither of these has been established as
the lower group. A ]ialjn.%of the levels and classified
lines is given In & paper by Van Den Bosch [9], in
whieh tha two groups are referred to as & and B.

The relative intensity tables of Meggers, Corliss,
and Senbner [10] give the three leading strong lines
of U 11 aa 3850, 3354, and 3670 A with intensities
360, 1580, and 160, respectively. The first and third
of tfheae- are due to transitiona in group B to levels
at 2589 and 915 em™?!, and are the only sell-reversed
linegin J 11, The second lina ariges from a transition
to the lowest lovel of proup A. Becauss sall-
reversi] depends on the product of the radistion
intensity and the population of the absorhing energy
level [3] for lines of approximately the same wave-
length, the lowest le,v-eﬁ of group A must be higher
than the 915 em~! level of group B. The groond
state of TJ 11 iz therefore the Iy level of the 5/%9s%
configuration in group B. No resonance lines of
T u are self-reversed because they are too weak, the
strongest having an intensity [106] of 120.

The relatively weuk self-reversal of uraninm lnes
teflacts the high hoiling temperature of this clemant
compared with those of the lanthanide series.

3.4, Terbium

Aside from a preliminary proposel by P. F. AL
Klinkenberg [11] no analysis of the terbinm spectrum
haz bean published, but J and g values for & group of
Th 1 lines have heen reported by 8. Davis [12?, his
spectrum was observed with the present light soures
te see whather any of the lines exhibitiag very wide
self-reveraal had becn analyzed by Davis,

About 400 lines in the region froan 2200 to 7000 A
chowed geli-reversal. Thres of these strongly re-
gemble resonance-type lines, with the emission lines
almost completely aﬁurhed. They appear in flzure
2 at 4318, 4326, and 4338 A. Only t.ﬁe line af 4338
A has been assipned J and g values: g=1.2331
ﬂ2=.1+39'?r, J1‘= 15,.'r2 J3=13|lr2.

In pure L3-conpling the g-value for a *H,,, term
iz 1.333, and for a *Gyp term is 1.385. The most
probable lowest econfipuration of Th 1 is sither
4/°8s* or 4ff5d6s. These would yield tha eround

atates *Hy» and "Hpp, respectively, according to
Hund’s rula, The strong seli-reversal and Zeernan
obserwations for the 4328 A line indieata that tha
ground atate of Th 1 is *Hyyp. Furthermorae, the
upper state should belong to the 4f°5dés* configura-
tion since Davis reported ne indicaticn of hyperfina
strijcture for this line, nor for the other two strongly
gelf-reversed lines mentioned above. This suggests
that the 6z shell iz closed in both the upper and
lower con tione.

This assignment i confirmed by Penselin and
Schiipman [18] who ohserved the *Hy.s level by &
magnetic resonance experiment, and obtained &

valua of 1.3225. Since thay also detected other
eveals, they eould not concluda thai this is the loweat
atate of Th 1.

The other two resonance-type lines are probably
transitions from the excited "Hyn and *Ira levels,

4, Conclusion

An imporiant need in the problem of analysis of
rare-earth spectra iz now snt.isﬁped by the development
of » aimple light source giving seif-reversed lines.
While the analysiz can probably be done without, it,
the initial hreak into the level atructure is much
more eagily obtasined with such information. Be-
aogange of the unique appesrance of absorbed reso-
nanee lines in the light searee under discussion, these
observations can verify whether or vot the ground
state of an atom has been found. Also, the amount
of seli-reversal of lines of the same intensity was shown
to he a valuable clue for determining which absorb-
ing energy level is lower,

hiz light sowrce also produced numerous =eli-
revarsed lines in the second epectra of most of the
obaerved alements.
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