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Wavelengths From Thorium-Halide Lamps 
William F. Meggers and Robert W. Stanley* 

The present system. of in te rnationa l secondary standa rds of wavelength for spectro
scopic measurements is based on in terfcrometri c det erminations of wavelengths emitted at 
atmospheric p.res~ure .by an electri.c a rc between iron electrodes. Because of the poor quali ty 
and uneven d lstnbutiOn of these Iron standards they are not suitable for accurate measure
ment of .wavelengths in the spectra of heavi er elements, most of which are more complex 
a nd consist of much sha rper hn es t ha n t he standa rds. Quar tz-tube lamps containing a small 
quantity of a t horium halide, when excited by microwaves, emit thousands of uniformlv 
sha rp and e."enly distributed lin es whose wavelengths, or positions in a spectrum , can be de
te rmllled with about one-tenth t he error of locating iron-a rc lin es. Prelimin ar y values of 
222 vacuum wavelengths emi tted by a t horium-iodide lamp have been measured relative to 
5462.2705 and 4047.7144 A emitted by a s imilar lamp containin g mercury-198. Fabry-Perot 
!I1 terferometers wi t h l)late sepa ratiO ns of 25, 4,0, or 50 m illim eters were used with a stigmatic 
grat ing spectrograph m makm g these measurements . The thor ium wavelengths ra nge from 
::\288.7356 to 6991.5839 A in vacuum a nd from 3287. 7885 to 6989.6562 A in stand ard air. 
The accuracy in r elat ive value of 27 claRs ifi ed thorium lines is tested b y m ea ns of t he combi
n at ion principle, which indicates that t he average error is less than 1 p ar t in 20 m illi on. 

1. Introduction 

During the past half-cen tury the wavelengths of 
hundreds of radiations from the iron arc at atmos
pheric pressure have been measured with inter
ferometers to serve as international standards of 
wavelength for spectroscopic measuremen ts. The 
?istory and results of this activity wer e summarized 
111 . Wa~elengths From Iron-Halide Lamps [1]1, in 
whlCh it was shown that the accuracy of measure
ment could be increased by a factor of 2 01" 3 if the 
iron lines ,,:ere emitted by simple lamps containing 
a trace of 11'on halide excited, at low pressure and 
moderate temperature, by microwaves. But Lhe 
iron arc in air is still the main source of interna
tionally adopted standard wavelengths. 

The actual application of the adopted iron stand
~rds to. wavelength measurements in various spectra 
l S hanchcapped by two serious defects in the iron-arc 
spectrum. First, because of t he high temperature 
(6,3 00° K ) of the iron arc and th e relatively small 
atomic number (Z= 26) and mass (A = 56) of the 
iron atom its spectral lin es are excessively broadened 
on account of Doppler-Fizeau effect. Moreover, an 
electric arc between iron electrodes at atmospheric 
pressure produces lines of various kinds' strongly 
s.elf-r~verse~lline~ involving low energ.'T l ev~ls, diffuse 
11l1 0s mvolvlllg high energy levels, and unstable lines 
of variable wavelength due to "pole effect." Second, 
the distribution of strong or similar lines in the arc 
spectrum of iron is such that no uniform spacing of 
wavelength standards is possible, and unduly larl,?,"e 
gaps between usable standards are unavoidable ll1 

certain spectral regions. Consequently many spec
troscopists have expressed dissatisfaction with the 
international standards of wavelength emitted by 
the iron arc. Thus, Harrison [2] states that the 
wavelength precision of measurements in the MIT 
Wavelength Tables has been limited primarily by 
~ • Present address , Purdue University, Lafayette, Ind. 

I Figures in brackets indicate the literature references at the end of this paper. 
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"the insufficiency of adequate wavelength standards 
in some spectral regions, particularly of standard 
lines of suitable intensities" Likewise, Bovey [3] 
in giving a preliminary list of 6-figul"e wavelengths of 
plutonium excited in a furnace complains that "A 
serious difficulty for accurate meas urement has b een 
the width of t he iron-arc lines, many of which are 
several times wider than the emission lines from~a 
furnace." AJso Fred and Tomkins [4] in describing 
t he fLrst two spectra of americium to 7 fi gures, an
noun ce t hat "Most of the uncertainty in the wave
lengths is due to the poor quality of the standards, 
since the agreement in the his inLervals shows that 
the line positions can be measured to anoLher decimal 
place. " 

Logically the iron-arc standards should have been 
used only for measuring atmospheric arc and spark 
spectra of metals lighter than iron, because, other 
things equal, the heavier atoms emit sharper lines 
which canno t be measured accurately relative Lo 
standards that are broader and badly spaced. ' iVhen 
the arc spectrum of cerium (Z = 58, A = 140) is pho to
graphed beside t,hat of th e standard iron arc it is 
readily seen that all cerium lines are narrower than 
iron lines, and a comparison with thorium (Z = 90, 
A = 232) or with uranium (Z =92, A = 238) is even 
more embarrassing for iron. This was observed by 
Harrison [5], who remarked that "In the extensive 
series of wavelength measurements ma.de with the 
automatic comparator, which resulted in the publica
tion of the Massachusetts Institute oj Technology Wave
length Tables, the mos t serious limiLation on precision 
was found to arise from the lack of satisfactory stand
ard lines. :Measurements on lines in such complex 
spectra as cerium and thorium, for example, showed 
much better internal consistency than did those on 
the iron standards themselves." To assist in remedy
ing this situation, Harrison [5] eleverly contrived a 
complicated machine for the rapid direct determina
tion of wavelengths from Fabry-P erot interferometer 
patterns. He called t his machine the WINMAC 



(vVavelength interferometric measurement and com
putation), and in 1950 he reported [6] that "the 
WINMAO is now being readied for what is hoped 
will be an extensive series of wavelength determina
tions of intermediate wavelength standards in cerium, 
thorium, and other elements." Unfortunately this 
hope did not materialize. However, this is not seri
ously regretted now because in the meantime great 
improvements over the traditional arcs and sparks 
at atmospheric pressure have been made in spectro
scopic light sources. 

The most simple, convenient, efficient, and eco
nomical type of spectroscopic light source is an evac
uated tube of fused quartz enclosing a trace of gas, 
metal vapor, or volatile metallic compound excited 
by microwaves generated by vacuum-tube oscillators 
or by magnetrons. The prototype was the low pres
sure, water-cooled H g198 lamp described by YIeggers 
and vVestfall [7], who also discovered that "clean-up" 
in such discharges varied inversely with frequency. 
In most laboratories magnetrons producing 2,450 Me, 
or morc, soon replaced vacuum-tube oscillators pro
ducing 100 to 300 M c for the excitation of these 
lamps. The preparation of similar lamps with other 
volatile metals was described by Zelikoff, Wyckoff, 
Aschcnbrand, and Loomis [8], while Oorliss, Bozman, 
and Westfall [9] demonstrated that such lamps can be 
made to emit the spectra. of all metals that form vola
t ile compounds. A precise procedure for the prepa
ration of electrodeless discharge tubes containing very 
pure rare earths and highly radioactive elements has 
been described by Tomkins and Fred [10]. Oompared 
with conventional arcs and sparks, these lamps re
quire a minimum amount of sample, which is enclosed 
and conserved. Also, they operate at relatively low 
temperature and pressure, and consequently emit 
spectral lines of greatly reduced width usually free of 
self-reversal. Wh en operated with continuous wave 
power and moderate gas or vapor pressure, these 
lamps strongly favor the spectra of neutral atoms, 
but pulsed discharges and/or reduced pressures en
hance the second and third spectra. Lamps viewed 
end-on when excited by a 100-watt magnetron emit 
spectra comparable in intensity to a 10-ampere 220-
volt d-c arc, but with line widths much less than half 
as great. Bright, sharp lines are especially needed 
for the resolution of complex Zeeman patterns, or for 
the measurement of isotopic-spectroscopic effects. 
The development of these electrodeless lamps has 
thus greatly increased the range and precision of 
spectroscopic observations. 

N ow the accurate description and quantum inter
pretation of the spectra of rare-earth types of atoms 
and ion8 is still in a very unsatisfactory state, because 
of their extreme complexity and because pure samples 
have not been available in the past. The latter 
difficulty has recently been overcome either by 
efficient separation or by artificial preparation, but 
extreme complexity of the spectra remains as an 
obstacle to successful analysis. It is primarily for 
this reason that wavelengths must be measured with 
greater accuracy, and for this purpose reference 
standards of greater precision and better distribution 
than those from an iron arc are absolutely necessary. 

Fortunately the simple electrodeless lamps referred 
to provide the means for obtaining a greatly im
proved system of standard wavelengths [11]. Lamps 
containing a trace of a thorium halide excited by 
microwaves emit approximately 20 ,000 lines of uni
formly sharp character and even distribution be
tween 2000 and 12000 A. Since these lines are 
characteristic of heavy atoms and ions of even mass 
(Z=90, A = 232 ) they have relatively small Doppler
Fizeau widths, and are entirely free from hyperfine 
structure or isotope shifts. By imaging a thorium
halide lamp inside a similar one containing H g198 (or 
vice versa) both sources can be caused simultaneously 
to illuminate a Fabry-Perot interferometer and 
stigmatic spectrograph. From the interference pat
terns the wavelengths of thorium lines can then be 
det ermined to 8 figures relative to the previously 
determined values of the mercury lines. The pur
pose of this paper is to present preliminary results of 
such wavelength measurements for 222 radiations 
from thorium, covering slightly more than one octave 
of spectrum. 

2. Light Sources 

The thorium source used in this investigation was 
an electrodeless discharge tube containing a few 
milligrams of thorium iodide and pure helium gas at 
a pressure of 5 mm of H g or less . The tube was pre
pared by O. H. Oorliss in a manner previously 
described [9]. The tube blank is made of Vycor 
glass; it has a bore of approximately 5 mm and a 
length of 11.3 cm. The discharge was excited at a 
frequency of 2,450 Mc obtained from a commercial 
diathermy generator. 

The thorium tube used throughout the investiga
tion was chosen from among several that were made 
at the same time. After a warmup period of 30 to 60 
sec, the tube would glow very brightly for approxi
mately 3 min. At the end of this time the thorium 
spectrum would weaken, and the discharge would be 
confined to a narrow filament near the center of the 
tube, indicating that the pressure in the tube had 
increased. The period of high intensity mentioned 
above was accompanied by a gradual movement of 
the thorium iodide deposit from the top to the bot
tom of the tube. As soon as the thorium spectrum 
began to weaken, the discharge tube was removed 
from its holder, cooled in water, and replaced in an 
inverted position with the thorium iodide deposit 
again at the top of the tube. For many of the 
photographs, this 3-min running timc was sufficient. 
For longer exposures it was necessary to cool ~md 
invert the tube several times. This change could be 
made within 30 sec. 

The primary standard on which the thorium 
measurements were based was a NBS-Meggers 
H g198 lamp [7], that contained 1 mg of H g198 and 
argon at a pressure of approximately 3 mm of Hg. 
The mercury tube was excited by a second dia
thermy generator at the same frequency of 2,450 Mc. 
The H g198 source was cooled by an air stream from a 
small blower. 
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3 . Experimental Method 

The optical arrangement was the same as that 
used by the authors in the previous investigation 
of iron wavelengths from an electrodeless tube [1]. 
For this reason, only a brief description will be given 
here. The Fabry-Perot interferometer consisted oJ 
a luminized quartz plates separated by 3 sets of 
invar pins either 25, 40, or 50 mm in length. Good 
interference fringes were also obtained with plate 
separation of 67.5 mm, but lack of time did not per
mit the exploitation of the higher orders of inter
ference. 

The evacuated « 10- 4 mm Hg) interferometer 
was mounted externally in parallel light. Both 
thorium and H gl98 lamps were placed on the optical 
axis but at right angles to it and parallel to the 
spectrograph slit , so that both sources were ob
served side-on. T he H gl98 lamp was farther from 
the slit so that it could be imaged inside the thorium 
tube. From this point on, light from both lamps 
traveled thc same path t hrough condcnsing lens, 
interfcrometer, projection lens, and thence through 
the slit and spectrograph. The quartz-fluorite 
achromatic projection lens had the proper focal 
length (50 cm or 100 cm) to form six or more circular 
fringes on the spectrograph slit, which was 25 mm 
long and either 0.15 01' 0.30 mm wiel e. Accuracy 
of measurement was thus favored by the large scalc 
of the interference patterns and by a slit width that 
made the fringes approximate rectanglcs. 

Dispersion in the horizontal direction was pro
duced by a 15,000-line-per-inch concave grating in 
the Wadsworth mounting. The curvature of the 
plate bolder was decreased so as to favor the hori
zontal Jocus and thus produce sharp images of the 
Fabry-Perot Jringes from both lamps, simultane
ously over as large a range as possible. This in
strument was used to photograph diametral sections 
oJ interfcrence patterns for waves between 4400 and 
7000 A, with a slit width of 0.30 mm and a reciprocal 
dispersion of 5 A/mm in the first-order grating spec
trum. Because of the higher density of lines in the 
ultraviolet spectrum of thorium, t he region from 
3275 to 4500 A was photographed in the second-order 
grating spectrum with a reciprocal dispersion of 
2.45 A/mm and slit width of 0.15 mm. Under these 
conditions most of the measured interference patterns 
were free from overlaps of neighboring lines, but if 
many more thorium wavelengths are to be measured 
larger grating dispersion or smaller slit width will be 
necessary. In each wavelength range several spec
trograms were made with differ ent exposure times, 
and with slight mechanical-pressure changes in t he 
interferometer spacing to alter t he interference 
configurations or fractional orders for all spectral 
lines. 

The in terJerometcr plates were the same ones used 
previously 1'01' measurements oJ iron and mercury 
wavelengths [1, 12 , 13] . T he last series of measure
ments [13] suggested that the dispersion of phase 
change in the aluminum films was very small between 
3300 and 6000 A, so no correcLions on account of 
phase change were applied to these thorium wavc-
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lengths. No igni flcant differences wer e found be· 
tween resul ts from the 25-, 40-, and 50-mm etalons. 

AU mercury lines that appeared with sufficient 
in tensiLy were measured along with the thorium 
lines. The green (5462.2705 A) and violet (4047.7144 
A) lin es of H gl98 were chosen as standards respectively 
for t he long- and short-wave interfer ence spectro
grams described above. The values of other Hgl98 

lines measured on these spectrograms agreed quite 
well with unpublished wavelengths [13], the greatest 
difference being 0.0002 A. This suppor ts our as
sumption that any possible corrections to these 
thorium preliminary wavelengths on account of 
dispersion of phase-change in the interferometer 
films are negligible. 

The interferograms were m easured at the National 
Bureau of Standards with the interferenee comparator 
designed by K . Burns [14], and at Purdue University 
with a comparator made by Carl Leiss. In order to 
measure as many thorium wavelengths as possible 
wiLhin a given Lime, it was found desirable Lo measu re 
just 5 diameLers of each interference pattern . As 
mentioned before [7], by measuring the diameLers of 
5 inLerference rings, the least-squares evaluat ion of 
the fractional order at t he center may be made wiL b 9 

m inimum of al'itluneLical computaLion because some 
of the steps are easily performed mentally. Even 
with this conservaLion of t ime and labor the tho rium 
wavelengths presented in this paper required the. 
bisection of more Lhan 12,000 interference fringes and 
calculations for more than 1,200 indivi.dual patterns. 

Another way to r educe the t ime and labor involved 
in interferomeLric comparisons of wavelengLbs is to 
begin with the largest orders of inLerference consist
enL wiLh findin g the correct integral order for each 
line. If grating measuremenLs of wavelength are to 
be refined and r eplaced by in terferometric values, t he 
initial orders of in terference should not be so great 
that errors in the grating values lead to wrong in
tegral orders. For example, if a thorium wave
length near 5000 A is to be measured relaLi ve to 
5462.2705 A of H g198, t he whole oreler of Lhe t horium 
wavelength with a 25-mm etalon will be about 
100,000 , and t he error in the grat ing value must be 
less than ± 0.02 A if it is to yield t he correct inLegral 
order. We assumed that the ava ilable grating values 
of thorium wavelengths justified beginning the in ter
ferometric observations wi th a 25-mm etalon and then 
tesLing these values with a 40-mm etalon . If the 
integral orders of interference are in error because of 
too large errors in t he grating values, the 25- and 40-
mm etalon values will differ radically, but iJ the inte
gral orders are correct, the results will agree within 
a very small possible error of observation. This bold 
procedure saved much time and labor by eliminating 
interferometric observations with all smaller etalons 
which do not contribute anything to the accuracy 
attainable with the larger etalons. 

Two independent sets of grating values of thorium 
wavelengths were available, one in the N[]T lVave
length Tables [2] representing wavelengths emitted 
by a thorium arc, and the second representing un
published wavelengths from thorium h alide lamps 
measured by R. Zalubas in the National Bureau of 
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TABLE 1. Thorium wavelengths: grating and interferometer values 

Aa i r Avac Av ac (25 mm) Change Ava c (40 mm) 
in order 

MIT ___________ 4165. 813 4166.987 4166. 9750 - - - - 4166.9832 
NBS ___ ________ 4165. 782 4166. 956 4166. 9403 + 1 4166.9403 

MIL _____ _____ 3869. 639 3870. 736 3870. 7308 - - -- 3870.7416 
NBS ____ _______ 3869. 665 3870.762 3870. 7606 - 1 3870. 7604 

MIL ________ __ 3854. 547 3855. 640 3855. 6333 - - -- 3855. 6222 
NBS ___________ 3854. 512 3855.605 3855. 6036 + 1 385.5. 6035 

MIT __________ _ 3421. 189 3422.170 3422.1673 - - -- 3·122. 1618 
NBEl ____ __ _____ 3421. 215 3422. 196 3422. 1908 - 1 3422. 1910 
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Standards. Both sets were referred to the adopted 
secondary standards of wavelength obtained from the 
iron arc at atmospheric pressure. We gave preferencc 
to the MIT grating values because these were ob
jectively measured and calculated by automatic ma
chines [2], and therefore entirely free from human 
errors. This was a mistake; the only errors in inte
gral orders of 25-mm etalons occurred because of 
errors larger than 0.02 A in the MIT grating values 
as shown in table 1. The first line shows in succcs
sion the MIT 'wavelcngth in air, its value in vacuum 
[15], and discordant results from 25-mm etalons and 
from 40-mm c talons. The second line gi ves similar da ta 
for NBS grating wavelengths, but the results from 25-
and 40-mm etalons are in perfect agrcem~nt, bccause 
the integral orders were corrected as indicated by 
thc NBS grating values. Thc intcrferometric values 
for these four lines show that the MIT grating val
u es have errors of + 0.047, - 0.025, + 0.036, and 
- 0.021 A, respectively, whereas the NBS errors are 
+ 0.016 , + 0.001 , + 0.001, and + 0.005 A. No ex
planation of the large and erratic errors in the MIT 
grating values is offered, but this experience should 
be a warning that some 7-figure MIT wavelengths 
may not be trustworthy beyond 5 figures. 

4. Results 

The thorium wavelengths obtained as a result of 
this investigation are presented in table 2. Since 
th e interferometer was evacuated and the sepaTation 
of the interferometer plates was always expressed 
in terms of vacuum wavelengths of H gl 98 standards, 
all the measured wavelengths of thorium aTe valid 
only in vacuum. Column 1 displays only that part 
of the vacuum wavelength that can be expressed in 
whole angstroms, the fraction that must be added 
to this is given in columns 2, 3, and 4, depending on 
whether it was measured respectively with 25-, 40-, 
or 50-mm etalons. A figure in parentheses following 
each fraction shows the number of individual de
terminations. Column 5 contains the average pre
liminary vacuum wavelength resulting from all the 
observations. In column 6 the vacuum wavelenghts 
of column 5 are changed to values in standard air 
with the aid of Edlen's conversion table [15J. Col
umn 7 quotes unpublished estimated relative in
tensities of thorium lines as given by Zalubas, and 

column 8 indicates the particular spectrum to which 
each wavelength belongs . 

It is a common characteristic of all complex spectra 
that neutral atoms dominate the visible, and singly
ionized atoms predominate in the ultraviolet. In 
these preliminary measurements of thorium wave
lengths with Fabry-P erot etalons no difference in 
character could be observed between the Th I and 
Th II lines, and there is no reason to suspect that one 
category is more accurately measured than the other. 
Unfortunately none of the thorium wavelengths has 
been measured a sufficient number of times with any 
given etaIon to compute a meaningful probable error 
or standard deviation. A considerable number of 
the wavelengths from a given etalon are limited to a 
single observation and a comparison of these with 
the over-all averages may give an impression of the 
uncertainty in individual observations. 

Because of the lack of sufficient observational 
material to calculate probable errors of the thorium 
wavelengths, an attempt was made to test their 
rela ti ve values by means of the com bina tion prinei pIe . 
Although the ThII spectrum has been extensively 
analyzed [16J no recurring wavenumber differences 
were found between Thn lines in table 2. Some
what better fortune was encountered with ThI 
lines. Even though the published analysis of Th I 
is extremely fragmentary [17] it is now being 
extended by Zalubas [18] who has reported that 27 
of our interferometric values of Th I lines test the 
constancy of 4 wavenumber differences, viz., 2869.261 , 
3687.990,5563 .143, and 6362.396 K (=cm- 1) between 
low-energy levels established for neutral thorium 
atoms. These are presented in table 3 as 14 pairs 
of vacuum wavelengths in A, and their reciprocals, 
or vacuum wavenumbers in K. The mean deviation 
of the 14 differences from their arithmetical averages 
is 0.0012 K, that is 1 part in about 20 million. The 
pairs numbered 2 and 3 account for two-thirds 
of the summed deviations; if these are ignored the 
remaining 12 exhibit an average departure of only 
0.0005 K, or 1 part in about 40 million, but this 
may be discounted as accidental. 

The 222 wavelengths (3288.7356 to 699l.5839 A) 
of thorium radiations in table 2 are presented as 
a preliminary set of improved standard wavelengths 
for the measurement of highly-dispersed complex 
spectra. The average interval between these stand-
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TA B LE 2. lVavelengths in thorium s7!etira 

1 2 
I 

3 
I 

4 5 6 7 8 

Fractional angstrom 
·Whole Vacuum Ai r R elaLive Spectrum 

an gstrom inte nsily 
25 mm (obs. ) 40 III III (obs.) 50 mill (obs .) 

6991 5840 (2) 5839 (3) 5839 (1) 6991. 5839 6989. 6562 900 I 
6945 ,5265 (3) 5266 (3) 5263 (1) 6945. 5265 6943. 6112 600 I 
6913 1334 (3) l338 (3) 1333 (1) 6913. 1336 6911. 2264 400 I 
6836 8110 (4) 8 114 (2) 8108 (1) 6836.8110 6834. 9249 75 I 
6830 9Hl6 (2) 9205 (1 ) 9201 (1) 6830. 9200 6829. 0355 150 I 

6758 3170 (3) 3178 (2) 3176 (1) 6758. 3178 6756. 4528 250 I 
6729 3153 (2) 3161 ( 1) 3162 (1) 6729. 3157 6727. 4585 200 T 
6680 - - --- --- 5511 ( 1) 5522 (l) 6680. 5516 6678. 7076 30 I 
666·~ 1088 (40) 1089 (3) 1094 ( 1) 6664. 1090 6662. 2694 250 I 
6660 ------- - 5161 (1 ) 5161 ( 1) 6660. 5161 6658. 6774 50 I 

6595 76 10 (-1) 76 10 (3) 760 (1) 6595. 7610 6593. 0397 200 I 
6593 ------ -- 3059 (1) 3051 (1) 6593. 3055 6591. 4849 100 I 
6590 3595 (4) 3600 (2) 3596 (1) 6590. 3596 6588. 5398 200 r 
6585 7248 0) 7254 (3) 7251 (1 ) 6585.7251 6583. 9065 200 I 
6555 9715 (2) 9710 (4) 9707 (1) 6555.9711 655~ . 1605 100 I 

I 
6533 1468 (.~ ) 1465 (4) 1466 ( I ) 6533. 1467 653 1. 3423 400 I 
6492 53 17 (2) 53 12 ( 4) 5313 (1 ) 6492. 5313 6400. 7378 120 T 
64059 0675 (4) 0678 (3) 0680 (1) 6459. 0677 6-f57. 283·J 500 [ 

6·1I 5 ------- - 3881 (3) 3876 (1) 6·f l5.3880 64 13. 6152 200 I 
64 13 6717 ( -f) 6721 ( 4 ) 6719 (1) 6-U3. 67 Hl MIL 8996 250 I 

637 6939 (3) 6940 (4) 6933 (1 ) 6378. 6939 6376. 93LO 350 I 
63H 6134 (4) 6143 (4) 6135 (1) 6344.6J38 6342. 8600 300 I 
6329 0286 (2) 0285 (4) 0270 (1) G329. 0284 6327.2788 180 I 
6263 1499 (4) 1493 (4) J504 (1) 6263. 1496 6261. 4177 180 I 
6259 1546 (3) 1546 (3) 1548 (1) 6259. 1546 6257. 4237 100 I 

6226 2cJ.9 'i (2) 2-~9") (4) 24094 (1) 6226. 2495 622'1. 5275 100 I 
6208 9379 (5) 9380 (4) 0378 ( l ) 620 . 9379 6207. 2205 160 I 
6193 - - ------ 6188 (1) 6186 (1) 6193. 6187 6191. 90540 100 1 
6184 332~ 0) 3331 (cJ.) 3326 ( l ) 6184. 3327 6182. 62HJ 400 I 
6153 6954 (5 ) 6962 (3) 6959 (1) 6153. 6958 6151. 9932 J20 I 

6J04 2838 (2 ) 2837 (2) 28409 ( 1) 6104. 2839 6102. 59~6 90 I 
6089 7161 (2) 7159 (2) 7160 (1 ) 608n.7J60 6088. 0306 125 1 
6087 05n2 (5) 05n6 (2) 0586 ( I) 6087. 05n2 6085. 37015 100 1 
6050 7258 (2) 7259 (2) 725n ( I) 6050. 725n 6049.05LO 100 I 
6039 369G (5) 3700 (4) 3696 (1) 0039. 36n7 G037. (j978 HO 1 

6022 7042 (1) 7038 (2) -- - - - -- 6022.70-W 602 L 0362 140 I 
6008 7362 ( ·f) 736 1 (4) 73M ( I) 6008.7362 6007.0725 180 1 
5n76 7202 (2) 7208 (4) 7213 ( I) 5976.7207 5U75. 0656 250 1 
5975 3202 (5) 3196 (4) 3193 ( 1) 5975. 31nn 5973. 665l 250 I 
5910 4710 (4) 4708 (4) 40708 ( 1) 5940. 4709 5938. 8255 140 I 

5887 3325 (1) 3331 (1) 3329 (1 ) 5887. 3329 5885.7017 120 I 
5854 3043 (4) 3033 (2) 3053 (1) 5854. 3040 5852. 6817 200 I 
5805 7508 (5) 7507 (4) 750n (1 ) 5805. 7508 5804. 1414 300 I 
5792 2686 (5) 2686 (3) 2683 (1) 5792. 2686 5700. 6629 - -- - - - H g'OS 
5791 2494 (3) 2495 (2) 2492 (1) 579 1. 2494 5789.6-[39 200 I 

577 1 1983 (5) 1983 (4) 1980 ( 1) 5771. 1983 5769. 5982 --- -- - H gl91 
5762 148-f (4) 1489 (4) 1480 ( I) 5762. 1487 5760.55 10 600 I 
5726 9766 (1) 9771 (3) ------- - 5726. n770 5725.3887 250 I 
5708 6864 (4) 6870 (4) 6872 (1) 5708. 6867 5707. 1033 200 II 
5659 - - - ---- - 496:3 (I) ..)·958 (1) 5659. 4960 5657. 9258 100 I 

5641 3109 (:3) :3122 (:3) 3120 (1) 56-H. 3115 5639.7,1.61 250 II 
5616 8789 (2) 8790 (4) ----- - - - 5616. 8790 5615. 3202 350 I 
5588 5775 (5) 5780 (5) 5781 (I) 5588. 5778 5587. 0265 500 I 
5580 90n (:3) 90 0 (4) 9080 (1) 5580. 9077 5579. 3585 300 I 
5574 9014 (4) 9015 (4) 9010 (1) 5574. 9014 5573. 3538 350 I 

5559 8862 (:3) 8862 (4) 8859 (1) 5559. 8862 5558. 3-f26 400 I 
5549 7171 (4) 7169 (3) 7172 (I) 5549. 7170 5548.1761 300 I 
5540 8001 (5) 8000 (5) 7999 (1) 5540. 8000 5539. 2615 400 I 
5511 5243 (4) 5247 (4) 5238 (1) 55). 1. 5244 5509 9937 300 I 
5500 7828 (5) 7831 (5) 7831 (1) 5500. 7830 5 199. 2552 250 I 
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TABLE 2. Wavelengths in thorium spectra-Continued 

1 2 
I 

3 
I 

4 5 6 7 8 

Fractional angstrom 
Whole Vacuum Air Relative Spectrum 

angstrom intensity 
25 mm (obs.) 40 mm (obs.) 50 mm (obs.) 

5462 2705 (5) 2705 (5) 2705 (1) 5462. 2705 5460. 7530 ------ Hg 198 

5453 7338 (1) 7343 (2) ----- - - - 5453. 7341 5452. 2188 250 I 
5432 6213 (4) 6211 (2) 6216 (1) 5432. 6212 54.31. 1116 300 I 
5427 1859 (2) 1865 (3) ----- - -- 5427. 1863 5425. 6781 250 II 
5418 9915 (5) 9916 (5) 9916 (1) 5418. 9916 5417.4856 200 I 

5409 1568 (4) 1570 (3) 1573 (1) 5409. 1569 5407. 6535 200 I 
5388 1093 (1) 1083 (1) 1087 (1) 5388. 1087 5386. 6109 300 I 
5345 0672 ~3) 0678 (3) 0681 (1) 5345. 0676 5343. 5813 500 I 
5328 4573 (3) 4575 (3) 4572 (1) 5328. 4574 5326. 9755 400 I 
5278 9691 (2) 9687 (2) ----- --- 5278. 9689 5277. 5002 400 II 

5259 8245 (3) 8245 (3) - ------- 5259.82'15 5258. 3609 300 I 
5232 6158 (3) 6160 (3) ------- - 5232.6159 5231. 1596 900 I 
5178 4028 (3) 4023 (3) -------- 5178.4025 5176. 9606 400 J 
5160 0408 (3) 0413 (3) ----- --- 5160. 0411 5158. 6041 700 I 
5155 6781 (1) 6789 (3) -------- 5155. 6787 5154. 2429 400 I 

5116 4694 (2) 4700 (2) ------- - 5116.4697 5115.0443 250 I 
5069 3865 (2) 3870 (2) -------- 5069. 3868 5067.9739 900 I 
5051 2039 (2) 2039 (2) -------- 5051. 2039 5049. 7959 400 II 
5030 0581 (2) 0594 (2) -------- 5030 0588 5028. 6564 400 II 
5018 6537 (3) 6542 (2) -------- 5018. 6539 5017. 2545 500 II 

5003 4922 (3) 4922 (2) -------- 5003. 4922 5002. 0968 400 I 
4941 0205 (4) 0204 (2) -------- 4941. 0205 4939. 6417 350 I 
4921 1894 (3) 1886 (2) -------- 4921. 1890 4919. 8155 600 II 
4896 3214 (4) 3216 (2) - ---- --- 4896. 3215 4894. 9546 350 I 

I 
4880 0950 (2) 0965 (1) ---- --- - 4880. 096 4878.733 200 I 

4866 8360 (2) 8360 (1) 4866. 8360 4865. 4769 350 I --------
4864 5306 (3) 5309 (1) ---- ---- 4864. 5307 4863. 1722 1000 II 
4842 1949 (2) 1953 (2) ------ -- 4842. 1951 4840. 8426 400 I 
4809 4775 (3) 4770 (2) --- ----- 4809. 4773 4808. 1334 350 I 
4790 7254 (3) 7259 (2) -------- 4790.7256 4789. 3867 300 I 

4767 9328 (2) 9334 (1) -------- 4767. 9330 4766. 6001 200 I 
4753 7427 (2) 7432 (2) ----- - - - 4753. 7430 4752. 4139 500 II 
4705 3059 (3) 3060 (2) ------- - 4705. 3060 4703. 9897 500 I 
4687 5062 (2) 5055 (1) -------- 4687. 5060 4686. 1944 1200 I 
4674 9691 (2) 9689 (2) -------- 4674. 9690 4673. 6608 600 I 

4669 4787 (3) 4789 (2) -------- 4669. 4788 4668. 1720 700 1 
4664 5076 (1) 5076 (2) -------- 4664. 5076 4663. 2021 200 I 
4633 0584 (3) 0583 (2) ----- - -- 4633. 0583 4631. 7611 1100 I 
4596 7072 (3) 7085 (1) -- --- --- 4596. 7074 4595. 4198 600 I 
4589 7122 (2) 7124 (1) -------- 4589. 7123 4588. 4266 400 I 

4572 2522 (2) 2533 (1) --- - --- - 4572. 2526 4570. 9715 500 I 
4557 0912 (2) 0890 (1) -------- 4557. 090 4555. 813 500 I 
4536 5251 (2) 5266 (1) -------- 4536. 526 4535. 254 300 I 
4511 7906 (3) 7910 (2) -------- 4511. 7908 4510.5257 800 II 
4494 5941 (3) 5942 (2) ------- - 4494. 5941 4493. 3335 1200 I 

4483 4270 (3) 4269 (2) -------- 4483. 4270 4482. 1694 300 I 
4466 5936 (3) 5940 (3) ----- --- 4466. 5938 446.5. 3406 300 II 
44.59 2.531 (.5) 2.530 (3) -------- 44.59. 2.531 44.58. 0018 600 I 
4446 .5.562 (2) 5561 (2) -------- 4446. 5561 444.5. 3082 300 I 
4434 2074 (4) 2076 ~2) --- - ---- 4434. 207.5 4432. 9628 600 II 

4410 1211 (.5) 1210 (3) -------- 4410. 1211 4408. 8828 600 I 
4404 1635 (.5) 1641 (3) -------- 4404. 1637 4402. 9270 400 I 
4402 8179 (1 ) 8183 (1) -------- 4402. 8181 4401. 5817 400 I 
4392 3440 (7) 3440 (2) -------- 4392. 3440 4391. 1104 3000 II 
4383 0917 (.5) 091.5 (2) ------- - 4383. 0916 4381. 8604 900 I I 
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TABLE 2. 'Wavelengths in th01'inm spectra- Continued 

1 2 
I 

3 
I 

4 5 6 7 8 

vVhole 
Fractional angstrom 

Vacuum Air Relative SpecLrum 
angstrom in tensity 

25 mm(obs.) 40 mm (obs.) 50 mm (obs. ) 

4379 4069 (5) 4072 (2) ---- - --- 4379. 4070 4378. 1768 500 I 
4375 3535 (2) 3538 (J) -------- 4375. 3536 4374-. 1244 600 I 
4367 1572 (5) 1575 (2) - - ------ 4367. 1573 4365. 9303 600 I 
4359 5624 (4) 5624 (3) -------- 4359. 5624 435fl. 3374 -- ---- Hg198 
4343 4765 (4) 4760 (2) -------- 4343. 4763 4342. 2555 300 I 

4332 0620 (3) 0617 (1) ------ - - 4332. 0619 4330. 8441 300 I 
4319 6302 (1) 6307 (1 ) -------- 4319. 6305 4318.4160 700 I 
4316 4681 (3) 4681 (2) -------- 4316. 4681 4315. 2544 400 I 
4308 3878 (3) 3878 (2) -------- 4308. 3878 4307. 1763 700 I 
4301 0490 (3) 0486 (1) -------- 4301. 0489 4299. 8393 600 I 

4203 0]76 (3) 0178 (2) ------- - 4293. 0177 429 1. 8102 400 I 
4278 5178 (3) 518t (2) -------- 4278. 5179 4277. 3142 ]200 II 
4274 5599 (3) 5603 (2) -------- 4274.5600 4273. 3574- 1000 II 
4258 69-16 (3) 6941 (2) -------- 4258. 6944 4257. 4959 700 I 
4236 6563 (3) 6560 (1) -------- 4236. 6562 4235. 4635 600 I 

4231 6]83 (3) 61S0 (1) -------- 4231. 6182 4230. 4268 GOO I 
42 16 0152 (2) 0 161 (1 ) -------- 4216. 0156 4214-.8283 200 

I 
I 

4210 0766 (3) 0762 (2) -------- 4210.076-1 4208. 8907 3000 II 
4194 1981 (3) 1980 (2) -------- 4.194. 1980 4193.01G.5 900 I 
4179 2375 (3) 2374 (2) -------- 4179. 2374 4178.0598 3000 II 

4166 9403 (3) 9403 (2) -------- 4166. 9403 '1165. 7659 1000 I 
4159 7078 (3) 7074 (2) -------- 4159. 7076 4158. 5351 800 I 
4151 1566 (3) 1570 (2) -------- 4151. 1568 4149. 9865 800 II 
4133 9191 (3) 9191 (1) -------- 4133.9191 4132. 7534 600 II 
4128 5761 (3) 5759 (2) -------- 4128. 5760 4127.4117 1400 I 

4116 9199 (3) 9201 (2) -------- 4116. 9200 4ll5. 7587 800 I 
4109 5788 (3) 5791 (1) -------- 4109.5789 4108. 4195 800 II 
4101 4985 (3) 4984 (2) -------- 4101. 4984 4100. 3412 1100 I 
'1095 9025 (3) 9031 (2) -------- 4095. 9028 4094. 7470 1600 II 
4087 6743 (2) 6739 (2) -------- 4087. 6141 4086. 5205 1600 II 

4068 5993 (3) 5992 (2) -------- 4068.5993 4067. 4507 400 I 
4060 3990 (3) 3991 (2) -------- 4060. 3990 4059.2525 1000 I 
4047 7144 (3) 7144 (2) -------- 4047. 7144 4046. 5712 ------ IIgl9S 
4044 5366 (3) 5371 (2) -------- 4044. 5368 4043. 39·15 800 I 
4037 1880 (3) 1878 (2) -------- 4037. 1879 4036. 0475 1800 I 

4020 26.J.9 (4) 2649 (2) -------- 4020. 2649 4019. 1289 4000 II 
4013 6295 (3) 6292 (2) -------- 4013. 6293 4012.4950 2000 I 
4009 3433 (3) 3438 (2) -------- 4009. 3435 4008. 2104 1600 I 
3995 6786 (3) 6787 (2) --- - ---- 3995. 6786 3994. 5490 ]200 I 
3981 2147 (3) 2153 (2) ---- - -- - 3981. 2150 3980. 0892 1100 I 

3968 5145 (3) 5142 (2) ------- - 3968. 5144 3967. 3919 2000 I 
3950 0814 (2) 0810 (1) -------- 3950. 0813 3948. 9636 1000 I 
3934 0243 (3) 0243 (1) - -- -- --- 3934. 0243 3932. 9108 1400 I 
3924 9103 (3) 9106 (1) -- - - - --- 3924.9104 3923. 7993 400 I 
3906 2992 (2) 2926 (1) - ---- - - - 3906. 2924 3905. 1861 1500 II 

3870 7606 (2) 7604 (2) -------- 3870. 7605 3869. 6635 600 I 
3864- 5008 (3) 50ll (2) --- - ---- 3864. 5009 3863. 4055 1200 II 
3855 6036 (3) 6035 (2) -------- 3855. 6036 3854. 5105 1200 II 
3843 0497 (3) 0499 (2) -------- 3843. 0498 3841. 9600 1200 II 
3840 7829 (3) 7837 (2) -------- 3840. 7833 3839. 6941 2500 I 

3829 4707 (3) 4709 (2) -------- 3829. 4708 3828. 3845 3200 I 
3819 7691 (1) 7692 (1) --- - ---- 3819. 7692 3818. 6855 500 I 
3814 1497 (3) 1497 (2) -------- 3814. 1497 3813. 0674 1200 II 
3804 1545 (3) 1550 (2) -------- 3804. 1547 3803. 0750 4000 I 
3786 6748 (1) 6749 (1 ) ----- - -- 3786. 6749 3785. 5997 1000 II 
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TABLE 2. TVavelengths in thorium spectra- Continued 

1 2 
I 3 I 4 5 6 7 8 

Fractional angstrom 
'Yholc Vacuum Ail' R ehtive Spectrum 

angstrom intensity 
25 mm (obs.) 40 mm (obs. ) 50 mm (obs.) 

3782 0398 (1) 0-105 (1) -------- 3782. 0402 3780.9663 350 I 
3772 4418 (3) 4418 (2) - ------- 3772. 4418 3771. 3703 1500 I 
3764 0037 (3) 0027 (2) ------ -- 3764. 0032 3762. 9345 1200 I 
3753 6349 (3) 6353 (2) ------ -- 3753. 6351 3752. 5685 3500 II 
3743 9£71 (3) 9873 (2) -------- 3743. 9872 3742. 9231 1100 I 

3728 9626 (3) 9622 (1) ---- - - -- 3728. 9624 3727.9022 800 I 
3720 4924 (3) 4926 (1) ----- - -- 3720. 4925 3719. 4345 3000 I 
371 2 3595 (2) 3597 (2) ----- --- 3712. 3596 3711. 3037 600 II 
3702 0310 (3) 0313 (2) ------- - 3702. 0312 3700. 9780 300 I 
3693 6171 (3) 6171 (2) ---- ---- 3693. 6171 3692. 5661 1200 I 

3683 5343 (3) 5347 (2) --- ----- 3683. 5345 3682. 4861 1000 I 
3671 0137 (1) 0141 (1) -------- 3671. 0139 3669. 9687 750 I 
3669 1842 (3) 1844 (2) ----- --- 3669. 1843 3668. 1396 1000 I 
3657 7352 (3) 7354 (2) ---- - - -- 3657. 7353 3656. 6936 1000 I 
3651 1962 (2) 1971 (1) -------- 3651. 1967 3650. 1566 - -- --- H gl98 

3643 2866 (3) 2867 (2) ------- - 3643.2867 3642. 2487 2200 I 
3633 8656 (3) 8654 (2) -------- 3633.8655 3632. 8299 1000 I 
3623 8282 (:3) 8280 (2) -------- 3623. 8281 3622. 7951 800 I 
3616 1633 (1) 163-1 (1) --- - ---- 3616. 1634 3615. 1324 2000 II 
3613 4575 (3) 4573 (2) -------- 3613. 4574 3612. 4271 1400 I 

3599 1459 (:3) 1464 (2) -------- 3599. 1462 3598. 1196 2000 I 
359:3 80-10 (3) 8042 (2) -------- 3593. 8041 3592. 7788 2000 I 
3585 1985 (2) 1981 (2) ------- - 3585. 1983 3584. 1753 800 I 
3577 5786 (:3) 5782 (2) ---- ---- 3577. 5784 3576.5573 1000 II 
3568 2818 (3) 2825 (2) ---- ---- 3568. 2822 3567. 2635 1200 I 

3560 4658 (1) 4657 (1) ----- - -- 3560. 4657 3559. 4490 2500 II 
3552 4161 (3) 4158 (2) -------- 3552.4159 3551. 4013 1000 I 
35-15 0306 (3) 0300 (2) -------- 3545. 0303 3544. 0176 1500 I 
3540 5980 (3) 5983 (2) ------- - 3540. 5982 3539. 5867 4000 11 
3519 409-1 (3) 4095 (2) -------- 35 19. 4094 3518. 4033 1000 I 

35 12 1610 (3) 1613 (2) ------- - 3512. 1612 3511. 1570 1000 I 
3504 7880 (1) 7870 (1) -------- 3504. 7875 3503.7852 500 I 
3499 6215 (:3) 6216 (2) -------- 3499. 6216 3498. 6206 900 I 
3494 5174 (2) 5174 (1) -------- 3494.5174 3493.5177 2000 II 
3'180 1680 (3) 1688 (1) ---- ---- 3480. 1683 3479. 1723 800 II 

3469 2126 (3) 2125 (2) ------- - 3469. 2125 3-168. 2193 2000 II 
3463 8419 (2) 8-117 (2) -------- 3463. 8418 3462.8500 2000 II 
3'152 6910 (3) 6908 (2) -------- 3452. 6909 3-15 1. 7019 900 I 
34-13 5652 (3) 5651 (2) ---- ---- 3443. 5651 3442. 5785 800 I 
3434 9827 (3) 9831 (2) -------- 3434. 9829 3433. 9985 3000 II 

3422 1908 (3) 1910 (2) -------- 3422. 1909 3421. 2097 2500 I 
3'113 9918 (3) 9918 (2) ----- --- 3413.9918 3413. 0127 1800 I 
3406 53,1,6 (:3) 5348 (2) -- - ----- 3406. 5347 3405. 5575 1400 I 
3397 7021 (3) 7022 (2) ------ - - 3397. 7022 3396.7273 1400 I 
3393 0083 (1) 0087 (1) - - ------ 3393. 0085 3392. 0348 6000 II 

3386 5033 (3) 5030 (2) ----- --- 3386. 5032 3385. 5312 800 II 
3381 8300 (3) 8305 (2) -------- 3381. 8303 3380. 8595 900 I 
3375 9438 (3) 9440 (2) ----- --- 3375. 9439 3374. 9746 1600 I 
3359 5663 (3) 5668 (3) - ------- 335 9. 5666 3358. 6014 2000 II 
3352 1910 (3) 1913 (2) -------- 3352. 1911 3351. 2278 2500 II 

3338 8296 (3) 8297 (2) ------- - 3338. 8296 3337. 8697 2000 II 
3331 43,1,7 (2) 4343 (1) ---- ---- 333 1. 4345 3330. 4765 1800 I 
3326 0765 (3) 0768 (2) -------- 3326. 0767 3325. 1201 3000 II 
3325 7088 (3) 7088 (2) -----. - -- 3325. 7088 3324. 7523 2000 II 
3310 3174 (3) 3180 (2) -- - ----- 3310. 3176 3309. 3650 800 I 

3305 189-1 (3) -------- - - - - ---- 3305. 1894 3304. 2381 3000 I 

I 
3293 4685 (3) 4686 (1) ----- - -- 3293. 4685 3292. 5202 3000 II 
3288 7355 (3) 7357 (2) --- ---- 3288.7356 3287. 7885 1600 II 
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T AB !'"" 3. T e.sl oJ Til I wavelength s 
, 

Line pair Wavelength \V:lven ll mbl' r \Vavenlllllber 
difference 

----- --

A J( 1( 

I r 4494. 5941 22248. \)50 286\). 260 I. 5160. 0411 1\)379. 690 

2 { -l375. 353() 22855. 296 286\). 255 5003. 4\)22 19986. 041 

3 { 3840. 7833 26036. 356 28G\). 267 43 lG. 4681 23167. 089 

-I r 3643.2867 27447. H4 2869. 261 I. 4068. 5993 2-!578. 483 

t) r 35UU. ] 462 27784.367 28GU.261 l 4013. 6293 2-1915. 106 

(j { 333 1. 4345 30017.099 286!).26 1 
3683. 5345 27 J-! 7. 38 

7 r 33 10. 3176 30208. 582 286!J. 26 1 I. 3657. 7353 27339. 321 

8 r ~.g!J6. 321.5 20423. 4\)5 3687. 989 
1. 5U 75.3199 16735. 506 

\J { 3829. 'J708 26 11 3.260 3687. 989 4459. 2531 22425. 280 

10 r 3305. ] 89-l 30255. 452 3687. 903 
1. 3764. 0032 26567. 459 

J1 r ~.g96 . 32 15 20-J23.495 55G3. 1-.3 l 6729. 3 157 1 ,1860. 352 

12 { 4258. 69-14 2348J. 375 5563. J43 5580. \)077 17918. 232 

13 { 410-[. -1 98~ 2-1381. 333 6362. 3% 5549.7170 18018. 937 

I. ~ r 4037. J870 2 ~ 769. 7 16 6362. 3\)G 
II. 5432.62 12 18407. 320 

,-

an.ls is 10 A from 3300 Lo 4300 A, 17 A from 4300 Lo 
5300 A, 23 A from 5300 to 6300 A, and 30 A from 
6300 to 7000 A. This distribuLion according to 
wavelength corresponds closely to an average spacing 
of standards at intervals of 72 K on a wavenumber 
scale tlU'oughout the range 14300 to 30400 K. 
Since spectra are always measured in wavelength 
units, but interpreted in wavenumber units (pro
pOl'tional to energy) this is suggested as the ideal 
distribu tion of secondary standards of wavelength . 
It is emphasized again that the values in table 2 
a,re only a preliminary list which should be refined 
by comparing still higher orders of interference, and 
perhaps measuring still more wavelengths to de
crease tbe intervals between standards. 

The present list of 222 thorium wavelengths in 
Lable 2 may serve for immediate direct measuremen t 
of complex pcctra from 3300 to 7000 A, and by 
photographing Lhe e standards in a grating's second
order spectrum and doubling the valu es, they may 
serve also for t he measuremen t of spectra from 6600 
to ]4000 A phoLographcd in the grating's flrst order. 

Finally, Lhe most important next s tep is Lo ex
tend the measuremen t of wavelengths from thorium
halide lamps Lo shorter waves, that is from 3300 to 
2000 A or less. "When this is done the iron arc at 
atmospher ic pressure may be abandoned as a source 
of standard wavelengt,bs (except for rough measure
men ts) bu t still retain ed as an aid in recognizing the 
t horium standards. Because of Lhe highly complex 
characLer of t horium spectra, and t be lack of striking 
groups of lin es or useful maps, it will be cO llvenient 
(and perhaps neccssary) to juxLaposc the simpler 
and more familiar specLrum of t he iron arc £01' pur
poses of orien Lation . 

R. W. Stanley acknowledo'es the sllpporL received 
from a granL of tJlC National Science Foundation . 
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