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CHAPTER 1
INTRODUCTION

A study of the impact of a hypervelocity micrometeorite on alumi-
num was started as an analytical project in 1958 under the direction
of Dr. F. C. Todd. Experimentally, it was known that such an impact
produced a dense, short lived plasma and that a crater was formed in
the aluminum target.

The analytical study at Oklahoma State University resulted in a
hydrodynamic model for the plasma. To test the theory and suggest
improvements, several experiments were proposed. Three means of pro-
ducing a spherical aluminum plasma to simulate such an impact were
degigned. They include a vacuum spark-gap, an exploding wire and the
impact of the giant pulse from a laser on an aluminum target,

To obtain data from these plasmas, a spectrograph was designed
and constructed by R. D. Payne. The spectrograph has no lens. It em-
plcys a grating that is ruled on a concave mirror. The entrance slit,
the center of the ;uling and the film lie on the Rowland circle in the
"so-called" Rowland mounting. The mounting employs grazing incidence
(86°) and is entirely enclosed in a chamber which may be evacu;ted. In
its current mode of operation, the range of the spectrograph is from
150 to 1400 angatroms. At 320 angstroms two lines which are separated

by 2.4 angstroms are approximately 0.8 cerntimeters apart. The resolv-




ing power is increasingly larger at shorter wavelengths and is decreas-
ingly smaller at longer wavelengths.

The indentification of the ions present, determination of the
relative abundances of the ions and the deteruination of plasma temper-
atures are among the measurements that may be made with the spectro-
graphi. Temperature determinations and the calculation of relative
abundances require intensity measuremente as well as the separation of
the spectral components.

This report describes the work that is necessary to obtain these
measurements. Data on the emission lines in the spectra of Al I
through Al VIII was compiled from previously published work. This
information may t» employed to identify the lines and to predict the
relative abundances ot the ions. A study of several methods of car-vy-
ing out the temperature determination was completed and necessary
auxiliary data was compiled. To illustrate the uge of the compiled
data, the spectrum from the breakdown of a vacuum spark-gap was consi-
dered and the ions f:rrom Al+2 to A1+6 are identified. As no means of
measuring intensity was available, only a qualitative attempt was made
to determine the relative abundances. For this particular case, the
evidence of the relative intensities show that “he ions are not in
temperature equilibrium and the intensities indicate the nature and
prcbable reason for the failure to have a temperature equilibrium.

The exploding wire and twin-ruby laser were not operational in
time to include the results from these devices in this study. A simi-
lar analysis of spectra from each of these will be carried out at a

later date.




CHAPTER II

TEMPERATURE MEASUREMENTS

Introduction

The overall objective of the program for which the work in this
thesis is one phase, is to determine the characteristics of plasmas by
experiment and to correlate these measurements by obtaining analytical
expressions for the experimental results. Since the plasmas are prob-
ably not in equilibrium at the time that they are formed, it i- parti-
cularly desirable to simultaneously determine the relative abundance of
the ions of different species (singly, doubly, etc. ionized). When
these relative abundances are determined, it may be feasible, as was
suggested many years ago, to define a temperature for the kinetic energy
of the plasma and another temperature for the ions. In contrast, there
may be a single temperature for the kinetic energy and the densities of
the ionic species may have po temperature based relation to each other.
A preliminary analysis of the results on the overall program up to this
time, and of the results from this thesis appear to indicate that the
latter is the case for the vacuum spark between aluminum electrodes.

Comments on the Following Methods for Temperature
Evaluation in This Proiect
The following survey from the literature presents three methods

of determining the temperature by means of spectral studies. These




surveys are given to demonstrate that it is impossible to determine the
temperature from the information on the spectra that is obtained with
this application. Each of the following three methods are applicable
under the proper conditions which are discussed in the survey and in the
original articles.

The line to continuum method does not require serious considera-
tion for this project. From the preliminary measurements by Willis with
the quadrupole mass filter, it is known that the ions and the excited
atoms have roughly the same effective temperature with respect to their
kinetric enmergy. This energy corresponds to about 1.1 electron volts.
The peak of the continuum radiation from the spark should, according to
this measurement, be centered at about 10,000 angstroms. It is certain-
ly not in a range that is recorded by available spectrograph.

The second method from the literature is concerned with relative
line intensities. The rough estimatc of population intensities from
this work and the effective kinetic energy from the quadrupole mass
filter show that the relative intensities of the lines in the region
that is covered by this equipment cannot be employed. The appiication
requires that the excited ions have a density that is determined by the
Boltzman relation. Since the effective, kinetic energy temperature is
about 1,1 electron-volts, local thermodynamic equilibrium requires that
the ratio of the density of ions and atoms at 1.1 eV to the density of
ions that require about 160 eV to ionize is roughly the ratio of 1 to
QTJSO“ This would be almost infinitely large; i.e. there would be no
Al+6 ions. In addition, the "eye ball" estimate of the relative number
of ions of each specie cannot satisfy the Boltzman relation. This means

that local thermodynamic equilibrium cannot exist.




There is no reason to make any comments on the relative continuum
intensities. The continuum intensities are not recorded by the film

and data exists for the purpose of comparison.
Relative Line To Continuum Intensities

Looking first to relative line to continuum intensities. Cooper
(1960) and Griem (1964) state that this method is restricted to pure
gases or when oscillator strengths and continuum emission coefficients
are accurately known. Assuming they are known, the development by
Cooper is followed,

The total intensity of a given line for path length D in the opti-

cally thin case is

(D I, = FAGO 0, () D

where v frequency of line

A = coefficient of emission,
and nz_l(p) = number density in the uppzr state, p.
If the upper state is in equilibrium with electrons and the next

higher ionization ground state, nz_l(p) may be stated in terms of Saha's

equation.

(2) n (p) = EEZLEE? n n (1) §.2_$_5%3/2 expg?z-l(w)_Ez-l(p)—AE Z-ffﬁ
z-1 2gz(l) e z _mkT kT ‘)
where gz—l(p) = statistical weight of level p

n, = number density of electrons
nz(l) = number density of ground state of z ion,
Ez_l(w) = jonization energy of single z-1 ion

E 1(p) = energy of level p.

AE 1(°°) = lowering of Ez—l(m) due effect of collection of
ions.




Expressing A (p,q) in terms of oscillator strengths, fqp’ and

statistical weights,
222
81 e v

- 8@
(3) Ap.a) g(p) fq.p mc

Then, making the proper substitutionms, )
ngn 2\3/2 (o) _ (P) -6
(4) I.=D hy Z Zﬂh Sﬁzezvz fqp exp 2l ETE# Z
mkT E,- l(q)—-—-g—— AT

81 g (1)
Continuum radiation which needs to be considered here is two type

types: Bremsstrahlung and recombination. Bremsstrahlung is radiation
arising from transition of an electron from one free state to another,
Physically this is due to collisions between electrons, between ions,
or between ions and electrons. In a plasma electron-ion collisions
dominate., (Griem, 1964). Recombination radiation is that emicted when
an electron goes from a free state to a bound state, i.e., recombines
with an ion.

The intensity of Bremsstrahlung and recombination radiation, B+R,
2

for a wavelength interval, A=z V, centered at the line being used is

(5) —pB7 _ Bethz 2*F
Q( >‘) 3/1/"’ b m‘C gﬂ“%ﬁ gFT_(—%—;‘_:W"

Fouay ool 555)

n
ZEn\ he E, ) oAcD
[n’:n (kT) ””f’g ETRT ) M
where E_ = ionization energy of hydrogen

H
*

is a level above which states are close enough together
to be treated as a continuum.

and B and By, = free-free and free-bound Gaunt factors.
Using the relations,

Ep=285 ; h3 “Eealm-Fald)

-




we then get

E?-N‘?" z;L€4g
o I D Y304, p {52
\adl
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Several advantages are noted for this formula. It is independent

of electron and ion densities and the lowering of the ionization poten-
tial cancels. The only remaining factors which are not accurately de-
termined are the oscillator strengths and Gaunt factors. The line
intensity, It’ is that of the entire line profile. Correction is also
necessary for the continuum umder the line, which can be made by extra-
polation from the line wings.,

The main problem in applying this to aluminum would be separation

of the continuum intensity due to the different ions present.
Relative Line Intensities

When local thermodynami: equilibrium (LTE) holds, a very reliable
method is the comparison of relative intensities for line emission.
The method is accurate. over the range 75,000 °K to 5x105 k. Actually,
two methods are used in the comparison of line intensities. One can
select lines from the same ionization stages; or lines from successive
ionization stages. The greater separation of the energy levels in-
volved in lines from successive ionizations generally make it the more
accurate.

The relations for lines from the same ionization will be looked

at first. It should be noted that hydrogenic systems were assumed in

the derivation of the equations used. The developments here follow




those in Griem (1964).
The assumption of LTE leads to the relation for the total inten-

sity, I, for the transition from the level m to n,

3
@ T hwme g
I N

mn 2mC
where ro - classical radius of the electron

fmn = absorbtion oscillator strength
&, and g, = statistal weights of i(he levels m and n
Nm = density of atoms (n ions) in state m

w = frequency of line
and the remaining symbols are constant having their usual meaning. The
assumption LTE also implies the relation for densities of atoms in the

states m and n of the same ionizationt
© Moo g 2ol )
N Im MP(‘EM/&T)

where in addition to the above definations,

En = energy of the level, n
and
T = kinetic electron temperature.
Then, taking the ratio of the intensity of two lines,
] t \
9 1I' g'\3gn§2fmn Nm
I W ' g f N
m °n mn m

1]
From Eqn, (8) we can substitute for N m . Then,

I w ! f G kT
m °n mn m
or 3 g f! E -E'
(10) 1' [x ) g n mn exp m  m
I {2 g f kT
n mn




or
(1) kT = P
1a I'X33nfmn

The largest uncertainties in this relation are from the determin-
ation of oscillator strength, f; the intensities, I; and the relative
small separation of the energy levels. The intensity error is purely
experimental, depending on choice of lines, and calibration proceedures.
Determination of oscillator strengths will be discussed later.

As was mentioned earlier using lines from successive ionizations,
which increases the separation of the energy levels involved, will im-
prove the accuracy.

In addition to equations (7) and (8). The following relation for

ion densities from successive ionizations is needed.

2 . 2 -l
Ne N2 2.9% (kT 7> [

w 7 (g ) wp(-

where Ne electron density

N1 ground state density

Ex~

ionization energy
and the other symbols have the same meaning as before. The superscripts
Z and Z~1 refer to ionization, Z-1 being the lower,

Taking the intensity of two lines, the one from the higher ioniza-
tion has that ground state for its lower level because of the occurrence

of le in equation (12).
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o T E NG

mn
From (8)
(14) N*- ,\/ 9
m I ‘9—7
Then,

m T5 ) gt A\ El-E
| )’:Z‘"@i‘)(?" (m (”"')’”‘7" )

Substituting from (12) for the ratio N1
z-1
N

2 N 3. > 'cm( (ml\T:’/z. g
s (S e

but, refering all energies to the z-1 ground state;

2 z2-|
E’ = ECO
and
2 2 -| P
E;lv\ = ) + E;rn
Also, correcting for the lower of the ionization potential in a
plasma, -AEZ 1

, we have,

P! 9\ ) :'EI)% (E:-e:-us:uaz-)
(16) I (‘?)(3? ( 2'| Mg)(?\’ﬁ# P T

M'\
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The major difficulty in the use of the equation that is derived
above 1s the introduction of the electron density, Ne. This method 1s
valid for large electron densities, i.e., Ne - 1018; provided LTE
exists. For electron densities even greater than this, the method is
very precise. The use of multiplie ionized ions often lead to further
inaccuracies. Often the LTE assumption is not as valid, and more dif-
ficulty is found in calculating oscillator strengths.

0 IV and 0 V; however, have been used with reasgonable accuracy.
(Griem, 1964). The configuration of these lons are similar in nature

to those of Al III and Al IV, which have been detected in the spark-gap

produced plasma.
Relative Continuum Intensities

The comparison of relative line intensities offers a very accurate
method of determining temperature using ultraviolet data, providing
certain conditions, which have been listed, exist. Relative continuum
intensities, however, are independent of most of these restrictions,
particularly LTE. Relative continuum intensities then offer what is
perhaps the best method of determining plasma temperatures.

Continuum radiation can arise from a multitude of sources. For
temperature measurement, in the spectral region under considerationm,
only three types of radiation need be considered. They are black body,
Bremsstrahlung, and recombination.

The problem is usually to determine what type of radiation pre-
dominates in a given spectral region. At frequencies for which the
abgorbtion length is less than the plasma radius, the radiation is black

body. When the ebsorbtion length is large compared to the plasma
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radius, the radiation is Bremsstrahlung. (Daweon, 1964). The inverse

of the absorbtion length is

< = (L7 <15®) 2NE L A /7—7)1"
39T (AT (1-Z5)*

where, kT is in electron volts,

M
ip P,

thermal velocity of the electrons

RS

kuP:2m2¢- plasma frequency

P = minimum impact parameter

min 2 y
= maximum of %— or 'k(me"kT> -

Assuming that the plasma consists primarily of Al V (Z=4), that
Nd<k4018 and that kT%30 eV (values seem reasonable from Bruces work).
1n]\ is always of the order 10. Then, at 300 angstroms, the absorttion
length is 8.5 cm, at 1000 angstroms, 0.77 cm, and at 3000 angstroms,
0.085cm. A 2.5 cm. radius is not unreasonable for a laser induced
plasma. Assuming this, the cut-off wavelength for black body radiation
is 350 angstroms. Comparing this with absorbtion length at 300 ang-
stroms, it is seen that the cut-off is fairly distinct. Above 350
angstroms the radiation can be considered black bedy and below that
wavelength Bremsstrahlung. If Ne were larger, say Ne2:1021, then at
300 angstroms, the absorbtion length becomes 8.5 x 10-6 ¢m., and the
cut-off wavelength for a plasm radius of 2.5 cm. becomes 0.35 angstroms.
If the plasma radius was only 1 cm., the cut-off wavelength increases
only to 0.87 angstroms.

The intensity, of the radiation at a given frequently from a black

body at a specific temperature, is found from the Plank radiation law,
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T, 22 e (33)-1]

Temperature determination can then be made by measuring the in-

tensity at two frequencies and taking the ratio, to get

T, /=) o (3

T, \z m)l

This must then be solved for T, the temperature.

Consider one other factor, kT. For Necclozl, and the other fac-
tors as before, the cut-off wavelengths for black body radiation at kT
= 50 eV and kT = 100 ev are respectively 0.81% and 1.358. At Neﬁilols,
these cut-off wavelengths become 81% and 13508.

Thus, on the basis of these rough calculations, only when temper-
atures a-2 of the order of 100 ev would it no longer be possible to use
black body radiation to determine the temperature using the available
vacuum ultraviolet spectrograph. Even then, only when the electron
densities are low. Such a condition might be expected however, at these
high temperatures. In most cases, however, the electron densities
would not be this low, and a black body can be assumed, even up to about
the 50 ev level.

Should measurements be made that require consideration of Brems-

strahlung and recombination radiation, calculations can be made from

the equation presented earlier,

(e * b b o B e i)

i (e e -5
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In taking the ratio of two intensities the ion and electron den-
sities would cancel as would the correction for the lowering of ioni-
zation energy and several constants. The Gaunt factors, Ber and Bep

h2
are slowly varying functions of Z7¢ . Then, 1f the wavelengths are
]
close enough together, the quantities in the brackets also effectively
cancel. This would leave only

IBI-Q(A)") _ Q)\, )\ “ L\C L __L ]
oy~ (R)(3) el os)

There are several advantages in using the method of relative con-
tinuum intensities. Thz independence of LTE has already been pointed
out. This would allow checking for LTE, by comparison with results
obtained by measuring relative line intensities. Results are also less
affected by absorbtion in that as long as the ratios are constant the
temperature calculated remains the same.

The method of relative continuum intensities was used by D. W.
Gregg and S. J. Thomas to obtain the results published in the March,

1967 issue of Journal of Appiied Physics. They studied the temperature

a plasma induced by the impact of a laser giant pulse as a function of
laser beam intensity. Target materizls were beryllium, aluminum and
lead.

A prism and grating monochromator were used in series to select
the wavelengths used in calculation. The light was then detected by an
Amperex 56CVP photomultiplier with the signal being displayed on a Tex-
tronix 5.5 oscilloscope. The system was calibrated by replacing the

target with a hot tungeston filament. Its black body intensity in the
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wavelength region being studied was measured and the temperature deter-
mined using an optical pyrometer.

The temperature ¢ the plasma was then calculated using the ratio
of measured intensities with the Plank law.

Measurements were made at five wavelengthe using 50 angstrom wide
bands. The centers of the bands were at 10,5002, 10,1002, 61002, 40008,
The data is reported in graphic form. For a focused grant pulse inten-

0 2
watts/cm”, at the three longer wave-

sity of approximately 9 x 101
lengths the temperature of the aluminum plasma was measured at approxi-
mately 6 x 105 °K, or 52 ev.

Comparing the result with that predicted by Bruce(thesis, 1966),
there is a good correspondance. Bruce found a maximum temperature of
about 43 eV for a spherical plasma of mass 2.17 x 10"3 gm. and initial
total energy of 2.3 x 107 erg. The mass of aluminum displaced by the
pulse ir Gregg's and Thomas' experiment was at least 1.6 x 10-4 gm.
Using their formula and figures, the total energy input to the plasma
by the pulse was abcut 2.3 x 107 erg.

These results are, then, an indication of order of magnitude of
the temperatures to be measured. A smaller wavelength band than Gregg
and Thomas used could be obtained using the vacuum ultraviolet spectro-
graph. The wavelength would be much shorter than they employed; and
hence, the hot center could be observed more directly. More exact cal-
culations than presented carlier would be necessary to determine if

black body or Bremsstrahlung radiation is being observed at a given

wavelength.




CHAPTER III
DATA OBTAINED FROM A SPECTROGRAM
Identification of Observed Lines

The ultraviolet spectrograph was employed to obtain the emitted
spectrum from the breakdown of a spark gap between spectroscopically
pure aluminum electrodes in a vacuum. A print of the spectrum which
was obtained on March 7, 1967 1is shown as Figures 1 and 2. The calcu-
lated wavelength for each numbered line on the print is tabulated in
Table I o The table includes the corresponding wavelength from the
published information that is listed in Appendix B, the difference in
the calculated and published values, the order of the line and the
potential difference for those lines for which the transition has been
identified.

Most of the lines for which the wavelength have been calculated
are quite distinct, though sometimes faint. The major source of error
is focusing which is affected by the large angle of incidence (860)
and other constant angles that are required in calculation. The spec-
trograph and method of calculation are described in Appendix A.

There are many very faint lines in several regions on the spec-
trum for which the wavelengths were not calculated. The region from

100 to 200 angstroms, 1.e., lines one to eighteen, probably contain

16
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LINE5S OBSERVED IN AN ALUMINUM SPARK sPECTRA

TABLE

1
-

19

Line Wave Length
No. Calculated Published Difzr. Order Ionization
1 110.882 109.514 1 Al VI
109.843 1.039 1 VI
2 114.014 113.437 Q577 1 VI
3 118.586 116.4601 1 IV
116,921 1.665 1 IV
4 120.53¢4 118.500 1 Vv
118.984 2.050 il v
5 125.614 124 .034 1 IV
124 .543 e 0)PALL 1 IV
6 127.053 125,525 1 v
126.065 0.988 1 Vv
7 131.032 129.729 1 IR
130.413 0.619 1 Vv
8 132.218 130.848 1 Vv
121,003 1 v
131.411 0.607 1 Vv
9 133.742 132.630 1,112 1 \'
10 138.822
1 150.506
12 160.073 ref. 1 IV
13 161.681 161.086 0.005 1 IV
14 1735027 86.513 0.001 2 VII



TABLE I (Continued)
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Line Wave Length
No. Calculated Publisghed Diff. Order  lonization
15 181.663 91.332 1.001 2 Al VI
16 185.558 2.875 0.192 2 VI
17 187.843 93.955 0.067 2 v
18 192.924 96.150 0.624 2 v
19 204.015 100.919 2.177 2 Vi
20 206.216 i01.027 4,162 2 Vi
21 214. 344 107.670 2 Vi
107.945 0.996 2 v
22 215.445 108.057 2 v
108.112 0.669 2 v
23 216.376 108.385 2 v
108.402 0.394 2 v
24 217 . 138 108.707 0.276 2 v
25 220.€10
26 23i-.93
27 233.648 116.921 0.194 2 iv
28 257 120 118,500 0.120 2 v
29 238.644 239,030 0,386 1 VII
30 240.760 240.770 0.010 1 VI
31 243,724 243.760 0.036 1 VI
32 247.703 124,034 0.365 2 v
33 249.058 124,543 0.028 2 IV
34 251.005 125.525 0.045 2 v




TABLE I (Continued)
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Line Wave Length

No. Calculated Published Diff, Order, Ionization
35 252.106 126,065 0.024 2 v
36 259.641 129.729 0.183 2 A
37 260.996 130.413 0.170 2 \4
38 262,012 131.006 0.000 2 v
39 272.934

40 276.067 275.350 0.717 1 VI
41 279.453 278,699 0.754 1 v
42 282,247 281,397 0.850 1 \Y
43 309.087 307.248 1.839 1 Vi
44 310.611 308,560 2,051 1 VI
45 311.542 309.596 1 VI

309.852 1.690 1 VI

46 212.981 310,908 2,073 1 Vi
47 314.336 312.241 2.095 1 VI
48 322,549 160.073 2.403 2 v
49 326.020 161.686 2.648 2 v
49A 361,157 356.885 4,272 1 Vil
50 390.451

51 395.870

52 397.817

53 399,257

54 489,935 243.760 2.415 2 VI




TABLE I (Continued)
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Line Wave Length

No. Calculated Published Diff. Order Ionization
55 495.015

56 497.640

57 513.134

58 530.575

59 533.200

60 535.147

61 566.812 275.350 16.112 2 Al VI
62 569.860 278,699 12.462 2 \'
63 572.993 560.390 12.603 1 111
64 575,448 281,397 12.654 2 A
65 633,445 307.248 18.949 2 VI
66 644,367 312.241 19.885 2 VI
67 655.035

68 661.639

69 706,005 695,817 10.188 1 III
70 854,341

71 862.469
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many second order lines from the first order spectral range of 50 to
100 angstroms. Al VI, Al VII, and Al VIII have many strong lines in
this region. In the same region on the spectrogram the focus 1s not

as good as it is on other parts of the spectrogram; hence, the lines
are not as well resolved and greater error is possible in determining
the wavelength. The 50 to 100 angstrom region also contains several
first order lines but these lines should also be present in second
order determinations among lines 19 through 53. In the region of lines
19 through 25 some fogging of the film has occurred; hence, measure-
ments on these lines were difficult and are subject to considerable

error.

Identification of Ions Present in the Spark

Al III, Al IV, Al V, Al VI and Al VII ions have been identified
in the plasma produced by the spark gap breakdown. The identified
spectral lines emitted by the plasma are listed by ionic species in
Table II . The large number of spectral lines present for Al IV, Al V
and Al VI indicate these ions are present in large quantities. Two
Al III lines are listed, 560.390 and 695.817 angstroms, but are quite
faint. Four Al VII lines have been identified. One of thege lines is
a second order line and the others are first order. These Al VII lines
are stronger than the Al III lines. This evidence and the number of
faint lines presznt in the area where second order Al VII lines should
appear indicates that a considerable number of Al VII ions are present.

It should be noted that no attempt has been made to identify

possible contaminating elements. The highly possible contaminates,




TABLE 11

IDENTIFIED LINES LISTED BY ION SPECIES

Al IV
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Wave Wave Rep.

Length Number Term Combination Order Int. Number
161.686 618483 2°'s, - 3 14 ° 1,2 7 13,49
160.073 624715 22° 'y - 3 %9 1,2 8 12,48
129.729 770838 20°'s, - 30 S 1,2 6 7,36
124,543 802936 2p° 1so - 4s 1k f 1,2 3 5,33
124,034 806231 2p® 1s0 - 4 kS 1,2 4 5,32
116.920 855286 20° 's) - 4d kO 1,2 2.5  3.27
116.459 858671 20° 'sy - 4a 14 ° 1 3.5 3

ALV

Wave Wave Rep.
Length Number Term Combination Order 1Int. Number
281.397 355370 2p° ng - 2p8 zsk 1,2 14 42,64
278.699 358810 2p° prk - 28 28& 1,2 16 41,62
132.630 753977 2p° ng - 3 “Pni 1 09
131.411 760798 2p° ng - 3 py 1 20 8
131.003 763341 2p° ZPQ - 3 sz 1 20 8




TABLE II (Continued)
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Wave Wave Rep.

Length Number Term Combination Order 1Int. Number
130.848 764246 2p° ngk - 3 2’1& 1,2 20 8,38
130.413 766795 2p° 2p§k - 38 2Plﬁ 1,2 20 7,37
126.065 793242 2p° ng - 3¢ 2”1& 1,2 15 6,35
125.525 796654 2p° ZP?% - 3 znzk 1,2 15 6,3

52 0 2
. 2 - 38" 6 4

118,984 840449 p° lE) - 3 s 1

118,500 843882 2p° Zpgk - 38" 2sli 1,2 10 4,28
108.707 919904 2p° zpfk - 3 “nzk 2 6 24
108.462 921982 2p° zp: - 3 2D112 2 10 23
108.385 922637 2p° ngk - 3 “pzLi 2 10 23
108.112 924967 2p° 2p° 2

08. R T 2 12 22
108,057 925438 2p° %8y - 34 o 2 12 22
107.945 926398 2p° 2PT& - ad 2n215 s a0 a1
96.150 1040040  2p° ng - 4s' fpyy Z L 18
93,955 1064340  2p° ng - 4d 29111 2 6 17

AL VI

Wave Wave Rep.
Length Number Term Combination Order 1Int. Number
312.241 320365 2 %, - 2p° B 1,2 3 47,66
310.908 321639 2 %py - zp B 1 3 46
SR e e A S T T I G




TABLE II (Continued)
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Wave Wave Rep.

Length Number Term Combination Order Int. Nuimber
309.852 322735 2%, - 2p° %% 1 2 45
309.596 323002 2% %p, - 2p° 8 1 L 45
308.560 324086 22 % - 2p° 1 3 44
307.248 325470 2p° %, - 2p° 8 1,2 3 43,65
275.350 363174 2% 1s, - 2p° '8 1,2 3 40,61
243,760 410240 2p* lnz - 2p° tpS 1,2 6 31,54
113.437 881547 2p° %) - 3" b, 1 3 2
109.843 910391 20 %, - 3 s 1 12 1
109.514 913125 22 %2, - 3 3s: 1 20 1
107.620 929195 2p* o, - 3¢' 'n 2 1% 21
101,027 989834 Pl N U 2 3 20
100.919 990894 2p° %p, - 3" ng’l 2 4 19
92.875 1076720  2p* b, - 3a o 2 10 16
91.332 1094910  2p” ‘o, - 3a' lp? 2 10 15

Al VII

Wave Wave Rep.
Length Number Term Combination Order Int. Number
356.885 280202.3  2p° “slk - 2t asz 1 5 49
240.770  415334.1  2p° zngg -t Py 1 4 29
239.030  4'8357.5 34 Pt ¢ 1 2 30

. e -

2p DlLi - ip Pk




TABLE II (Centinued)
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Wave Wave Rep.
Length Number Term Combination Order Int. Number
86.887 115092.0  2p° zn"l’;‘- 38 “Pzlﬁ 2 18 14
Al 1III
Wave Wave Rep.
Length Number Term Combination Order Int. Number
2 2_0
695,817 143716.0 38 S% - 4p Plk 1 5 69
560.390 178447.2 38 2sli - 5p pr; " 1 7 63
3
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oxygen and nitrogen, do have several strong lines in the range of the
spectrogram.

The transition involved for each line listed in Table II for
Al IV, V and VI is shown on the corresponding energy level diagrams in
Figures 3, 4 and 5. For each energy level is listed the term designa-
tion, the outer electron configuration, the excitation energy (relative
to the ground state for that ion) in wave number, and the total angular
momentum quantum nunber J, Also listed on the figure is the ioniza-
tion potential of that ion in wave number. As can be readily observed
on the figure most of the lines involve transitions to the ground

state.




Configuration Designation Wave

. o Number J
20°(CAR) M d wd [l s 855286
2p°(*P) ud  44[4]) y 851956 1
2p (PP ) 4s  us[H] 5 806231 L
2P (PP 4s  HS[i)’ ;i 802916 1
2p°(*PL) 24 adI) % 767040, 6 )
205(*Pu) 2P ap[H] 687456.8 1

T L R 624720.5 1

2p°(*P)3s 3sTH /
N 6199477 0
o 618477.5 1

1 [ (<]
2 3S 3g¢{it

616646,17 2
zﬁ‘ EP‘ \S i 1 0 0
Ionization Potential 967783 cn !

Figure 3. Observed Al IV Energv Level Transitions
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Wave
Configuration Designation Number J
" g " 1043480 kg
1043430 2%
1 1 928410 1
25 (*P)3d  3d
2p(CF) P — 925900 iy
3 926400 2%
2820 (*P)ad  3d ! :
£20(°P) ZD - o 925430 1k
2s25'CP)3d 34 F 923230 2%
922640 2%
y .
25*27(CP)ad 3d P/ 912120 1k
L 921440 M
1 v} JP J up 920680 J}s_
u_zgl_lL_.{d__( - 019900 21
21124':"('5)33 as” 'S fy 843880 }
m ¥
. Y , 796680 1%
2st2p ('D)3s  as’ D <%
¢ 796650 2%
39
S ap 3!?)38 ’ 2 ) 166790 =]
280 2p'( §_P< - 764240 o
755250 b
3 L}
252p(CP)3s 35 P 753960 1y
751810 s
25 2p° apt S S4 358810
1 5 s 2° 3440 A
25 2P 2p° 'P < 0 g
Ionization Potential 1240600 cm'-l

Figure 4.

Observed Al V Energy Level Transitions
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Figure 5.

Y

Observed Al VI Energy Level Transitions

Wave
Configuration Designation Number J
1079610 3
2522 ("S)3d 3 /o 1079490 2
\ 1079460 1
28 2p(*P)3s 35 'P° 1003700 1
993680 2
e [
258" 20 (*PY)3s 35" P/ 993660 1
\ 0
1 3 ) °) ¢ ! 4
25 202 (*D)3s 35 D 970790 2
25 20° (*D)3s 35’ ‘D’ 961100 3.2.1
18820 (78%) 35 35 *S° ., 913130 1
20 'p‘ 451840 1
326822 0
£ In°
2p P / . 325470 1
9 | 323002 2
2p* 'S 88670 0
2p* D 41600 2
3831 0
20" P 2736 1
\ 0 2
Ionization Potential 1536300 cm-1




CHAPTER 1V

ANALYSIS OF RESULTS

The data that were obtained during the experimental program for
this thesis are presented in an earlier section of this report. This
data consists of a list that gives the lines that are observed in one
of the many spectra that were photographed. The table also identifies
the transition that is responsible for each line and reports the rela-
tive intensity of the lines. Prior to a presentation of an analysis of
the preceeding data, it is desirable to give a short review of the
characteristics of the source that i1s employed to produce a spectrum.
This 1s followed by a review of the characteristics and spectral range
cf the ultraviolet spectrograph that was employed. This description
also identifies the short wavelength limit of each spectral class; that
is, Al I, Al II, Al III, etc. This is followed by an "eye-ball"
analysis of the data in order to obtain a little information on the

relative abundance of the different iomns.

Source of the Spectral Lines

The source far the spectral lines 1s a vacuum spark gap witl
spectroscopically pure aluminum electrodez. The energy for the spark
is supplied by a 1.0 microfarad condenser that is charged to 12,500

volts. The cunducting channel between the electrodes starts as a very

32
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thin thread o a dense aluminum plasma and expands very rapidly in the
radial directiouns. This statement is in rough accordance with the
existing concepts of breakdown (Meek and Craggs, 1953). More important
for the interpretation of the results, the studies by Brown for his EdD
thesis (Brown, 1968) give very strong confirmation of the initial, thin

thread and of the subsequent, rapid, radial expansicn.
Spectrograph for the Ultraviolet

The spectrograph for the far ultraviolet covers the spectral
range from 100 8 to 1400 . 'The grating has 30,000 lines per inch and
is used at almost grazing incidence. The angle of incidence is 86°
which is measured between the normal to the grating and the angle of
incidence of the light. At this angle of incidence, the aberrations
from the grating are extremely bad and a great deal of very delicate
adjustments are required to minimize them and to obtain a good spectro-
gram. Each adjustment, which is made one at a time and checked with a
photograph of the spectrum, is fcllowed by another adjustment with
another check with a photograph. The final adjustments are attained
after months of work and this alignment of the spectrograph is the real
contribution of this thesis.

Since the spectrograph employs the grating at grazing incidence,
the resolution varies with the wavelength. The resolution 1s largest
at short wavelengths and decreases as the wavelength increases. There
is another very important consequence of grazing incidence which is
coupled with the fact that the grating is ruled with no blaze. The

term, .0 blaze or zero blaze, is the optical designation when the light




34

is reflected from the undisturbed original surface that is between the
rulings; i.e., the reflecting strips are the unchanged, original sur-
face of the concave mirror. The reflecting surfaces are between the
very light scratches that are made by the ruling engine.

The intensity of the lines in the spectrum is always the greatest
when the line is deviated by the least amount from the angle of reflec-
tion. The angle of incidence 1s 86° and the angle of reflection will
be 86°, The spectral lines must make smaller angles, less than 86°,
with the normal to the grating. This means that the reflected lines
are much more intense in the short wavelength range than in the long
wavelength range. In fact, only the very strongest lines--from the
amount of emitted light from the spark--are even observed at wave-
lengths that are longer than 1000 2. If intensities are to be compared,
the line for comparison should be bracketed by known reference lines
for the most accurate comparison. Although it may be very troublesome
to interpret, lines in different positions on the film may be compared
directly by calculating the correction factor for the intensity.

In the preceeding tables, the spectral lines are tabulated under
the designations of the spectra for Al I, Al II, etc. The short wave-
length limit of Al I is given as the ilonization potential of the alumi-
num atom. The designation, spectrum of Al I, is the spectrum of the
excited aluminum atom, Al*., In a similar manner, the spectrum of Al II
extends from the ionization potential of A1+ down into and overlapping
the spectrum of Al I. The ionization potentials for aluminum atoms and

for the first seven ions are given in Table III with the corresponding

ionization potentials and with the ghort wavelength limits.
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TABLE 1III

SHORT WAVELENGTH LIMIT BY SPECTRAL DESIGNATION AND
BY THE DEGREE OF IONIZATION

Spectral Ionization Short Wavelength Ion
Designation Potential Limit
eV x
*
Al I 5.984 2071.9 Al
Al II 18.823 658.65 a’t
Al III 28.44 435.93 art?
AL TV 119.96 103.35 nt?
ALV 153.77 80.63 at
Al VI 190.42 65.11 ab
Al VII 241.93 51.25 At
+7

Al VIII 285.13 43,48 Al




36

Comparison of Detected Iomns

The results in Chapter III indicate the presence of Al III,

Al IV, Al V, Al VI, and Al VII ions in the spark gap plasma. Any eval-
uvation of the relative abundances of these ions, even qualitative, is
very difficult. The comparison of line intensities for this purpose is
complicated by the effect of the blaze of the diffracting grating.

This grating has a zero blaze so that most of the intensity falls near
the central image; i.e., in the short wavelength region. Lines of
equal intensity would appear to diminish in intensity as the wavelength
increases.

The effect of the blaze accounts for the weak intensity of the
Al III lines, although the current theoretical work by Perry and exper-
imental evidence by Willis from a mass filter indicate that these ions
are present in large quantities. All six Al III lines which may be
detected on the spectrograph are in the upper end of its wavelength
range. Only the two shortest wavelengths of these six are observed and
they are faint lines on the spectrogram.

Most Al IV, Al V, Al VI and Al VII lines are of shorter wave-
lengths and are nearer to the central image. They may be expected to
be and they are more intense on the film. The effect of the blaze may
be minimized and a very rough, qualitative estimate of relative abun-
dances may be obtained by comparing lines that are close together on
the film.

The comparison is made using the relative density of lines which
1s visually estimated on a 0-10 scale. Film density, however, is pro-

portional to the natural logarithm of the exposure. This means that
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the exposure may be related to the relative abundances.
The ratio of two densities is

In 51

2 1n E2

2.
D
Since the relative abundances are desired, 1n E2 may be arbitarily set

equal to 1 in order to obtain this relation

1n E = EL R

or

El-exP E.l_-l
E Dy

This relation gives the ratio of abundance when lines from dif-
ferent spectra, Al I, etc, are compared. The lines have equal
strengths when the abundances are equal. Lings of unequal intensity
may be compared by setting the exposure, E, equal to the product of the
reported intensity, w, and a value, A, which is proportional to the

abundance as indicated in the following relatioa.

E

e A e -1
E, w4y D,

Al IV and Al V are compared by employing lines 3 aad 4 of Figure
1. Line 3 cons’ . of two, unresolved, first order Al IV lines. Line

4 consists o o, unresolved, first order Al V lines. The two Al IV

PR P SR e

i S N pill AR NN
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lines have published intensities of 7 and 5 while the two Al V lines
both have published intensities of 6. All the intensities are from a
1934 article by Jonas Soderqvist. The densities of lines 3 and 4 are
visually estimated as 3 and 2 respectively. The resulting ratio of

abundances, %%—%!, is 1.64.

Al V and Al VI are compared by employing lines 40 and 41. Line 41
is a first order, A1 V line of published intensity l14. Line 40 is a
first order, Al VI line of published intensity 6. Both intensities are
from the 1934 article by Soderqvist. Visual estimates of the densities
are 1.5 and 7 for lines 40 and 41 respectively. The resulting ratio of

abundances, %%—%T, is 16.5,

Al VI and Al VII are compared by employing lines 29, or 30, and
31. Line 31 is a first order Al VI line and lines .9 and 30 are first
order Al VII lines. The published intensities for 29, 30, and 31 are
4, 2, and 12, respectively from the 1934 urticle by Soderqvist. The
estimated densities are 3, 2, and 6 for lines 29, 30, and 31. Using
lines 30 and 31 the ratio of abundances, %%—%%T, is 1.21,

The abundances can be stated in terms of fractions of the abun-

dance of Al 1V as follows:

ait3 - A1 v = 1.00 AL IV
Mt aal v e0.61 AL W
AlT® < AL VI = 0.037 AL TV
A1™ = AL VII = 0.030 Al 1V

While the qualitative nature of the above results must be empha-

sized and the particular values cannot be considered reliable a valua-

ble rough estimate of the integrated, average abundances of the higher
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order ions is obtained. It is immediately apparent that these high
energy ions are not in equilibrium. This is immediately evident from
the energy that is required to obtain A1+3, Al+4, etc. The signifi-

cance of these results is discussed in the following section.




CHAPTER V
CONCLUSIONS

The results from the rough, "eye-ball" evaluation of the spectra
indicates the pessibilities that may be inherent in an accurate inter-
pretation of the data. The significance of the results are best 1iluy-
strated by a short description of our knowledge of the vacuum breakdown
between the spectroscopically pure aluminum electrodes. This informa-
tion is acquired as an additional dividend that reslts from employing

1)

the vacuum spark to calibrate the pulsed photomultiplier, (z)the

(3)

quadrupole mass filter and the far ultraviolet spectrograph. These
are the three plasma measuring techniques that have been developaed on
thi, project for the study of dense plasmas. The calibration and use
of item 3 is the subject of this thesis.

It is postulated in the literature (Meeks and Cragg, 1953) that
the spark current is initially carried by a thin column of aluminum
plasma. The results that were obtained by Brown with the pulsed photo-
multiplier appear to confirm the analytical study by (Bruce, 1966) on an
expanding plasma. Provided this confirmation exists, the plasma thread
expands very rapidly and is relative opaque to the radiation from the
ions A1 , Al“‘, a1™ ana a1tt

Measurements with the quadrupole mass filter appear to show that
the kinetic energy of the exicted aluminum atom, Al* , and of the iomns

A1+1, Al+2 and Al+3 is the same. From this result, it appears that the

40




41

atoms, excited atoms and ions are in kinetic energy equilibrium. The
equilibrium temperature is estimated to be 12,200 oK, or roughly 1.1 eV
in different units.

From the results on the relative abundance of ilons that are esti-
mated in this thegis, it is believed that the spectra from Al IV, Al V,
Al VI and Al VII indicate a relative abundance of 1.0, 0.6, 0.037 and
0.030. Since the ionization potentials for thece four ions are 119.96,
153.77, 190.42, 241.93, there is no single temperature for insertion in
a Boltzmann relation that will give these relative abundances. This
should probably be anticipated, but is is aftersight rather than fore-
sight. During the entire time that voltage is applied to the gap, one
could speak of a mean free path for the electrons. The preceeding data
appears to indicate that the mean free path in the field is sufficiently
long so the electrons acquire an average energy of between 160 and 130
eV, in the field between the ionization-collisions. This interpretation
presents a new, reasonably sound approach to the study of the attainment
of equilibrium. An extension and more accurate evaluation of the spec-

tra with densitometers should prove extremely valuable.
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APPENDIX A
THE SPECTROGRAPH AND CALCULATION OF WAVELENGTHS

The basic spectrograph was designed by my advisor, F, C. Todd.
The film changer and the entrance slit was designed by H. G. Gurney,
The devise was assembled and the first, fuzzy spectra was obtained by
R. D. Payne. The design employs a concave grating in a Rowland mounting,
To obtain a maximum of intensity and separation in the far ultra-violet,
the Tight is incident on the grating at near grazing incidence. The en-

tire optical path is enclosed in a high vacuum chamber,
The Grating Equation

Light of wavelength, ), incidence on the grating at an angle D
with respect to the normal to the grating, is diffracted so it makes an
angle E with respect to the normal, as shown in Figure 6. The angle E
can be found by Equation 1,

(1) X =1/e (sin D - sin E),

where e is the grating constant.

SFectrograph

b ke
A1k

Figure 6. Diagram of a Concave Grating in a Rowland Mounting,
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Determining the Angle of Incidence

The angle of incidence, D, may be determined if any two spectral
lines are identified, For two known wavelengths,A] and}\z,
(2) Ay = Ve (sin D = sin E7)
and
)\2 = 1/e (sin D = sin Ez)
From Figure 1, a reiation for the angles Ey and E2 is
(3) E] = E, +M,
where, by a theorem in plane geometry, M is half of the angle that is
subtended by the arc which joins the focus point of‘>\1 and?\z.
Subtract equation (2) from equation (1)
(4) e)\] - e>\2 = sin E, - sin E,
and by substituting from equation (3)
e>\] - e>\2 = sin E2 - sin (E2+M)

Use the well known, trigonometry relations to obtain

(5) e>\] - ek2

sin Ez(l-cos M) - cos Ez sin M

(1-cos M) sin E2 - sin M G/i-sinLEz)
For simplification, the following definations are introduced:

Fe=ed

L =cos M
Y = sin M ¢
and X = sin E2

With these substitutions,
(6) Fy - Fy=(1-2) x - ¥ (J1-x3)

which may be written as

(1) (FpeFp) + (1-2) X = ¥ (J1xD)
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Square both sides of this equation and obtain
(FpFp)% + (1-2)2 X2 4 2(Fp-F,) (1-2) X = Y2(1-x2)

which may be rearranged into the following form.
(8) (}1-2)2 + v%) X8 + 2(Fp-F,) (1-2) X + (FZ-F])Z -2 =0
Identifying the quantities

(9) A= (1-2)2 + y2
B = 2(F,~F,) (1-2)
C = (FpF )2 - ¥2

Equation (8) is the familiar quadratic equation,

(10) AX2 +BX +C =0

As'h] and >& are known, and M is easily determined by measuring
the arc length on the film, equatiom (10) may be solved for X.

Return to equations (2) and recall that X = sin E2.
(11) sinD = ef\2 + X

or

(12) D = arc sin (ehz + X).
Identifying Spectral Lines

When the angle of incidence, D, is known, the wavelength of any of
the spectral lines may be found. There are two ways to accomplish this,
First, obtain the arc length on the Rowland circle from the center of
the grating to the line, and from this length, compute the angle, equa-
tion (1), The second method assumes that at least one wavelength is
already known. From the known (or reference) wavelength and from the
unknown wavelength, equation (1) givss

(13) e>\r = sin D - sin Er
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and

e A= sin . - sin E

The first of these equations is solved for Fr. Subtract equation
(13) from the unnumbered equation that follows it

(%-)xr)e =sinE - sink
or

(14) A = Ar + 1/e [sin Ep - sin E]

Proceed as in calculating the angle, D,

(15) E = E. - M
Substitute equation (15) in equation (14)to obtain™

(16)%=}Nr + 1/e [sin E. - sin (Er - M)].

Since R is the radius of curvature of the grating and s is the arc
length that separates the two lines, the angle M is

(17) M =s/R
The unknown wavelength is calculated from equation (16).

This latter method is employed rather than the one which is men-
tioned earlier. It is believed that the arc length may be found more
accurately than the distance to the center of the grating. There is
too large an uncertainty in determining the arc length from the center
of the grating to the end of the sector where the film was placed and
in determining the point on the film which corresponds to the end of
the sector, |

Using the lines 160.073 and 161.686 angstroms and their second
order lines as the known wavelengths, the angle of incidence, D, was
calculated as 85.63 degrees. The line 160,073 angstroms was used as
the reference wavelength, for which Er=78.01 degrees, The grating

constant, €, is 1.1811 x 105 mm~1,




APPENDIX R

STRONG EMISSION LINES OF ALUMINUM

In the following tables are listed the stronger lines of the alu-
minum ions Al I through Al VIII. In each table, in this order, are
listed the wavelength, the wave number, the term combination, and rela-
tive intensity for each strong line. When more than one reference is
available the relative intensity from each is llsved. It should be
noted that differences in the numerical intensity reported may arise
from the use of different intensity scales. In many instances the
nethod of determining the intensity is not defined. In any case conver-
sion from one scale to another is very difficult without the original
data. In some cases the differences are .eal with one author repcrting
line A stronger than line B and another author reporting the opposite.
An example of this is the 2513 and 2373 angstrom lines of the Al I
table. Except for specific cases, which will be noted, the remainder
of the information is taken from the most recent article.

Not all lines identified for a specific ‘on by the references are
listed. Only cue lines detectable in the first or s;;ond order on the

avaiiable equipment are included. In addition, lines too faint to be

easily detected are not lisred.

49
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ALUMINUM I

Most of t'r Al I lines are detectable in the fi=t order on avail-
able equipment. The minimum relative intensity is taken as 6, as the
listing is quite large. The lines of wavelength greater than 10,500
angstroms ar2 beyond the range of available spectrographs, and are the
only lines not detectable in the first order on available equipment.

The information is taken from a 1962 article by K. B. S. Erikson
and H. B. S. Isberg except for four lines listed in a 1932 articie by
F. Paschen. Intensities have also been taken from the article by
Paschen. Erikson and Isberg have revised somec of the term designations

used by Paschen. 3d' 2F, 4d’ 2D, ad’ 2 2

44" 2P, 5s’ 2P, and 54’ 2F respectively. The term 3d° 2P was discarded

F and 5d' “D, replace 5s' 2P,
upon identification of the level 5s' éPzﬁ.

The notation and information is from the 1962 article, with the
exceptions as noted above. For other ions the notation used 1s that
given in the 1949 work by C. E. Moore.

Al 1 has all 13 electrons, which in the ground state have the

configuratlon 1522322p63523p - ZP:. The ionization potential is 5.984

electron volts or (48278.37 % 0.02) cm_l.

ALUMINUM 11

All Al 11 lines listed are detectable in the first ordexr on avail-
able equipment. The lower limit for relative intensity is taken as 5.

The listings for Al II are quite long. The most complete listing
is from a 1927 article by R. A. Sawyer and F. Paschen. A 1932 article

by Paschen lists some improved values. Shenstone and Russell suggested
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some revised term designations in a 1932 article. The newer designa-
tions are used in the work by C. E. Moore and are used here.

Al II has 12 remaining electrons which in the ground state have
the configuration 1522322p6332 - lSO. The ionization potential is

18.823 electron volts or 151860.4 %= 0.5 cm_l-
ALUMINUM III

The lines listed for Al III are all detectable in the first order
available equipment. Only the stronger lines of relative intensity 5
or greater are listed.

The information is mainly from a 1923 article by F. Paschen.

Some lines and terms not reported in that article are from a 1928
article by Eric Ekefors.

Al III has 1l electrons remaining which in the ground state have

the configuration 1s22522p63528%. The ionization potential is 28.44

electron volts or 229453.99 cm *.

ALUMINUM IV

The listings for Al IV are not as extensive as that for the other
species. The list being short, the minimum relative intensity for the
stronger lines has been set at 2,

The information is taken from a 1934 article by Jonas Soderqvist,
with a few exceptions. The LS-coupling term designations used by
Soderqvist have been replaced with the jl-coupling notations used in
the work by C. E. Moore, as suggested by G. Racah. Moore points out;

however, that three configurations have been found to be closer to
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LS-coupling than to jl-coupling. They are 2p5 38, 2p5 Jp, and 2p5 3d.
Al IV has 10 electrons left in the ground state configurations

1522522p6 - 1SO.
1

or 967783 cm .

The ionization potential is 119.96 electron volts

ALUMINUM V

A large number of Al V lines are detectable in the first order on
the available equipment. The lines of relative intensity 5 or greater
are listed. Lines detectable in the second order only are listed if
relative intensity is 10 or greater. Additional lines which have been
detected on the spectra discussed in this report are listed.

The information is taken principally from a 1948 article by
Eric Ferner. Some lines of wavelength greater than 137 angstroms are
not reported in this article but are reported in *he 1934 article by
Jonas Soderqvist. The ionization potential is from some unpublished
material by H. A. Robinson, quoted in the work by C. E. Moore.

Al V has 9 remaining electrons which in the ground state have the

5 _ 20

configuration 1522525p Pl%' The ionization potential is 153.77

volts o 1240600 cm'l.

ALUMINUM VI

Several Al VI lines are detectable in the first order omn avail-
able instruments., Above the lower limit of the instruments, 100 ang-
stroms, we list lines of minimum relat’ve intensity 5. Other lines
which have been detected in spectra taken by this instrument are also

.

listed. Lines of mirimum relative intensity 10 which are detectable



53

in the second order are also listed.
Most of the information is taken from a 1948 article by Eric Fer-
ner. Lines above 113 angstroms are taken from listings in a 1934
article by Jonas Soderqvist. Several lines are listed in both articles.
Al VI has 8 electrons remaining in the ground state configuration
1522522p4 - 3P

1536300 cm L.

2 The ionization potential is 190.42 electron volts or

ALUMINUM VII

Few Al VII lines are detectable in the first order on the pre-
sently available equipment. Lines of minimum relative intensity 2
which are detectable in the first order are listed. Lines detectable
in the second order of minimum relative intensity 10 are also listed.

The information has been taken from a 1948 article by Eric Fermer
except for the lines detectable in the first order. The information
for the first order lines are from a 1934 article by Jonas Sodergvist.

Al VII has 7 electrons remaining in the ground state configura-

tion 1522522p3 - 482%. The ionization potential is 241.93 electron

volts or 1951630 cm *.

ALUMINUM VIII

No first order Al VIII line would be detectable using the pre-
sently available equipment. The very strong lines which could be
detected in the second order on this equipment, however, are listed.
The minimum relative intensity has been placed at 10. If equipment

becomes available for first order detection a lower intensity should be
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selected and the listings expanded.
The information is taken from a 1948 article by Eric Ferner.
Al VIII has 6 electrons and in the ground state has the configur-

acions 1822822p2 - 3PO. The ionization potential is 285.13 elactron

volts or, 2300390 cm I.




TABLE TV

STRONG EMISSION LINES OF Al I

Wave Length Wave Lumber Term Combination I;;;nsi;y
21163.75 4723 772 4p 2p1% 56 2sls 13
21093.04 4739.606  4p ZPL5 5s 2s15 12
16763. 36 5963.763  4p ZPI% 4d znlk 9
16750. 56 5968.31¢  4p ZPB5 4d 2D2% 12
16718. 96 5979.601  4p ZP% 4d an% 11
13150.76 7602.047  4s "'s;5 4p Zp% 14
13123.41 7617.888  4s zs;ﬁ 4p ZPB5 15
11254.881 8882.602  3d 2D215 4f 2F3% 15
11253.190 8883.936  3d znl% it 2F2!5 "
10891,733 9178.761  4p 21=1;5 6s 2s15 11
10872.975 9194.596  4p zp% 6s 2slﬁ 10
10782.045 9272.138  4p ZPI% 54 202% 9
10768. 364 9283.919  4p ZP;5 5d 201% 8
9139.950 10937.98 3p2 2Pl% 34" 292% .6
8823.555 11216.613  4p ZPIH 6d 2n215 9
8312.900 11216.613  4p ZP;ﬁ 6d 291;i 7
8841.277 11307.478  4p Zpl% 78 2s15 10
8828. 909 11323.319  4p 21>;5 78 zsk 8




TABLE IV (Continued)

Wave Length Wave Number Term Combinetion I;;;nsi;y
2 2
8773.896 11394.316 34 Dy - 5f By 14
2 2
8772.866 11395.654 34 ‘D - Sf By 13
» 2 2
8075.353 12379955 4p ‘P, -7 ‘by 8
8065.968 12394.360  4p ZP% 7d leg 6
2 2
8003.186 12491.588  4p ‘P - 88 s 7
7836. 134 12757.885  3d 2132;5 6f 2F 12
7835.309 12759.228  3d lek 6f °F 11
2 2
7614.820 13128.673  4p ‘P, - 8d Dy 7
7362.297 13578.977  3d 2D2k 7t %F 9
7361.568 13580.322  3d 2D1a 76 2F 8
1084 . 644 14111.145  3d 21)2;5 8f 2F 6
6698.673 14924.209  4s Zs;5 5p zpk 11
6696.023 14930.116  4s zs;2 5p 2p1% 13
5557.948 17987.257 &g Zs;5 6p 2P% 8
2 2
. . 10
5557.053 17990.121  4s s 60 Py
5107.520 19573.519  4s ° 7p zpl% 6
o 2 2
3961.5200 25235.695  3p B - 48 S 26
39440058 25354.757  3p 2135 4e zs;5 24
2 .2
3479.806 28729.01 T 5 6
3458.216 28908. 36 3p 2P1a 3p? 4p% 6 8
3444865 2902040 » 3w’ ‘p, 6 7
2 2 4
3443.640 29030.72 B ey - wt ey 9 10
3439.347 29066 .96 3p ZP% 3p? “PB5 6 8




TABLE v (Continued)

Wave Length Wave Number Term Ccmbiration I;z:nai;y
3092.8386  32323.374  3p 21’1;5 - 34 2D1a 20
3092.7099  32314.719  3p 291% -3 ZDZ% 26
3082.1529  32435.433  3p zp% - 3 2”1& 2
3064.290 32624.50 3p2 "PBi - 4g' 49% 7 5
3057, 144 32700.76 3p° “pz15 - 4g' "pzli 4 1o
3050.073 32776.57 3p2 “1»1;5 - 4! 4P2% 13 9
2840.099 35199.69 3d ZDB5 - 3 2nlli 7 10
2837.963 35226.18 3d 2131;5 - 3 ZDZk 7 12
2740980 36472.51 5d 292% - 4a" stg 4 7
2657.406 37619.49 4d 2D2k - 4d" 21)2;5 3 6
2647.49 37760.4 4D3% . 4F4% 6
2519.22 39682.85 4d 2131}i - 4d" 2F2% 4 6
2513.305 39776.27 4d ZDZL5 - 4d’ 2F315 5 9
2373.571 42117.75 3p? 4P2g - 3q" 4D212 8 6
2372.070 42143.59 3p 4P2& - 3d' "n3;5 10 10
2370.726 42168.29 3p? “pn5 - 3" 4D% 6 2
2370.225 42177.21 3p° 4P15 - 3d' “le 9 6
2369. 304 42193.60 3p2 4P1k - 3’ 4D2k 10 8
2368, 112 42214.84 3p2 “p% - 3d' “n15 8 5
2367.611 42223.77 3p2 “p;5 - 34 QD13 8 5
2321.562 43061.22 3p? 432% - 3a (‘pzLi 9 8
2317.482 43137.03 3p? "PlLi - 3d' 4Pzli 7 5




TABLE 1v (Continued)

58

Wave Length Wave Number Term Combination I;z;nligy
2313.526 43210.78 3p? “plLi - 3" “p% 6 4
2266.014 44116.71 3d ?D2% - 4q" 2D215 307
2180.996 45836. 26 3p? "Pz,;5 - 5g' “1&2;5 5 8
2177.396 45912.04 3p° 491% - 58" “pzLi 4 6
2160.383 46273.55 3d 21)2,5 - 4d 2F3¥ 3 6
1769.19 3 e, -3 % 1
1766.41 » e, - 3p° %, 2
1762.97 3p %, - 3% % 1




TABLE V

STRONG EMISSION LINES OF Al II
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Wave Length

Wave Number

Term Combination

Intensity
S&P

7042,
6335,
6243.
6231.
6226.
6006.
5972.
5853.
5593,
5371
5316.
5312
5283.
5285
5280,
4902,
4898,

4666,

06
70
35
76
19
38
05
62

23

.84

07

.32

77

.85

21

17

76

8

14196.5
15779.2
16012,6
16042.4
16042.4
16644.4
16740.0
17078.7
17873.8
18610.4
18805.7
18818.9
18920.6
18913.2
18933.4
20391.0
20497.7

21422

4s
3d
4p
4p
4p
op
5p
4d
4p
4d

y—
o

(5N
"o

W
e

w
o

— L
o o
0 N0 —O0O -0 DO N

- Lo
o -] (=]
-0 W

w (W)
o) o
O —~ O MNDO »—0 DO W

w
e

(%)
)

—
o

(%)
o

W
o

— —
[ -] e <]
0 =0 NO »-
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- 4p
- 5p
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- 4d
- 4d
- 7d
- 7d
- 6f
- 4d
- 7p
- 9s
- 9
- 8d
- 84
- 84

~-108

-lls

11

———




TABLE V  (Continued)

Wave Langth Wave Number Terin Combination Ig:;nli;y
4588194 21788.97 W b,  -7e K 5
4585.820 21800.25 s b, -8 ¥, 6
4227.493 2364802 s b, -8 ’F 5
4226.812 23651.83 s o, -8 O 6
4026.5 24828.5 3 ‘o, -ep P 5
3995.860 25018.83 w o, -9t R 5
3900. 680 25629.32 » 'R - 3 'n, 10
~755.000 27352.00 w ¥ -sa b, 8
3651.064 27381.49 o B - sa *, 6
3428.916 29155.39 a ', -6t 'F
3074.665 32514.08 a ', -7t '8 6
3057. 155 32700.66 10
3050.073 32776.58 8
3041.278 32871.37 3 ‘o, -8 ‘P 6
2868.52 34851.0 3d 192 -9p '8 9
2816.179 35498.67 B B0 - s, 20
2669. 166 37453.76 3 ls; - 3p 3 10
2637.696 37900.57 w %, - st ’F; 5
2631.553 37989,07 3p? 152 - 4f lrg ;
2627.68 38045.1 3 'o, -1 'f 7
2597.18 38491.9 3d 1nz -12p '8 6
2586.95 38644. 1 3a ‘o, 128 1§ 6
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TABLE V  {(Continued)

Wave Length Wave Number Tarm Combination Igz;nsi;y
2557.71 39085.7 4p 3P2 - 98 381 5
2552.12 39171.2 ip % -8 b 5
2321.56 43061, 32 6
2099.68 47611.3 bs 1s0 - 8p lpf 5
2095.2 47713 34 301 - 78 F, 5
2094.8 47722 a ‘b, -t ’¥ 5.5
2094.3 47734 3 o, -t K 6
2087.0 47901 » % -3’ 5
2016.91 49581 s 'sy -9 'S 10
1990.53 50238 3 ' -3 b, 7
1962.67 50951 4s 1sO -10p lp? 7
1945.35 51404 5
1939.30 51565.0 e T 5 5
1934.75 51686.3 3’ %, - 4s %9 10 10
1934.54 51692.0 3% e, - 4s B 10 10
1932.43 52748.2 2% %2, - 4s 8}

1930.03 51812.5 3’ e, - 4s ¥ 5 5
1910.91 52331.1 3’ e, -3¢ 8 5 5
1862,38 53694.6 3p 3?3 - 4s 3s1 15
1858.08 53819.1 3 B - s 351 10
1855.97 53880.1 3p 3P8 - 48 s 8 8

1
1834 .82 54501.2 4s 8 - 4g Pg 6 6




TABLE V

(Continued)

Wave length Wave Number Term Combination Ig;;nsi;y
1832.85 54559.9 4s 331 - 48 %8S 8 &
1828.59 54687.0 4s 3s1 - 4s 393 10 10
1767.76 56568.8 P B -3 ’p, 7
1764.01 56689.0 P ) - 3p e, 10
1763.85 56694.0 3p 3pi - 3p 3P1 8
1762.00 56753.5 » %2 - 3p° g 5
1760.15 56813. 3 R SO Y X 7
1750.56 57125 3p2 lD2 - £ lpg 6
173¢. 64 57483 3 ', - ep 'eS 5
1725.01 57971 3p 3p§ - 3d 3133’2’1 15
1721.31 58095 3 %8 -3 2D3’2,1 10
1719.43 58159 3p 3p8 - 3d 3D3,2’1 g
1686.19 59305 3’ b, -8t 'r, 5
1681.78 59461 3p? 1n2 - 9p 1p? 5
1670.81 59851 382 ls0 - 3p lpg 15
1644.78 60798 3p? ‘b, -t lpg 5
1644.15 60821 % b, -10p e 5
1539.74 64946 » ' -4 ', 10
1350.15 74066 3 ‘20 -5 lp, 6
1191.86 83902 3 P9 -4 3D1 5




TAELE V1

STRONG EMISSION LINES OF Al III

Wave Length Wave Number Term Combination In;ensi;y
5722.65 17469.57 4s zsk - 4p 2P§ 6
5696.47 17549.87 4s 23% - 4p zp?% 8
5163.90 19359.82 sg %6 -7n O 7
5150.86 19406.83 5¢ ngk - 18 % 6
4701.65 21263.98 of %Ky -sa D 6
4529.176 22072.88 4p ZP?% - 4d 21)2li 6
3601.623 27757.35 3d 2132;2 - 4p 2P§% 6
2907.05 3438908 sf 26y - 6g %G 10
2762.815 36184.30 4d 2D2% - 68 28° 9
1935.83 51657.43 3d 202Li - 4f ng% 10
1862.749 53684, 1 3s zs;5 - 3p ng 10 10
1854.715 53916.6 3s Zs;5 - 3p ZP?% 10 10
1605776 62275.2 2p 2p§ - 3d 201Lﬁ 8 7
1611.849 62040.6 3p Zpi% - 3d 2D115 8 9
1384, 144 72246.8 3p ZPT% - 4s zs;5 5 8
1379.670 72481.1 3p Zp§ - 4s 2slﬁ 6

893,905 111868.7 3p 292& - 3d 2132;5 5
2.0 2

856.768 116717.7 3p P - 3s S% )



MISSING
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TABLE VI  (Continued)

Wave Length Wave Number Term Combination In;ensi;y
© 695,817  143716.0 38 2 -4 2O 5
- . . S;i T 1;5
2 2_0
60. 178447.2 -
560,390 7844 3s S% S5p Plg,lls 7



TABLE VII

STRONG EMISSION LINES OF Al 1V

66

Wave Length

Wave Number

Term Combination

Intensity

1639.
1584.

1582.

1557

1447,

1431.

1404

1388,
1302.
1272,

1264,

1257

1248,
1240.
1240.
1237,
1136,

1118.

00
45

04

.24

47

93

72

77

13

70

14

+38

76
83
18
14
80

80

61012,
63113.
63209.
64216.
69086.
69835.
71188.
72006.
76797.
78573.
79105,
79517,
80079.
80591.
80633.
80831.
87966.

89381.

3s' (4]}
38 [4)]
38 (g7
38 14
3s k),
38 [ ]
3 [
38 (14
3p D;) 0
3 (1,
' (4,
3p' ),
3p iy .
» P,
3p [1;;] 1
3p [y 3
s[4,
T4

3p [y,
3p' 14,
P[4,
3p (2,
3p [155]2
3p [!5]0
3p' [,
' [,
30 g8
3 [ 9
3a° 1 5
3d' 24 §
o 13
3d [3!5}‘;
3d (25
3a (347
3a 4]
3a [y 7




TABLE VII (Continued)

67

Wave Length Wave Number Term Combination Intensity

161,686 618483 2p° s 3s (1) 14
' P 1
61 o

160.073 624715 2 'S, 38" [4)] 16

131,652 759578 2p° s, 3a [%)$ 3

130,403 766854 2° 's, 3a [15)S 11
61 o

129.729 880838 2p° '8, 3d" 1) ] 12
61 o

124.543 802936 2p° '8, 4s )] 6
61 o

124.034 806231 2p° '8, 48 (4] 8

116.920 855286 2° s, 4a [i)$ 5
61 o

116.459 858671 2p° s, 4a’ Jug$ 7




TABLE VIII

STRONG EMISSION LINES OF Al V

Wave Length Wave Number Term Combination In;ensi;y
281.397 355370 2p° ZPZ - 2p® Zsk 14
278.699 358810 2p° ZP?% - 2p° 2s15 16
132.630 753977 2p° ZP?% - 3s “Pn5 10 6
131,441 760798 2p° ng - 38 ZPILi 4 20 9
131.003 763341 2p° zP; - 38 ZP% 20 10
130.848 764246 2p° zpﬁk - 38 21>1;5 20 12
130.413 766795 2p° ZPTa - 38 ZPL5 20 11
126.065 793242 2p° ng - 38" ZDHi 15 10
125.525 796654 2p° zpi% - 38" an% 15 12
118.500 843882 2p° 2P?k - 3g" 2s15 10 6
108.707 919904 2p° zpﬁk - 3d "1)2;5 6 4
108,462 921982 2p° ng - 3d 2131;i 10 6
108,404 922475 2p° Zpg - 3d 2P% 5
108. 365 922637 2p° 2p?% - 3a ‘;Pz;i 10 6
108.112 924967 2p° 2p° - 34 zpi% 125
108.057 925438 2p° ZP?H - 3d znl% 12 5
108.004 925892 1p° ng - 3d ‘ZP;5 5
107.945 926398 ° 2p° ZPT% - 3d ZDZ% 20 6




TABLE VIII (Continued)

Wave Length Wave Number Term Combination In;ansi;y
107.711 928410 2p° zpia - 3d ani 6 4
104 .495 956983 2p° 2p° - 3q 2P% 8 3
104,447 957423 2p° Zpg - 32" %5, 10 3
104. 363 958194 2p° ng ~ 3d' 21>1;5 10
104. 180 959877 2p° 2p§ - 3d' ZDB5 14 4
104,121 960421 2p° zpig - 3a" 21>;5 12 3
104.073 960864 2p° ngh - 3a 2sLs 10 6
103.881 962640 2p° ZPT% - 34" 21)2Ls % 6
103.805 963345 2p° ZP?% - 3a' 2131;5 10 s

99.290 1007150 2p° ZPT% - 3d" 292% 10 3
96.150 1040040 2p° ZP; - 4s' 2131;5 1 4
93.955 1064340 2p° B -4 Py 6 3



TABLE IX

STRONG EMISSION LINES OF AL VI

Wave Length Wave Number Term Combination In;ensi;y
312.241 320265 2%, -2 % 6
310.908 321639 2 %py - 20" 78S 6
309.852 322735 2%, - 2p° %8S 6
309,596 323002 2" e, - 2p° 8 8
308.560 324086 2" %p, - 2p° 80 6
307.248 325470 2 %, - 2p° %88 7
275,350 363174 2t s, - 2p° 'S 6
243.760 410240 2 b, - 2p° 'S 12
113.437 881547 2p° 9 - 3%, 3
109.843 910390 2* %0, -3 O 12 2
109.514 913125 2p” 392 - 3s 33? 20 3
107. 620 929195 2* 'n, - 38’ lng % s
104.466 957249 2p* 3p0 - 38’ 303 8
104 . 344 958368 2° %, - 38" S, 16 6
104047 961104 2% 3p, - 38" 3, 20 6
101.027 989834 2 %, - 3a" 8 30
100.919 990894 2p° %p, - 3e" B3 4 1
100.894 991139 2" %p, - 3"k, 4 1




TABLE IX (Continued)

Wave Length Wave Number Term Combination In;enai;y

100.616 993878 20 %, - 3" b, 12 1
92.875 1076720 2p” By -3 of 10 2
92.626 1079610 2 %, - 3d *n 15 3
91,332 1094910 2° 'o, - 3’ 83 10 0
90.858 1100620 2* ', -3’ 'ng 121
90,200 1108650 2p* ‘b, -3 ng 20 2
88.376 1131530 2p* e TP L 51
88.273 1132850 20" 1D2 - 33" lrg 15

88.170 1134170 22" %p, - 3a" %3, 20 2
87.655 1140840 2p* 3P2 - 3’ 2?2 13 1
87.592 1141660 2p° %p, - 3a" 10 0
85.515 1169390 2p° %, - 3a" o3 20 1
77.945 1282960 2p° %, - 4a 39?’2,3 10



TABLE X

STRONG EMISSION LINES OF Al VII

72

Wave Length Wave Number Term Combination Intensity
356.885 280202 2p3 “s?k - 2pt “sz 5
353.776 282665 2p3 “s?k - 2p? 4P1k 9
352.160 283962 2p3 45?% - 2p* 4pls 2
309.122 323497 2p3 zngLi - 2 ZDZH 2
309.012 323612 2p3 ZD?H - 2% 2D1g )
240.770 415334 2° %0 _ 2% 2p .

13
239,030 418358 2p3 znf% - 2p* 2pli 2
88.033 1135940 2p3 zngk'lk- 3" Zng, " 18
£7.060 1148630 2p> “sgk - 3s 4plli 12
86.887 1150920 2p3 “sik - 38 “pzk 15
79.197 1262670 2p3 ZD?k - 3d ZFZH 10
79.012 1265630 2p3 Zng - 3d ZFB;5 15
78.351 1276310 2p> 2P§ - 3d 2nlli 20
78.327 1276700 2p° zp?k - 3q 2132;2 20
77.945 1282960 2p° ZDTh - 3d 2”1& lo
17.896 1283760 2p° *0), -3 Py 10
76.572 1305960 I SRS U 20




TABLE X

(Continued)

73

Wave Number Wave Number Term Combination Intensity
76.543 1306460 2p3 Znik - 3d" ZFZ;s 20
76.422 1308520 2p3 znfk - 3d" ZDlls 10
“5.383 1309190 2p3 zngLﬁ - 3" 2925 10
75.360 1326960 2p3 &S?ﬁ - 3d “pzLi 12
72.270 1383700 2p> 45?& - 3p"e, 10
63.025 1586670 2p3 0%~ 4 % 10

2y



TABLE XI

STRONG EMISSION LINES OF Al VIII

74

Wave Length  Wave Number Term Combination Intensity
78.351 1276310 2p° p 36! 3p 20
68.375 1462520 2p° 'n, a8 15

330 13
67.946 1471760 2p° %3 al e, 10
67.464 1482270 2p° 3P2 3d 3D§ 12
67.408 1483500 2p? s, 3a “p} 10
67.288 1486150 2p° %, 3 3p° 10




APPENDIX C

TABLES OF EXCITED ENERGY LEVELS
OF ALUMINUM

The following tables list the excited energy levels of the Alumi-
num ions I through VIII. The information, except for Al I, is taken
from the work by C. E. Moore (1949). The information for Al I is
taken from a 1963 article by Erikson and Isberg.

Erikson and Isberg have made several improvements in the term
2

designations for Al I. They are 3d' “F, 4d 2F, and 5d' 2D, replacing

5s' %p, 4a' 2

Pm 6s' 2P, and 5d' ZF; respectively. Also, the term
34! 2P was discarded with the identification of the level 5s' APZ%'
The values of the energy levels for Al I are also those of

Erikson and Isberg.
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TABLE XII

EXCITED ENERGY LEVELS OF Al I
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Configuration Designation J Level
382 (!s )3p 3 %p ” 0
° 13 112.061
352(180)45 4s s 3 25347.756
3s 3p2 3p? “p i 29020.41
1 29066.96
2% 29142.78
2.1 2
3s%('s )3 3d p 13 32435.435
2% 32436.778
382 (1s yap 4 %p ” 32949.804
° 1% 32965.643
382(180)58 5s 28 & 37689.413
382 (s )4d 4 %p 15 38929.405
° 2% 38933.961
362 (!s )5p sp %p b 40277 .965
° 1% 40277.872
362 (*s )4t 48 °r 2% 41319.372
° 3 41319380
382(180)65 6s s 3 42144 402
352(1s°)5d 5d %D 1 42233.722
2 42237.781
3s° ('s,)6p 6p P i 43335.013
13 43337.877
21 2
38%('s )5t 5f °F 2% 43831.090
3% 43831.094
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TABLE XII (Continued)

Configuration Designation J Level
382(180)6d 6d  °D 15 44166.417
2% 44168.863
332(180)75 78 s 3 44273.122
352(180)7p 7 %P i 44919654
1% 44921.275
2.1 2
38°( S°)6f 6f F 2%,3% 45194,663
382(180)7d 74 % 1 45344. 164
pe 45345598
352(180)88 8s s 3 45457.233
352(180)7f 7£ 25,3 46015.756
382 (*s )8d 8d  °p 1 46093.424
° 2 46094 .316
332(180)93 9s s 3 46183.896
332(180)8f 8f ¥ 2%, 2 46547924
352(180)9d 9d %D 13 46593.32
2% 46593.95
21 2
38% (!s_) 104 10d %p 1% 46940.97
2k 46941, 55
2.1 . 2
3s° ('s )1ld 114 %p 2% 47192.30
AL II ('S) Limlt  ———ee 48278.37
3 3p> 3p° %5 iy 51753.0
3s sp° 3 %p i 56636.93
It 56724.98
383p (CP)4s 4s' p 3 61691.46
15 61747.56

2} 61843.54
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TABLE XII (Continued)

Configuration Designation J Level
3 .2

383p (°P)3d 3d' ?p 1% 67635, 13
25 67662.96

383p(°p)3d a' p i 71235.25
13 7124417
2 71260. 55
3% 71286.4

3a3p (°p)3d ' °F 2% 72978.9
Kt 73077.8

383p (°P)5s 56" 4p 2k 74979.02

383p (Cp)4d 44" °p 13 76521.6
2k 76553.46

383p (CP)4d 4" 2p 2% 78612.23
3k 78710.26

383p (°P)5d 5d' 2p 1 80158.0
2 80191.9

Al 11 (Cp) Limit  —mmeee 8567132
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TABLE XIII

EXCITED ENERGY LEVELS OF Al II

Configuration Designation J Level
352 362 s 0 0.0
2 3.0
3s("S)3p 3p P 0 37392.0
] 37453.8
2 37579.3
2 1o
38 (%$) 3p 3p  p 1 59849.7
3p2 3p2 Ip 2 85479.0
2 3
38 ("8)4s 4s S 1 91271.2
3p2 3p? 3p 0 94084.5
] 94146.8
2 94267.7
2 1
3s("S)4s 4s S 0 95348.2
3s(%8)3d 3d 3 95546.8
2 95547.9
1 95548. 8
2 3.0
38 (°S)dp 4p  °p 0 1054243
1 105438. 4
2 105467. 7
2 l o
3s("8)4p bp P 1 106918,2
3s(%8)3d o 2 110087.5
35 (%8)5s 5 °s 1 120089.8
38 (%8) 58 5s s 0 121365.2
38 (38)4d 4d p 3 121480.3
2 121480.9
1 121481.2
2 3. 0
3s(Ys)4f 4 °F 2 123415.9
3 123418.0
4 123420.8




TABLE XIII(Continued)

Configuration Designation J Level
38 (P8)4€ 4 L° 3 123468, 1
38 (°8)4d 4 g 2 124792.0
38 (%$)5p 5p 3p° 0 125700. 5
1 125706.2
2 125719.0
38 (%8)5p sp lp° 1 125866.7
38 (*5)6s 68 >3 ] 132213.2
38 (%5)6s 6s s 0 132776.4
38 (%5)5d sa 3 132819.7
2,1 132819.9
38 (“5)5f s¢ Sp° 2 133435.0
3 133440. 4
4 133447.3
38 (P8)5¢ s¢ lg° 3 133679, 3
38 (%s)5d sa  Ip 2 133914.1
38 (>5)5¢ 58 6 3,2,5 134181, 2
35 (*s)5¢ 5¢ G 4 134181.2
3s (3s)6p 6p 1p° 1 134917.3
35 (*s)6p 6p p° 0 135009.0
1 135012.1
2 135018.9

2 3
38 (%s)7s 78 s 1 138496.7
38 (%s)6¢ 6f F° 2 138518, 7
3 138536.4
4 138559.2
2 1

38("S)7s 78 S 0 138799.3
38 (%s)64 6d  p 3,2,1 138811.9




TABLE XIII (Continued)
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Configuration Designation J Level
38 (38)6¢ 6f lp° 3 139242.9
38 (*s)6d 6a b 2 139286.8
38(°s)6g 6g G 3,4,5 139588.7
3s(>s)6g 6g o 4 139558.7
38 (>8) 7p 7 Lp° 1 139916.7
38 (35)7p 7 p° 0,1,2 140091, 2
3p (>p°)3d a4 3F° 2 141082.4
3 141107.5
4 141140.5
2 3
38 (“S)8s 8s s ] 142179.8
38(28)88 8s lS 0 142360.8
3s(%8)7d 7a b 3,2,1 142362.8
38 (%s)7¢ T 3 142601, 6
38 (°s)7d 74 b 2 142607.0
35 (%5)7g e 6 3,4,5 142849, 2
38 (%5)7g 78 Lo 4 142849.2
38 (%5)8p gp 'p° 1 142958.9
38 (25)8p 8p °p° 0,1,2 143180.0
38 (%8)7¢ 7t 3F° 2 143262.7
3 143269.8
4 143280, 6
2 2
38("S)9s 9s S 1 144524.3
3s(%5)8d 8a °p 3,2,1 144638.9
36 (%s)9s 9 s 0 144641.9




TABLE XIIT (Continued)
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Configuration Designation J Level
38(°5)8d 8d D 2 144780.2
38 (%5)8f ge  1§° 3 144781.9
38 (®5)9p 9p 1p° 1 144939.1
38 (%5)8g 8g 6 3,4,5 1449647
38 (°s)8g 8g G 4 1449647
38(*s)8g 8h °K° 4,5,6 144990.0
38 (>s)8h sh l° 5 144990.0
38 (%5)8¢ 8r  OF° 2 145126.5
3 145128, 9
4 145132.1
3p (%%)3d a p° 1,2 145148
3 145152
2 3.0
38("S)9p 9p P 0.1.2 145185
3p (PP%)4s 48 B° 0 145773.9
1 145832.6
2 145959, 4
2 3
3s("S)10s 10s ~s 1 146108.8
38 (%s)9d 9a b 3,2,1 146185.0
35 (%) 108 10s 'S 0 146190, 1
38 (°5)9d 9 Ip 2 146274 .4
38 (®s)9f 9t lp° 3 146276.5
38 (>5)10p 10p 1po 1 146297.5
38 (°5)9g 9%g 6 3,4,5 1464145
38 (%5)9g 9%g o 4 146414.5




TABLE XIII (Continued)
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Configuration Designation J Level
38 (%s)9h oh ° 4,5,6 146
38(%5)9h oh lp° 5 146432, 8
38 (%) 9 9t 3p° 2 1464967
3 146497.8
4 146499, 2
2 3.0
38 (%) 10p 10p °p 0,1,2 146577
3p (®p°)3d 3a 3p° 0 146595.0
1 1465969
2 146599.3
2 3
38(°8)11s 11s s 1 147229.0
38(®s)11p 11p lp° 1 147268.8
38 (“5)10d 10d 3p 3,2,1 147282.8
3s(%s)11s 11 lg 0 147288.8
38 (%s)10d 104 p 2 147343.2
28 (>8)10% 10f l§° 3 1473442
3s(®s)10g 108 6 3,4,5 147451.0
35 (%5)10g 10g ¢ 3,4,5 147451.0
38 (%s)10h 10h SK° 3,4,5 1474647
38 (%s)10h 10n g° 5 1474647
38 (%) 10£ 10 r° 2 147499.8
3 147500.2
4 147500.8
2 2.0
38("S)11p 11p °P 0,1,2 147572
3p (%2%)4s 4 L 1 148002. 0
38(%s)12s 128 s 1 148052.5




TABLE XII1 (Continued)

Configuration Designation J Level
38 (*8)11d 11d 3,2,1 148090.0
38(%s) 128 128 s 0 148097.1
38 (®s) 115 11¢ '8° 3 148132.6
3s(®s)11d 114 'p 2 148132.7
3s(’s)11g 11g % 3,4,5 148217.6
38(%8)11g 11g ‘e 4 148217.6
3s(s)11¢ 11¢ 3p° 2 148248.7
3 148249.1
4 148249.,6
38 (%8)12p 12p 'p° 1 148579.4
38 (%8)13s 13s s 1 148673.7
38 (%s)138 138 s 0 148706.9
18 (%s)12¢ 126 1§° 3 148731.6
38 (®s) 128 12 3¢ 3,4,5 148800. 4
38 (28)128 12¢ 6 4 148800. 4
35 (®s)12£ 12¢ Ip° 2,3,4 148822.5
38 (35)13p 13p p° 1 149051.9
38 (%) 14s 14s s 0 149179.8
38 (%s)13¢ 13¢ 1F° 3 149199.2
38 (°8) 13 135 % 3,4,5 149252.9
18(%s)13g 13g ¢ 4 149252.9
38 (®s)13f 13¢ 3° 2,3,4 149269.5
3s(%8)14p 14p 1p° 1 149434.8




TABLE XITI (Continued)

Configuration Designation J level
2 . 1
38(%8)its 158 s 0 149554, 7
2 l o
38 (48) 14 € e lF 3 149568. 6
38 (®S)14£ 14f OF° 2,3,4 149625. 5
38 (%s)15p 15p 'p° 1 149748.0
38(%8)1€8 16s s 0 149856. 6
38 (%8)15¢ 15¢ lp° 3 149866, 2
38 (%S)15¢ 15¢ Sf° 2,3,4 149913, 2
38(%5) 16p 16p 'p° 1 150007.6
38 (%5) 16£ 16 1§° 3 150109, 7
2 3.0 \
38 (8)16£ 16 °F 2,3,4 50109, 7
38 (%8)17f 17¢ OF° 3 150311.1
2 3.0
38 (%8)17¢ 17¢ °F 2,3,4 150343, 5
38(%8)18£ 18 F° 3 150679.7
38 (38)19¢ 19 1F° 3 150622, 2
38 (¥5) 20 20f “§° 3 150744. 1
Al III (zs%) Limit e 151860.4
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TABLE XIV

EXCITED ENERGY LEVELS OF Al III

Configuration Designation J Level
2
3s 3s “s g 0.00
3p 3p 2p° b 53684. 1
1% 53916.6
3d da 25 115955.03
1% 115957.31
he 4s s i 126162.58
4p 4p 2p° b 143632.25
1% 143712.38
4d 4d % 2 165785. 26
1% 165786.54
4E £ 2F° 23 167612.05
3% 167612.43
55 55 25 3 170636. 38
5p sp 2p° I 178430.49
178469.64
5d 54 %p 2
? 188875.52
1
5f 5¢ 2p° 2 189875, 34
3 189875.46
2
5g 5g G 3
o 189927.76

6s 6s S b 191478.5




TABLE XIV (Continued)
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Configuration Designation J Level
6p 6p 2p° b 195620.94
1% 195641.53
6d 6d D Eﬁ* 201374.37
Y
6¢ 6f Z§° 2*} 20196952
3
6g 6g %G 3
%é% 202001. 32
6h 6h °K° iy
202007.32
5%
7s 7s 2s 9 202904.8
2.0
7p 7p P X
%;% 205360
7d 74 %D 2%
E 208880. 37
It}
2_0
7¢ 7f °F 2
g;kg 209260, 98
7g 78 2G 3
g;%; 209282.17
2.0
7h /b "H ggzz 209287.52
2
8d 8 D 24 213741.42
%)
8f 8f 2§° 2
g;kz 213992.12
8g 8g % 3%
4%3 214010.67
2.0
8h 8h "H g%:} 214015.8
5 L]
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TABLE XIV (Continued)

Configuration Designation J Level
2.0
9h 9h "H 4
g;%} 217255.2
s (s Tt SR— 229453.99




TABLE XV

EXCITED ENERGY LEVELS OF Al IV

Configuration Designation J Level
2p® 2p° s 0 0
2 (%%, )38 3s [P 2 616646.7
1 628477.5
2p5(2P§)3s 3" [ 0 619947.7
1 624720.5
2p5(2p2%)3p 3p [k 1 671635.5
" 3p {2;;] 3 680862.9
2 681686.7
" 3p [ik) 1 682869.3
2 685732.8
" 3p |4 0 688313, 3
2p5(2P§)3p 3" %) 1 687456.8
2 687834.7
" 3p' k) 1 688653.0
0 690244.9
2p° (*83, )34 a [P 0 759197.4
1 759600.9
" 3d [ 2 761015.4
" a 4 7616945
3 762277.1
" 3 | 2 763502.8
3 764304.3
" 3 [uf 1 767040.6
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TABLE XV  (Continued)

Configuration Designation J Level
5,2 0 n
2p° (“P2)3d 3d " 2k 3 767351.9
g (25 2 767536.2
" 3d' 1 2 767756.1
[%r 1 770836.1
5,2 0
25 (“P9, V4s 4s [1 2
ls 7 1 802936
2p5(2P;)48 4s' P 0
1 806231
26° (%83, )4a s 0
1 85195¢
" sa i 1 255286
520
2p” (°p)4d 4a iif i asag1
/
52 0
2p” (P, )5s 58 |1 2
ls b 1 871391
5,2_0 o
2p~ (7P, )5s Ss' [ 0
% 4 1 874669
5,2 0
2p” “PY, )5d 5 [ 0
Us 7 1 894614
" 5¢ [ 1 896138
2p5(2P§)5d sa' [1%° 2
1 899281
ZpS(ZP?%)6d 6d [P 1 918215
Zps(ng)sd 6" I i 921362
AL V (ng%) Limit  eeeee 967783

Al V (2p§) Limit emmee 971223




EXCITED ENERGY LEVELS OF Al V

TABLE XV1
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Configuration Designation J Level
252 2p5 2p5 2Po 1% 0
X 3440
26 2p° 2p® 25 by 358810
28 2p% 3p)3s 3s %p 2% 751810
L] 753960
3 755250
26?2 2p°(py3s 38 Zp 1 764240
b 766790
282 2p4(1D)3s 3s' 2D 2} 796650
1 796680
252 2p4(18)33 38" 2g b 843880
262 2p" Cpyad 1 %o 3k
2 919900
s 920680
%
282 2p°pyza 3 %p I 921440
It 922120
25 922640
262 2p% Pp)3a 3d 2F P
2% 923230
262 2p°Cpyza 3 B 1 925430
2 926400
262 2p°pyza 3 % iy 925900
s 928410




TABLE xV1 (Continued)

Configuration Designation J Level
262 2p%(Ypy)3d 3a' % by 960420
1 961630
262 2p*(Ypy3d 3d' %s ” 9608(0
26? 2p*(*p)3a 3d' % 2% 962640
13 963330
232 2p4(3P)As 4s 2P 1% 1005760
5 1008040
26% 2p%(Ys)3a 3a % 2% 1007150
1 1007290
262 2p*(*p)4s 48’ D 2% 1043430
1k 1043480
262 2% (Ppyad 4d p %
2 1062510
1 1062820
3
262 2p°Crysa 4a ‘P by
1% 1063650
2l 1064050
262 2p°Crysd 4a 2p i 1065170
13 1067770
26® 2p*Pr)4d 4d 2p 1 1065460
2% 1066610
262 2p°(Ys)4s 48" s " 1089930
26 2p°(P%)3s 38" 2p° 1 1096180
X 1098350
26% 2p*(p)4da  4a 2p b 1101400
1k 1103380
262 2p%(Ip)4a 4’ s i 1102540
1
262 2p%C"py4d 4a' B 2% 1153190

s
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TABLE XVI  (Continued)
Configuration Designation J Level
282 2p°(p)sd sa p ¥
2% 1127550
1 1127730
by
262 2:4Cp)sa sa b 13 1129350
23 1130900
262 2p*(3p)sa sa 2 iy 1129350
1% 1131650
282 2p*(2s)ad 4a" %0 2% 1149160
1 1149260
262 2p*(Pp)ed 6a %D 13 1163850
2% 1165450
262 2p%(p)sd sa' s iy 1167380
262 2p*(lp)sa  sar %p "
1 1168060
a1 v1 Ce,) Limle  —e——e 1240600
S o

aman.
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TABLE XVII

EXCITED ENERGY LEVELS OF Al VI

Configuration Designation J Level
252 294 2p4 3P 2 0
1 2736
0 3831
262 2p° 2 1p 2 41600
26% 2p° 2p* 1s 0 88670
28 2p° 2p° p° 2 323002
1 325470
0 326622
2s  2p° 2p° 1p° 1 451840
262 2p3(%s%)38 38 I8° 1 913130
26% 2p°%0%3s 38" ° 3,2,1 961100
262 2p3(%0%)3s 38’ 1p° 2 970790
292 2p3(2P°)3s 38" 3Po 0
1 993660
2 993880
26% 2p3(%p%)3s 38" 1p° 1 1003700
262 2p3(%*s%3da 30 p° 1 1079460
2 1079490
3 1079610
262 2p3%0%)3a  3a' 3F° 4
3
2 1132180

28% 2p3(%0%)3d  3d' b 3,2,1 1134170
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TABLE XVI1 (Continued)
Configuration Designation J Level
2a% 2p3(%0°)3a  3a' 1p° 1 1136500
262 2p3(%0°%)3a  3a' »° 2 1140840
1 1141670
0 1141910
262 2p3(%0°)3a  3a' bp° 2 1142220
282 2p3(%0%3a  aa' 3s° 1 1145020
282 2p3(%0%3a  3a' 1¥° 3 1150250
282 2p°(%p%)3d  3a" p° 0 1164220
1 1164620
2 1165260
28% 2p3(%°)3a 3" F° 4
3 1166530
2 1168690
262 2p3(%p%)3a  3a" 1p° 2 1169150
262 2p°(%r°)3a 3" p° 3 1169390
2 1170650
1
28% 25°(%p%)3d  3a" !p° 1 1171050
287 2p°(Pr°)3d 3" f° 3 1174450
i iy
2s 2p ('P)3s 3s P 2 1204550
1 1205500
0
282 2p°(*s%)4s 48 3s° 1 1218290
28% 2p°(>0%)4s 45 D° 3,2,1 1274550
25 2p3(%0%)4s 48’ p° 2 1279680
282 2p3(*s°)4a  4a p° 1,2,3 1282960
2a 2p0(‘D)3s  3s-Y b 3,2,1 1293290



TABLE XVil (Continued)

Configuration Designation J Lavel

262 202 %P8 4a' 1p° 1 1312070

282 2p3(%p%)4d  4d' p° 3,2,1 1339480

202 2p3(“D%)ad 4’ 1p° 1 1341090

262 2p3(%6%)4d  4d' p° 2 1343320
0

28 2p3(%0%)4d 4 3° 1 1345030

26® 2p3(%0%)4d 4a' 1p° 2 " 1345430

28 2p3(%0%)4d  4a' U° 3 1346780

26 2p°(%s)3s 38’ s 1 1359890
262 2p3(%p%)4a  4a" 3p° 0

2 1371220

262 2p3(p%)4d  4d" p° 3 1373440

2 1375140

262 2p3(*s%)5d 54 p° 1,2,3 1375250

262 2p3(%p%)4d  4a" 1p° 3 1376860

262 2p3(%0%5s  58' 1p° 2 1405220
262 2p3(%p%)5d  sa" 3p° 0

2 1465780

262 203¢%%)5d  sam p° 3 1466990
1

Al VII (“sik) Limit  eeee- 1536300




TABLE XVIII

EXCITED ENERGY LEVELS OF Al VII
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Configuration Deeignation J Level
28 2p3 2p3 4So g 0
262 2p3 2p3 2p° 1y 60700
2 60760
262 2p3 2p> %° i 93000
13 93270
28 2p” 2p* “p 2 280200
1 232660
i 283960
28 2p° 2p* ?p 2 384260
1ig 384410
28 2p° 2p* %5 iy 451360
28 2p” 2 %p g 476090
) 479050
2,1 "2
28" 2p T (78)3d 3d" p 1k 1410380
25
28 2p3(s%)3d 3" “p° e3¢ 1473060
)
28” 2p23p)4s 4s ‘P by
1% 1540740
2 1542850
28° 2p2(Cpy4s 48 % i
1y 1540820
28 2p°(%3a 3V 4o 2 1591560
1% 1592170
by 1592550




TABLE XVIII (Continued)

Configuration Designation J Level
Y
26 2p°Cp%3d  3aTV 4p° éFo 1598270
3%
26® 2p%Ppy4d 4a Zp 1% 1598890
%
2s 2p°¢0%3¢  3alV 4g° 13 1599300
262 202Cpyaa 4a ‘p 3
gﬁ:} 1600670
b 1601740
262 2p2(Pp)aa 4a 2 1603550
3 1606260
.2 .3 4
2% 2p2p)4d 4d %P 2y 1605240
14
X
262 2p2Cp)aa 4a b 1 1610820
2% 1611560
2,21 L2
2s° 2p°(Ipyaa 4a' % 1k 1646820
2% 1647880
2. 2.1 .2
25 2p°("D)4d 4d* “F %?5;> 1647430
3%
252 2p2(3P)33 3s 4P % 1147100
1k 1148630
2% 1150920
262 2p°(°p)3s 38 %p by 1162360
1k 1165130
2. 2.1 .2
28" 2p ('D)3s 38' D 1k 1196680
2
1
262 22 (*s)3s 38" %s by 1246840
2
282 2°(py3a 3a % 1 1315640

bl 1316420




TABLE XVIII (Continued)
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Configuration Designation J Level
2 2p°(5%)3s  3s"'4s° it 1322180
26® 2p°Pp)3d 3a % 2% 1323370
3 1326390
262 2p2(%p)3a 3d “p 3
2
é;k 1323940
b 1324710
262 2p2Cp)3d 38 %P 2% 1326960
1y 1327990
b 1328550
262 2523p)3a 3 1% 1343710
2y 1344530
26?2 2p°(pyaa 3d' %F 9 1366720
2% 1367160
26% 2p%(lpyaa 3a' % 1% 1369270
2% 1369960
26® 2p2(*'p)3a 3ar % 3 1378290
It 1379130
b
2s 2p3(°s%3p  3p"tép toj? 1383700
2
262 2p%('p)3a 3a' s by 1384370
262 2p2(loyad 4ar Zs " 1654160
262 2p°(%p)ss 58 Yp 3y
1k
2% 1702070
262 2p2(p)sa sa ¥ 2y 1729840
kK 1732410
2s °(s%)d  4amrép° 3 1739390
2 1739600
E?* 1739970

3




TABLE XVIII (Continued)
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Configuration Designation J Level
2 ,.2,1 y 2
28" 2p~('D)5d 5d' °F kL 1773560
2
Al VIII (3P°) Limit = eee—- 1951830
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TABLE XIX

EXCITED ENERGY LEVELS OF Al VIII

Configuration Designation J Level
28% 2p? 2p2 3p 0 0
1 1740
2 4440
282 2p° 2p2 1p 2 46690
262 2p° 2p? s 0 96170
28 2p° 2p> °s° 2 133510
2s 2p° 2p° 3p° 3 262190
2 262320
1 262390
28 2p° 2p3 3p° 0,1,2 309130
2 2p° 2p> 1p° 2 396990
28 2p° 2p3 3s° 1 404220
2% 2p° 2p> 1p° 1 444550
262 2p(%°)3s 38 3p° 0 1319280
1 1320450
2 1324080
262 2p(®P%)3s 38 1p° 1 1335270
262 2p%P%)3p  3p s 1 1402180
26 2p2(“P)3s 38 °P 1 1465610
2 1467470
3 1469680
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TABLE X1X (Continued)

- Configuration Degignation J Level
26% 2p(p%)3d  3d F° 2 1468700
3
4
282 2p(%p°)3¢  3d p° 2 1471980
262 2p(®p®)3d 34 H° 1 1484560
2 1485240
3 1486710
26 2p(Pp%)3d 34 H»° 2 1490590
1 1491570
0 1492140
28 2p2(4P)3s 38 3P 0
1 1504810
2 1507220
2% 2p(*p%)3d 3 lF° 3 1509210
262 2p(%p%)3d 3¢ p° 1 1510060
26 2p2(%P)3p  3p 3° 1 1531270
2s 2p°C*m)3p 3 0° 1 1564140
2 1564840
3 1566840
28 2p2(4P)3p 3p 3P° 0
1
2 1577760
2s 2p2(%D)3s 38" 3D 1,2,3 1585400
28 2p2(*p)3s 38’ D 2 1608440
26 2p°(*p)3d 3 °p 3 1631170
2 1632060
1 1632670
28 2p°¢*P)3d 3d b 2 1633840
1 1635440
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TABLE XIX (Continued)

Configuration Designation J Level
26 2p°(*P)3d  3d °F 2 1643590
3 1644990
4 1646790
28 2p°CPD)3p  3p' LF° 3 1659180
26 2p°(%s)3s 38" s 1 1662740
28 252(*p)ad 3d p 1 1664880
2 1665380
3 1665930
26 2p°(*p)3p  3p' p° 2 1667490
2s 2p2(2P)3s 33"'3P 0
1
2 1682590
2,2 y 3
2s 2p°(°p)3d 3d' 2,3,4 1733950
26 2p°(%D)3a  3d' p 1,2,3 1742250
26 2p°(°p)3a 3d' 2 1745690
1 1747940
0 1749640
26 2p%(°D)3a 3d' s 1 1762090
232 2p(2P°)4s 48 3P° 0
1
2 1785380
26 20°(%s)3d 3d" p 1
2 1815990
3 1816950
2 2,2 3
s 2p°(’p)3a 3" F 2,3,4 1831700
26 2p°PP)3a 3" 1,2,3 1840570
2s 2p°(%P)3d  3d"'3p 0

1
2 1844390




TABLE XIX (Continued)

104

Configuration Designation J Level
262 2p(*°)4d  4d ° 1

2 1846180

3 1847490
262 2p(PP°)4d 4d Lp° 1 1853670
2s 2p2¢*P)4d 4a °p 3 1991450

2 1992250

1 1992760
2s 2p>(*py4d 4a F 2

3 1997710

4 1999710
Al IX (ng) 2ert 2300390
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APPENDIX D

ENERGY LEVEL DIAGRAMS

The following diagrams for the Aluminum ions Al I through Al VIII
show the relative positions of the excitation levels. The diagrams
are approximately to scale, as indicated on each.

The information is taken from a 1949 work by C. E. Moore, except
for A1 I. The information for the Al I ion was taken from a 1963
artizle by Erikson and Isberg. Except for Al II all levels listed in
Appendix C are shown. Only levels up to N=9 are shown for Al II. The
remaining levels are too close together and too numerous to include
without the diagram becoming excessively mesasy.

No attempt has been made to show the splitting of the levels over

the quantum number J.
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