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Spectral-Line Intensities and gf-Values in the First
Spectrum of Copper

Charles H. Corliss
(July 23, 1962;
Relative lntonsitles are reported for 150 lines of Cui between 2600 A snd 7200 A,

ohorved in a 1l-ampere capper ate.

Ogelllator strengihs, normalized as closely as possible

L the abealyte seyle, soe derived fom the observetions,

1. Imtroduction

Tie line intensitiea reported in the NBS Tables of
Spectral-Line Intensities [1] ' were oheerved in a 10~
aInp aré in air between copper electrodes containing
one atoin of an added element for every 1,000 atoms
of copper. In order to redoce the original observa-
tions to a troe seale of relative intensities, numerous
lines in the firat spectrum of copper were selected
to serve as reference standards of intensity. The
relative power radiated by these lines was measured
by comparing tho copper spectrum with the spectra
from an incandescent nbhon-filament lamyp operated
at 8 known temperature and from a calibrated
hydrogen-lamp continuum. The measurements were
made by the standard methods of heterochromatic
photugr%%hi{: PFhotometr}f and are deseribed in detail
e the NBS Tables [1] and elscwhere by Meggers,
Corliss, and Seribuer [2].

From 2 to 24 determinations were made on each of
207 lines of Cur between 2600 and 8100 A, with an
average of about 9 determinations per line. A
section of & t¥pical plate is shown in fi 1.
poThe spectrum of copper consists of sharp lines and
diffuse lines. Tn this invesiigalion the spegirograph
slit was adjusted to a sullictent widih to form flat-
topped images of the sharp lines. Intensities
measured in the plateau of these inages are propor-
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tional to the total intensities integrated over the
widths of the lines. Measuremants were not made
on the diffuse lines,

2. Self-absorption in Strong Lines

The particle density of neubral copper atoms in
the positive eolumn of ¢ur 10-amp copper arc iz about
10" em~? [3]. At this density the gas is optically
thick at the wavelangths of the strong lines and they
ara affected by self-abeorption, as shown in figure 2.
In this figure, / iz the intensity of & strong copper
line measurcd in the copper arc and £, is the intensity
of the zame line mensured on tho same intensity
scale in & similar are between silver, electrodes to
which one atom of copper was added for every 1000
atoms of silver. The copper lines in silver were
measured relative to the intensities of lines of othar
clements also added to the silver and previously
mensgred relative to copper lines in o copper arc.
By this procedurs we would expect copper hines that
are free of absorption in the gopper ace te be 1,000
tirmea as strong in the copper are as in the silver are.

Inspection of fizure 2 diecloses that the ratio {71,
approaches 1,000 as f, diminishes. [, is actually the
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scule of intensity of the NBS Tables. This scale has
a lower limit of the order of one. We may say then
that eopper lines ton faint to appear in the NBS
Tables will not bhe percepiibly affected by seli-
absorption in the 10-am
207 hnes measured in the copper arc, 27 appear in
the WBS Tables. The retmaming 180 linez will ba
unaffected by self-ubsorption and it is for these lincs
only that we will derive oscillator strengths. Figure
2 iz plotted for the 27 strong reference standard lines
without regard to wavelength or excitation potential.

3. Derivation of Qucillator Strengths From
Intensities
The following formula has been developad [4, 5]

for deriving shsolute gf-values from the intensities
in the NB3 Tahles of Spectral-Lina Intensities:

af = Clu/Np) IN0e™h*

where % i3 the portition function at 5100 °K for
the atorn or ion under consideration, N s the percent
of the element in the nentral or ionized state, p is
the persizfence of the atom in the arc relative to
copper,  is the intensity of the line on the seale
u&ag in the NBS Tables, £ is the value of the upper
on lewel, k i3 Boltzmann's constant, and 7T is
the etfactive temnperature of the arc. The effective
temperature of our copper are has besn determined
t¢ be 5100 °K Eﬁli For Cur, » iz 2.4, N is 93 per-
cent, and p i8 of course unity. N is caleulated from
Saha's ionization equation in which the electron
density is taken to be 24310 ¢m—® [3].

7 is 8 normalization function, determined from
abaglute gf-values for 21 different elementa in the
NBS Tables, that adjusis the seale to an absalnte
besis. In the casa of our copper lines, we must
divide this ' (shown in figure 3) by 1,000 since the
particle density of copper atoms is 1,000 times the

copper arc in air. Of the’

density of the atoms for which the {ormuls was
developed, and the intensity seale i3 increased
correspondingly. The drooping characteristic of
this function at large values of £ is caused by
preferential axcitation of lines from high levels close
to the electrodes of the arc. Over 90 percent of
our copper lines fall on this nonconstant portion of
the funetion,

The results are given in table 1. In the celunns
are listed in the following order the intensity on
the scale of the NBS Intensity Tables, the wave-
length to two decimal places and the two energy
levals to tho nesrest kayser taken from Shenstone
7], eA X107 sec™?, gf, and log gf. The transition
probability, g.<, iz related to g,/ by Ladenburg's
equation

Gl =0.887 ¢ L0¥ g 71N sec?,

where g, & (2./4-1} for the upper lavel, A is Einstein's
trapsition probability of spontansous emisaion, g
iz (213 for the lower level, and f is the absorption
oscillator strength.

4, Accuracy of Results

No extensive intensity measurements have been
repoited heretofore for these lines, Allen and
Araad 18] have reporied gf-values measured in a
3-amp copper arc and adjusted to an absclute seale,
for 135 hnes, of which sbout 80 are found in our
list, A comparison of the two sets of values shows
a iystamatic difference which is a [unction of E
and reproduees our normalization function
Thiz discrepancy arises from the fact that Allen
and Asand used a constant normalization faetor.
The discrepancy is particolerly gevere hecause most
of the lines originate shove 50 kKK, where the value
of ' is changing rapidly. If this discrepant factor
is rernovad, there iz a ramaining ponstant difference;
the Allen and Assad log gf is 0.5 less than ours.
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TaBLE 1. Transition probubilities of copper

Imensity Wavelength Energy Levels gh gf Log gf
A K 10%f2ec

78 2626.68 40944 — 79003 0.042 HALILE -2.34
131 2630.00 19019 - 77031 0.070 0.0073 -2.14
145 2634.93 39019 - 769359 #4.078 00081 —2.09
41 2645.30 40114 — TIHIS 0.022 0.0023 —2.63
60 2649.84 40114 — 77841 0.033 0.0034 -2.47
15 2846.48 40944 — 76064 0.0087 .00t -2.98
139 2858.22 39019 - 73995 {.080 .0097 -2.01
185 2858.73 1203 — 46173 {0143 0.0013 —2.89
65 2890.84 44406 — 78988 0.038 0.0048 —2.32
56 2891.04 44544 - 19116 0.033 0.0042 —2.38
11 2931.10 40944 — 75044 0.0065% 0.00084 -3.08
9 2933.06 39019 - 73103 0.017 0.0022 —2.66
119 2978.30 43514 — FTORD 0.072 0.0096 2.2
103 297938 43514 — 77068 0.063 0083 —2.08
o8 2998.38 11203 — 44544 0.0036 0.00048 -3.32
161 3012.00 40114 — 7335 0.096 0.013 ~1.88
54 3014.85 41153 — 74313 0.033 0.0045 =2.35
191 3021.54 40909 — 73995 .12 0416 =1.30
L79 3022.41 39019 — 72093 il a.015 -1.84
o0 3024.99 30535 — 63585 0.044 0.00640 =222
43 3030.26 40114 — 73103 0.026 0.0036 =245
37 3044.03 41153 — 71993 0.023 0,003 ] =2.5Q
33 3047.80 10784 — BISRI 0.016 0.0022 -2.65
17 3052.55 41563 — 74313 0.010 000135 —2.84
13 305338 42302 — 75044 0.D0R0 0.0011 —2.95
27 3068.91 13245 — 45821 00014 0.00020 -3.69
280 307380 11203 — 43726 0.029 0.0041 -2.39
141 1088.13 40944 — 73316 0.087 0.012 -1.91
238 309993 39019 — 71268 Q.50 0.073 -1.14
78 3113.48 39019 — 71128 0.047 0.0068 -2.17
78 3120.44 40114 = 72151 0.048 0.0070 =2.16
1294 3126.11 39019 — 7998 0.78 .11 .94
461 3128.70 40114 — 72067 0.28 0.04] -1.38
302 3140.31 39019 - 70853 0.18 0.027 -1.57
638 3142.44 40114 = 71927 0.39 0,058 -1.24
358 3146.82 40114 — 71881 022 0.033 —1.49
% 3148.33 41563 — 73316 0.012 0.0018 —2.75
44 3149.5] 41563 — 73305 0.028 (LOD4 1 -2.39
286 3156.63 13245 — 44916 0012 0.0018 =274
47 3160.05 41563 - 73199 0.029 0.0044 -2.35
378 3169.68 41563 - 73103 0.24 0.036 —1.45
22 3171.66 44544 — 76064 0.014 0.0021 —2.47
214 3223.44 42302 - 73316 .14 0.021 ~1.67
o6 3224.66 42302 — 73305 0.17 0.027 -1.58
50 323118 41153 — 72093 0.32 00350 —1.30
164 323390 41153 — 72067 Q.19 0.016 -1.79
T 3235.71 42302 — 73199 45 0.071 —1.15
1538 3243.16 41153 — 71979 0.98 .13 -0.81
434 3268.28 41563 — 72151 0.28 0.045 —1.35
1114 328272 41563 — 72017 072 .12 —0.94




TaBLE 1. Transition probabilities af copper —Continued

Intensity Wavelength Energy Levels gA gt Log ef
A K 103 fsec

1514 3290.54 40909 — 71291 0.97 0.l6 —.80
116 3292.39 41563 — 711927 0.075 0.012 -1.92
557 3202.83 11203 — 41563 0.K)%% 0.00t46 —2.81
T46 331722 41153 - 71291 048 0079 ~I.10
483 3319.68 41153 — 71268 0.31 0051 -1.29
206 332964 41153 - 71178 013 0.022 -1.66
213 333522 41153 — 71128 0.14 0.023 -1.64
348 334528 42302 — 72151 0.23 0.038 -1.41
03 1385.34 41153 — 70860 0,46 04.077 -1.11
i 3375.67 41563 — 71178 0.044 0.0076 =212
I0R 1381.42 © 41563 — TL128 024 0.035 —1.44
20 31392.02 43726 — 73199 013 d.0023 -2.63
a7 31396.32 41563 — 70998 0.024 0.0:042 -2.18
118 3413.34 45821 ~— 75109 d.081 0.014 —1.B5
177 J440.51 13245 - 42302 a0.0039 0.00070 =1.16
531 J457.8% 11203 — 40114 00064 00011 =294
49 3459.42 44406 — TI305 0.034 0.0061 222
115 3472.14 44406 — 73199 0079 0014 -1.84
22 3474.58 44544 - 73316 D015 00028 -2.56
510 347600 44544 — 73305 0.35 0.064 -1.19
750 3481.76 44406 — 73103 .52 0.094 —1.03
81 3488.86 44544 — 73199 {.056 Q010 -1.99
95 3498.06 43514 — 793 0.065 0.012 —1.92
71 350032 44544 — 73105 {.049 0.00)91 —2.04
35 1507.41 43514 — THH?T 30235 0.0046 —2.34
564 isi2.12 43514 — TI979 a.39 0.072 —1.14
o2 3517.04 43726 — 72151 00463 0412 —1.93
367 3520.03 44016 -~ 73316 0.26 0.048 -1.32
To6 3524.23 43726 — 72093 Q.55 0.10 .99
EXA | 352748 43726 — T2067 0.26 0.048 -1.32
L1897 3530.38 13245 — 41583 0.035 0.0065 ~2.[8
360 35133.75 43726 - 12017 0.25 0.047 ~-1.33
130 354496 43726 — 71927 0.0} 0.017 ~-1.77
40 354643 44916 — T30S 0.028 Q.0053 —2.27
71 3594.02 11203 — 39019 0.00065 0.0013 3.9
[ s 160930 13245 — 40%44 {4.0D18 {00036 —3.45
141 Ist0.81 44406 — 72093 . 104 0.028 -1.71
441 61176 43514 — 7178 .31 {060 -1.22
168 16514.22 44406 — T2067 .12 0.023 -1.63
160 3620035 43514 - 71128 &1 G022 -1.66
364 3621.24 44544 - 72151 0.26 0.051 -1.29
30 3629.77 43726 — 71268 0.021 0.0042 -2.38
192 3635.92 45821 — 73314 0.14 0.028 -1.56
105 3641.69 43726 — 71178 0.074 0.015 —1.83
132 3645.23 45879 — 73305 0.096 0.01% -1.72
92 3648.18 43726 — 71128 0.065 0.013 —1.8%
31z 3655.86 43514 — T0BeD 0.22 0.044 —1.36
i13 3656.78 44544 — TI1883 0081 D.016 -1.79
i1d 365%9.15 45879 - 73199 D080 0016 —1.7%
26 Jo64.08 45821 - 73105 0Ot 00038 —2.42




Intensity Waveienglh
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TapLE 1.

lohi 74
I671.95
1695.36
369%.10
I700.54

371201
3720077
3721.67
173418
3741.24

175949
177190
1799.88
3800.50
3805.23

I813.54
IB20.88
3R37.98
IRG0.47
3B8L.71

3921.27
392527
3933.03
1946.94
395162

3979.95
3993.69
399802
40603.03
4027.03

4050.62
4052.38
4075.57
4104.22
4121.74

4177.76
4248.96
4239.40
4378.20
4415.54

4480.35
45(1.37
4539.70
4586.97
a674.72

4697.49
4704.59
4797.04
5d16.61
5034.36

Transirion probabifities of copper—{Continued

Energy Levels

43726
45879
44963
46173
44963

46173
13245
44406
44406
44406

44406
46598
44544
44963
45879

44963
44963
45879
44961
46173

46398
46593
46598
46398
45879

45879
45821
46173
45879
46173

46173
463598
46598
40114
46598

39019
40944
40114
40114
40944

30533
42302
41563
41153
413563

42302
41153
41363
44544
43726

70598
73105
F27
73199
71979

73105
40114
71268
JLITR
TLI2B

70998
73103
70853
T1268
72151

71178
71128
71927
70860
71527

72093
72067
72017
71927
71178

TO998
TORS3
kL
70853
70998

70853
Ti268
TiL128
64472
TFO853

62948
64472
H3383
H2948
63585

52849
04472
03585
62243
62948

63585
62403
62403
64472
63585

L |

gA
10#fsec

0062
0.063
0.023
0.024
.13

0.0d6
0.0011
£.019
0087
B.15

3.061
075
1.026
0.052
{073

.024
L0561
£.012
.25

4017

034
0.040
1021
0,012
AL PR

0084
{(LOB3E
0.0077
$.041
§.040

0.038
0.041
911

(L058
0,029

.12
0.30
0.060
0.32
B.063

0.19
0.48
0.1%
0.43
&.15

0.063
0.54
0.029
0.22
(.047

gf

0.013
0.013
0.0047
0.00438
026

$3.0094
300024
(.0:040
G018
0.033

Q.013
0.016
0.0055
0.011
a.016

0.0052
0.013
0.0027
0.057
00038

0.0078
0.0092
0.0048
0.0029
045013

0.0020
0.00092
0.0019
0.0058
0.0098

0.0094
a.c10
0.028
0.015
0.0075

0.030
.082
3019
091
G019

0.057
0.15
0059
0.4
4049

1021
0.18
0.0099
0.084
0.018




Transition probabilities of ropper— Continued

Tawle 1.
Inlensity Wavelengih Energy Levels
A K

162 311191 44916 — 64472
138 514412 43514 — 62948
114 S200.87 43726 — 62948
70 3352.67 43726 — 6240}
30 5354.95 44916 — 63585
43 5360.03 45821 —~ p4472
1i 5376.87 45879 - 644712
67 5391.62 44406 - 62948
38 543205 44544 — 61948
28 5463.14 46173 — 644712
49 3554.94 44406 — H2403
44 5732.33 44963 — 62403
14 6223.66 36030 — 793
12 6325.45 46598 — 62403
18 6474 M) 56651 — 7H93
12 H485.18 30631 — 72067
3.0 650614 366351 — 72017
4.7 6544.51 56651 — 71927
4.1 6550.98 56030 — 712%1
4.3 G6583.54 58119 - 73305
34 6590 68 56030 — 71178
0 6621.61 56030 - 71138
L] 662967 58119 — 73199
24 67223 58119 — 73103
ITH| 6741.42 56030 — 70860
8 6881.94 56651 — 71178
8 6820.90 3741% — 71927
44 6905.94 50651 — 71128
3.8 6968.34 36651 — 70998
4.5 7154.29 58119 — 72093

gA el Log gf
10¥{sec
.14 {1054 —1.27
LIl 0,044 -1.36
0.093 0.038 —1.42
0.057 0025 -1.41]
0.026 0.011 -1.9%
0038 0016 —1.78
00098 0.0042 -2.37
0057 0,025 —1.61
0.:032 0014 —1.84
0.025 0oLl =1.95
0.042 0019 -1.71
0.035 Q017 =176
017 {L.009G =2.00
2012 LORYT0 -2.16
0.023 2.014 —1.34
a.015 0.009% —2.02
0.0038 0.0024 —2.61
000640 0.0019 —2.41
00052 0.0034 —2.47
0.0056 0.0037 —2.44
0.0043% $.0028 —2.35%8
0038 {.025 =160
20079 0.0052 -2.28
0032 0.021 -1.67
.13 0.089 ~1.05
0.01] 0.0076 212
0.01] 0.0077 —2.11
0.059 0.042 —I1.38
00051 0.0037 —2.43
00063 000438 ~2.31

The accuracy of the intensity mensurstnentz made
in the copper ure i= diseussed in references [1] and [2).
Comparison of repeated determinations indieates
that the standard deviation of an individual datar-
mination of the intensity of copper lines is ahout 2
or 3 percent.

The aceuracy of the gf-values derived from inten-
sity measurements i3 dizcessed in references [4] and
5. In the cuse of our copper lines, about 2/3 of
tham ariee from levels between 70 and &G kK above
the ground state. For these lines the standard
devintion in log gf that arises from the unecertainty
in Tis about 0,18 {50 percent in gf) and the error due
to the uncertainty in the mtensity (0.01) is negligi-
hle. To estimate the absolute error in thea:%igh
level lines we udd again the error due to the uncer-
tnioty of T in the Boltzmann factor in Baha's
equation {(0.18) and the error introduced by the
uneertainty in the value of the electron demsity in
Saha’s equation (0.17). Adding these as the aquare
root of the sume of the squares we find the standard
deviation of an individual determination of the nhso-
lute value of log ¢f is .3, or about a factor of 2 in gf.

The results in table 1 were calculated from the
formulas in section 2 by W. K. Bozman using o modi-
ﬁcat-iion of the program he devaloped for NBS Mono.
53 [4).
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