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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ‘
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ABSTRACT

Energy level analyses of the observed emission spectrum

of berkelium have yielded 179 odd and 187 even levels

of neutral berkelium, Bk I, and 42 odd and 118 even levels of
singly ionized berkelium, Bk II. The levels are tabulated
with the J-value, g-value, configuration and hyperfine

constants A and B and width given for many of the levelsS-7.



The ground'states of Bk I and Bk II are [Rn]5f97s2 6H° and

15/2
[Rn]5f97s 7Hg, respectively. A table lists the lowest level

of each identified electronic configuration of Bk I°

and Bk IIS.
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INTRODUCTION

Berkelium (Bk) is element number 97 in the periodic table. It was
discovered in December of 1949 by S. G. Thompson, A. Ghiorsoc and G. T.
Seaborg by means of a cyclotron bombardment of 2."‘Am with helium ions.! The
first report of ‘the observation of the berkelium spectrum was by R. G.
Gutmacher, E. K. Hulet and R. Lougheed in 1965.2 Obsérvation of the
hyperfine structure in high resolution emission spectra of 2?*°Bk and
confirmation of the nuclear spin of 2"°Bk as 7/2 were reported in 1967.°
Subsequently we reported the emission lines observed in the infrared" and
the visible-ultraviolet® as well as energy levels for neutral berkelium,
298Kk I, and singly ionized berkelium, 2“°Bk II'. Parametic studies of the
5f%7s? and_ 5¢°6d7s? configurations of Bk I and of the 5f°7s and 5f°6d
configurations of Bk II have been made.‘-’ We report here an extended l;st

of energy levels of %"°Bk I and 2“°Bk II.
EXPERIMENTAL

The experimental conditions to obtain the two sets of emission spectra
used to find the levels reported here are covered in the original papers.?®-
“*-% All spectra were observed usj‘Lng 24%Bk., Detailed experimental
information may be found in Reference 8. Briefly the visible and
ultraviolet lines were photographed at Lawrence Livermore National
L.aboratc;ry (LLNL) on a 3.4 m Ebert spectrograph with the grating at high
angles (high orders) near 60° and 30°. The infrared data were obtained with
a Fourier transform spectrometer at La_bor‘atoire Aim& Cotton. Both works

used electrodeless discharge lamps (EDL) containing on the order of 30 to



100 micrograms of berkelium as the iodide. Zeeman spectra were obtained
using the 9.15m Paschen-Runge spectrograph and a magnetic field of 2.4 T at

the Argonne National Laboratory {(ANL).
RESULTS

As a result of the nuclear spin of 7/2 and the relatively large
magnetic moment, p = +2.0 + 0.4 n.m. of 2'."Bl-<.’—’ most lines show flag
patterns of 8 diagonal components and many with up to 14 off diagonal
components ( for transitions between levels with J 2 7/2 ). Except for low
J values, the center of gravity of the pattern is close to the fourth
component which was taken as the wave number of the line. The width of some
of Bk II hyperfine patterns were observed to be as large as 6.to 8 cm-?.
Most of the lines have widths of the order of.1 to 4 cm-'. This makes it
difficult to measure Zeeman structures, particularly in the Bk II spectrum.
For this reason, the analyses of the Bk I and Bk II spectra have been
carried out mainly with the aid of the hyperfine structure. Figures 1, 2
and 3 illustrate how hyperfine structure can serve to confirm levels found
by constant sum or difference procedures or in some cases to find new levels
and help assign J values. Fig. 1 and 2 are tracings of lines at 11204.260
em-'and 11024.046 cm-' taken on the Fourier transform spectrometer. The
pattern in Fig. 1 is characteristic of a transition between levels with J's
differing by one, while the pattern in Fig. 2 is for a transition between
levels with the same J. The frequencies of the resolved components of these
lines allow the determination of hyperfine structure of the levels involved
in these transitions. Here one of the levels is common to both transitions

as shown in Fig. 3.



No isotope shift experiments were possible because only one isotope was
available in sufficient quantities to make EDLs. For this reason, the
interpertation of the levels is based on parametric studies for the lower
configurations® of each spectrum and on empirical considerations ;uch as the
strengths of transitions rrom.levels without definite configuration
assignment to the levels that already had configuration assignment. Léndg'
g~valyes, when available, helped establish energy levels and their’
interpertation. Using these methods we have been able to identify nine
configurations in Bk I and six configurations in Bk II. Table 1 lists the
lowest levels of these 15 identified configurations along with the hyperfine
widths and designations. In Bk I we have identified levels belonging to all
nine configurations expected from Brewers prediction!® to be found below
35,000 em-!. Bk II levels that belong to 6 of the 8 configuration§

expected!! below 37,000 cm-! have been identified.

The known energy levels of Bk I and Bk II are listed in Tables 2
through 5. In Tables 1 to 5, column 1 is the energy of the level in cm-!,
column 2 the J value, column 3 the Landg g factor. The configuration
designation is given in column 4 and follows the notation convention used in
"Atomic Energy Levels-The Rare-Earth Elements".!? Columns 5 and 6 contain
the A and B hyperfine values® and column 7 the overall width of the level in
mK where 1 mK = 10-°cm-!. Energy levels given to three significent figures
(except those ending in 0 or 5) are uncertain to + 0.003 em-! and those
ending in 0 or 5 are uncertain to + 0.01 cm-!'. Levels given to two
significent figures have uncertainties of + 0.02 cm-' or larger. Landé g-
values with three significent figures have an uncertainty of + 0.01 cm-!

while those given to two figures are uncertain by * 0.03 cm-' or larger.



Table 2 1lists 179 odd levels of Bk I. One hundred seven of these
levels have‘Been assigned to the odd configurations listed in Table 1.
Table 3 lists the known information for the 187 Bk I even levels. There are
88 even levels assigned to the even configurations listed in Table 1.

Tables 4 and 5 list the information for the 42 Bk II odd levels and 118 Bk

II even levels.
CONCLUSIONS

We have identified 15 elecfronic configurations in Bk I and II and have
determined the lowest level of each. We have found 386 levels of the Bk I
and 160 levels of Bk II. For Bk I 53% of the observed levels have been
assigned to configurations and for Bk II 35% have been assigned. The
number of levels found represents a small fraction of the levels expected
for Bk I and II. 1In order for the analysis to progress further it will be
necessary to re-observe the spectrum to increase the total number of lines.
It is especially important to re~investigate the visible-ultraviolet région
taking advantage of the increased precision available with modern Foﬁrier

transform spectrometers.
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Table 1. The lowest levels of identified configurations of neutral and

singly ionized berkelium, 2“°Bk I and II.

Table 2. The

Table 3. The

Table 4. The

Table 5. The

odd energy levels of neutral berkelium, 2*°Bk I.
even energy levels of neutral berkelium, 2%9pk I.
odd energy levels of singly ionized berkelium, *“°Bk II.

even energy levels of singly ionized berkelium, *"?Bk II.
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CAPTIONS
Figure 1. Tracing of the 2“°Bk line at 11204.25 cm-! taken on the Fourier

ld
transform spectrometer at Laboratoire Aime Cotton. The transition is from

the odd level 34114,485 cm-!, 5f9(6H°

15/2)738?(351), J=13/2, to the even

level 22910.225 em-!, 567 (°H° )7s7p(3Pg),.J=15/2. The F values, (F=I+J)

15/2

are across the top of the figure.

Figure 2. Fourier transform spectrometer tracing of the 2"°Bk line at

11024.046 cm-'. The transition is from the odd level 34114.485 cm-*, 5f9
60 3 = =1 960 30
( H15/2)7383( S1). J=13/2 to the even 23090.450 em-!, 5f7( H15/2)7s7p( P2),

J=13/2. The same upper level as is in Fig 1 is involved. The F values are

across the top of the figure.

Figure 3. Energy level diagram of transitions 11204.260 and 11024.046 cm-?
shown in Fig's 1 and 2. The upper level is common to both transitions and
has a sign opposite to the two lower levels. The number beside each

hyperfine level indicates the F value.
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The lowest levels of the identified configurations of neutral

and singly ionized berkelium, ?“°Bk I and II.

————

Level J g Configuration Aa Ba Widtha
(cm-1) @K)  (mK) (mK)
Bk I, ODD
0.000  15/2 1.285 5£9782 Oy 1150
9 8.0 L
17182, 482 1772 5f°6d7s H 71.2 126.7  uu72
i 8_2,7
17777.808 11/2 5f 7s™( F6)7p1/2 .. b7 2u3.7 157
24652.405 13/2  1.38 5f86d7s7p 24,1 164, 1157
9,6.0 3
32488.850 1772 5f°( H15/2)7585( s1) 100.5 254.8 6306
Bk I, EVEN
8 2 8 _
9141.115 13/2 1.515 5f 6dT7s G 17.5 153, 836
9,60 3.0
16913.770 15/2 5f7 ( H15/2)7s7p( PO) 37.05 232. 3168
8, .2 10
21506. 436 1372 5f 6d°7s G 73.7 123.2 3596
36952.61 1372 - 5r97d7p 1800
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Bk II, ODD
0.000 8 5677 THO 104.6  279. 6195
9.6.0
16360.00 8 567 (°H)5 )65 5 670
8,7 3
32025.72 6 5¢>(TF ) 7s7p(3p ) 3415
Bk II, EVEN
7040.98 6 5¢87s2 T o 820
8 9
12340.96 8 5¢%d7s %6 8678
9,60
26938. 26 7 567 (°HS, )70, 2050

—— st e o et At et o s e R P D b e s W e S s -t s o e e e B o B T v e S S B B b e o it S S i b S s
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Table 2. The odd energy levels of neutral berkelium,?“®Bk I.

o — — > D S D o B S s B e k. P D s S A S Bl . e S e e B A . R S S R Y P P S i B e s el s B S P L P A S S D oY D S B e ) i ol Bl S s e B e P

Energy J g Configuration Hyperf‘inea
Level odd odd A B wWidth
(em-1) (mK) (mK) (mK)

0.000 15/2 1.285 509752 OO 20.0 277.0 1150
5416.690  11/2 1.330 569752 OF° 19.7  35.4 823
5757.440  9/2 1.305 5¢9752 6F° 770
6530.720  13/2 1.255 569752 OO0 1020
9535.130 1172 1.275 569752 64° 695
10605.570  9/2 1.155 509752 OO 875
10985.83  7/2 1.295 59752 60 550
12067.63 7/2 0.925 s5¢9752 64° 890
12568.38 5/2 0.95 569752 O5° . 605
17182.482 1772 st96a7s SO 71.2 126.7 U472
17547.622  15/2 st96a7s SO 57.7 123. 3218
17777.808 1172 5f8752(7F6)7p1/2 4.7 243.7 157
17993.628 1372 | 5f8732(7F6)7p1/2 34,2 156.4 1653
18717.833  13/2 st96d7s SO 30.66 202.4 1475
19013.785 1172 5r975% Hg° 20.7 130.9 849
19373.730  19/2 st %6475 81° 67.08 226.1 4676
19993.728  13/2 5£7647s 34.9 184.6 1688
20021.434 1572 5¢96d7s -6.67 113.5 -386
20878.420 11/2 5¢96d7s -34.9 225.8 -1503
21046.130  17/2 5676d7s 6.4 190.1 388

22153.005 7/2 5f8782(7Fu)7p1/2 -.09 39.74 -1y



22236.

22574,

22752

2277

23072.

23185

23225.

23226.

23361

24005.
24107.

24287.

24371

24555,
2u4652.
24786.
25026.
25103.
25104.
25118,
25386.
25430.
25458.
25517.
25543,

25664,

25757

350
380

.817
.690

085

.065

66
985

.667

250
632

590

.842

210
405
279
967
260
290
035
061
510
15
270
340

750

.890

9/2
9/2
1972
9/2
15/2
9/2
13/2,15/2
1172
17/2
11/2
1572
1372
1372
1172
13/é
15/2
572
17/2
1572
1172
572
1372
1172
3/2
7/2
1172

5/2

1

1.

1.

.38

C5f

33.52
10.9
s¢96a7s S° 36.82
5¢975%  Yp3° 28.10
5696475 11.98
92.73
5¢%6d7s
33.49
5676d7s -9.36
5f96d7s 13.59
5¢76d7s 25.54
58.99
5f8732(7F6)7p3/2 9.8
875%7p 57. 44
5e86a7s7p 24,1
5f8782(7F6)7p3/2 38.4
-28.5
5¢%6d7s 10.38
5¢8647s7p 56. 48
5686475 7p 26.86
-38.6
5¢864757p 66.5
5¢87527p 3.0
-12.85
27.19
5:8647s7p 39.36
39.57

63-

327.

118.
60.

40.
294.
66.
124,
31.
- 98.
58.
164,

309.

195.

147,

100.

_170

.46
6

3

15

1178

370
2549

988

667
3233
3285
1400
-619

560
1416
2886

68
2386
1157
2118
-569

663
3080
1118
=772
3253

126
-143
_ 759
1637

796



25776.560
25907.978
25918.8U5
25958.976
26044 ., 240
26298.040
26416, 478
26439.838
26494905
26590.332
26598 . 965
26734.375
27022.050
27161.215
27302.475
27550. 280
27668.915
27874 .375
28223.288
28235.018
28319.825
28725.858
28728.270
28800. 390
28895.291
28950.660

28967.67

7/2
11/2

7/2
13/2

9/2
15/2
1372
17/2
1572
1172

9/2
1572
1372
1772
1372
13/2
13/2
1172
17/2
15/2
1172
13/2

T/2
17/2
1172
13/2

9/2

.49

5f86d7s7p

5f96d73

5f86d7s7p

5¢8647s7p
5f96d7s
5£26d7s

5f96d7s

5972 M©

5f86d7s7p

9

5f°6d7s

5f96d7s

5f96d73

5¢9752 ¥

5f96d7$

9

5f°6d7s

5f96d7s

5f86d7s7p

s5¢96d7s

9

5f°6dTs

5f86d7s7p

5f86d7s7p

9

5f°6d7s

5f96d7s

5f86d7s7p

H1

30.82 31.7

27.8 107.

54.59 34.3
12.60 290.
77.9  28.
36.88 61.

72.23 157.8

19.1 94,7
52.73 258.

32.1 T4.8

-0.39 52.
22.2 81,

3.96 69.
6M.HQ 102.

88.8 21.

5.9 156.

80.6 135.

38.8 64,

Us.4 2731

22.8 T6.

50.39 70.7

29.73 42.

16

854
1151
200
2670
380
4359
1799
4535
4260
788
1792
1770
1290
4653
-26
1232
185
2690
5592
313
3363
1893
780

2833
9uY

2460

1032



29135.
29227.
29351,
29465.
29548.
- 29615.

29625.

29671
29683

29799.
29912,
29945,
29966.

30093

30113.
30119.

30205.

30410

30567.

30660

30857.

31033.

31275

31541

31915.
32110.

32200.

612
335
179
103
720
965

565

.295

.615

236

305

300

22

215

700
865
283

.000

275

.98

098
68

.633

.302

12
uo

355

9/2
1172
1172
1372
j3/2

972
11/2
1372
1372

7/2

1372

11/2

9/2
T7/2
9/2
1572
13/2
9/2
11/2
T/2
11/2
1172
15/2
15/2
1172
1172

1372

1.390

1.370

5f86d7s7p

5686475 7p

5f86d7s7p

5f86d7s7p

5f86d7s7p

s£8647s7p

5f86d7s7p

5f86d7s7p

Sf86d7s7p

5f86d7s7p
5f86d7s7p

5f86d7s7p

5f86d7s7p

5¢8647s7p

5f86d7s7p

5f86d7s7p

5f86d7s7p

32.
21,
23.
26.

1

30.

34,
39.

12

68.

60.

24 51,

116.
96 A47.
94 29,
.6 233.

.2 158,

2 186.

2 158.

.37 37.

.6 127,

3 109.

69 -38.

.5 205,

17

1118
863
998

1316

2006
1802
1271
4oy
183
415
1650
1620

80

110
3880
602
400
2851
380
2555
590
253
343
1060
400

3830



32454,
32488.
32553.
32710.
32725.
32857.

32959.

33050

33110.
33177.
33256.

33671

33902.
- 33922.

34010.

34066

34109.

34114

34157.
34165.
34186.

34254,

34698

34704

3478s.
34837.
3u872.

45
850
u7
260
42
790

70

.98

280
79

455

.915

28
290

05

.66

19

ou85

500
685
760

920

.635

.55

550

925

9/2
17/2
9/2
17/2
9/2
17/2
19/2
1372
1572

1372

1572 °

15/2
13/2
1372
17/2

7/2
11/2
13/2
13/2

9/2
13/2
17/2
13/2

9/2
15/2
11/2

1572

1.375

1.295

1.285

1.200

569 (OO

5f96d7s

8

. 5 6d7sTp

5f86d7s7p

5f86d7s7p

56980

5¢86d7s7p

5f86d7s7p

5£8647s7p

5686475 7p

5¢9( %40

8

5f86d7s7p

5f86d7s7p

5f86d7s7p

5¢9(Ox°

5f86d7s7p

1572

15/2

15/2
5f-6d47s7p .

15/2

91.2 268.

23.47 142.

17.2 126.

)7sas(‘so) 36.5  80.

14,3 195,

18

S1) 100.5 254.8 6306

620
490
720
5264
5640

130

)7383(331) 76.89 242.9 14278

1395
5077
3200
3080
2740

3506

780

S1) -41.82 88.1 -2061

1131
2880
824
4795
13547

2035

780
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35041.46  11/2 1.350 1140
35192.24 1972  5r8%6a7s7p 5665
35287.55 15/2 1.285 1200
35374.795 11/2 1.415 ) ' 2130
35491.415 1172 ' 2725
35670.78 15/2 1.39 5f86d7s7p 1385
36665.84 1372 1200
36721.245 17/2,15/2 ’ 4220
36942.78 1372 1.32

36958.28 13/2

37220.44 . 13/2 1.34 310

37235.48  15/2 ' s£8647s7p 4585

37494475  13/2 2015

37892.055 11/2 1300

38005.00  13/2 sr9(6F?1/2)7sas(3s1) 5975

38085.625 1372 5f86d7s7p 3237

38110.47 5/2 1.52 ,

38114.54  11/2 5¢8647s7p 3410

38239.110 11/2 1.215

38366.575  7/2 1.470

38412.66  11/2 ng(GH?1/2)7385(3S1) 4485

38473.00 15/2 1.31

38508.175 11/2 5f86d7s7p 3975

38697.06 11/2 5f86d7s7p _ 2567

38702.20  13/2 | 2950

38768.760  9/2 2000
8

38799.350 21/2 5f 6d7s7p 5730
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39191. 44 9/2 .39 300
39291.600 15/2 _75f9(6H?3/2)7588(3S1) 102.4 5712
39579.68 1372 3168
30686.345  15/2 3155
39693.01  11/2 .29

39746.055  9/2

39768.190  15/2 2930
39785.150  13/2 5f9(6H?3/2)7383(3S1) 3400
39806.995  11/2 ~100
39954.94  11/2 .46

40021.125  11/2 .355 600
40040.225  13/2 .29 1365
40049.15  15/2 2426
40145.715  13/2 .18

41183.685 17/2,15/2 3052
4127948 13/2 ~180
41350.965 11/2 .31

41353.705  13/2 -438
41601.565  9/2 75

41931.920 15/2 .26

41983.620 15/2 .29

42145.715  9/2 .25

43134.22  5/2 .32 0
a 1mK=10-* cm-t.
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Table 3. The even energy levels of neutral berkelium,?“°Bk I.

Energy
Level

(em-1)

- o ot e et s e s e i e s e . i . P

9141.115
9300.585
10587.345
10735.955
13191.915
13439.485
13769.315
13931.000
14920.166
15290.142
15626.860
15987.97
16038.000
16039.840
16145.840
- 16276.960
16541.450
16913.770
17484 ,350

17532.100

13/2
1172
15/2
9/2
T7/2
9/2
11/2
5/2
7/2
17/2
3/2
11/2
13/2
15/2
1/2
5/2
9/2
15/2
3/2

1372

- s e e s e s o P e it o S e e

Hyperfine a

g Configuration
even A B
(mK) (mK)
1.415  s5r96a752 8 17.5 153.
1,485  5ro6a7s2 19.2 132.7
1.415  srdears? 8 17.1 254.7
1.575 5¢86d7s2 & 21.3  300.
1.4 56864752 & 20.6  33.3
1.40 5¢86a7s2 8 16.7 -11.0
1.46 5¢86d752 & 13.6  -3.5
1.56 50864752 8 25.8  76.7
5f‘86d7s2 8
1.37 56864752 8 18.7 1421.3
5636a7s2 & 29.8 -10.
5¢86a7s2 & 16.9 118.9
1.47 5¢86a752 & 141 81.5
1.31 s¢86a7s2 © 13.8 338.3
56864782 & 76.5
13.6 -117.5
5¢56d7s° 15.4 -25.8
5r9(6H$5/2)7s7p(3Pg) 37.05 232.
56864752 1.7 -82.9
132 sedears? %y 3.3 220.

Width
(mK)
836
785
927
683
567
585
5T
494
395
1138
360
689
676
732
306
305
543
3168
4y

131



17559.160
17665.980
18540.750
18624.117
18733.630
19177.220
19179.210
19197.97

19275.632
19334.710
19439, 284
20569.745
21506.436
21876.700
21894.,093
22016.040
22138.91

22227.670
22298.240
22369.436
22382.830
22516.876
22602.640
22686.020
22861.25

22910.225

22956. 45

11/2
17/2
1372

7/2
11/2

9/2

15/2

5/2
772
1372
9/2
15/2
1372
11/2
15/2
1172
7/2
972
1172
19/2
17/2
9/2
1372
9/2
972
15/2

17/2

1

.25

.28

-35

.u6

.32

5f’86d7s2

9,6,0
St CH g 5

5r86a7s2

5f86d732

5f86d732

5f86d732

)7s7p(3p$)

9,6.0
57 (CHyg)p
8

5f 6d7s2

5f86d732

9,6 0
St7CH g /5

5f86d732

5f86d7s2 8H

5f86d27s 1OG

s5e86a%7s 1%

5f86d27s 1OG-

51“86d7s2

5f‘86d7s2

sr86427s 1%

9,6 0
5r7( F11/2

9,60
57( H15/2

9,60
5f 7 ( H15/2

5f86d752

)7s7p(3p$)

)7s7p(3pg)
)7s7p(3P3)

)7s7p(3pg>

9,6 o
5£7( F9/2

5f86d732

9,6 0
5e7( H15/2

5f86d27s TOG

>7s7p(3pg)

)7s7p(3Pg)

16.1
86.5
=7.2
10.2
13.4
15.6
-5.2

9.8

18.2

)7s7p(3P?) -10.4

16.0
18.1
73.7
70.9
73.5

12.4
91.97
64.6
77.8

66.3

33.3

38.9

73.8
26.6
165.2
-109.
9.9
83.8
331.3
-T4.4
69.
150.3
117.5
335.
123.2
197.9
116.9
93.2

218.4
63.5

486.

221.
14.8

242.6

155. 4

22

664
5445
-375

318

559

527
-328

218

490
-532

537

976

13596
2945
4100

506

300
3174
2703
5405
4154

763
1599
2300

550
2160

4600



23090. 450
23329.100
23406.695
23468.810
24102.207
24210.030
24259.140
24290.60
24496.03
24521.690

24563.01

2u758.590

25279.040
25493.793
25617.69

25765.190
25814,140
26000.831
26645.60

26691.780
26718.477
26860.78

26925.284
27021.760
27558.506
27695.870

27761.265

1372
1172
1172
1372
1172
1372

9/2

9/2

7/2
15/2

9/2
1172
11/2
1372
1372
1372
1172
1972
1572
13/2
1572
1172
17/2
1772
1372
1572

17/2

1.32%

1.155
1.61

1.32

9,60

3,0
57 ( H15/2)7s7p( PZ)

9,6, 0
St7(THig 0

9,60
5f7( H13/2
(o} 3.0
9/2)737p( P1)

9,6 0
5£7( F11/2

)7s7p(3pg)
)7s7p(3P8)
5¢2(OF

)7s7p(3P$)

5f86d732

9,60
5f7( H13/2

9,6_0
5f7( F11/2

9,6_0
5°CF /2

)737p(3p$)
)7s7p(3P?)

)7s7p(3p?>

9,60
5f7( H13/2

9,6 0 3.0
5f°( H13/2)7s7p( P1)

56864275 %

9,6 0
5f£°( H15/2

) 787p(36%)

)7s7p(’P?)

9,6 .0
StTCCHY /o

9,6 0
517 (CHyg /0

5f86d27s

9.6 0
5f7( H15/2

)7s7p(3pg)

)7s7p( 'PS)
y7s7p( ' B0)

5¢£97s7p

54.4

63.6

-24.6

94.2 -

—18-9

-14.1

17.9

21.05

=-1.1

18.7

-12.2

27.

67.4

-28.8
152.
139.5
132.7
95.4
17.4
20
111.1
156.3

181.6

276.
128.3

135.

159.5

327.4

226.2

86.4

23

2645
340
896

1858

2493

3114

-864
598
800

5276

-811
-618

852
2400

994

4672

495
1540
1030
1505
-803
3160
1292
1537

4239



27820.04
27844.730
27914,.22
27925.565
27956.900
28130.21
28300.040
28430.62
28484, 47
28520.58
28682.50
28824.415
29038.930
29080.625
29172.103
29504.83
29600.310
29769.92
29787.16
29974 .04
30255.690
30336.20
31139.69
31154.14
31213.72
31249, 81

31255.72

13/2
1572
9/2

2172

1372

9/2
1372
1172

9/2

9/2

7/2
17/2
15/2
1172
17/2
11/2
13/2

9s2

7/2
1372
1172

9/2
13/2
13/2

9/2

9s2

13/2

1.1

1.32

1.510

1.155

1.170

_1.610

1.12
1.310

1.060

9,60
5f7( H”/2
9,6_0
5¢7( F11/2

)7s7p(3P$)

)7s7p(3PZ)

s¢86a27s 101

5f97s7p

9.6
587 ( H11/2)787P

9,6.0 3.0
5f7 ( H11/2)7s7p( PZ)

st9(%F)7s7p

s¢9 (O§°

3.0
11/2)737p( P2)

5¢864%7s

9,6 0
5F7( H13/2
9,60
56701 /0

9,60
57 H13/2

)YTsTp

)7s7p(3Pg)

529040

3.0
13/2)7s7p( Pz)

72, 787032

5f7( H13/2

)7s7p(3Pg)

30.2

64.2 214.8

80.1

357.7

24

4715
4735

450
5002

4491

4153
355
1200

2350

4120
3569
2845

5012

2110

1755

850

1490
1018
1815

110

990



31406.12
31uu6;61
31707.89
31751.30
32020.07
32075.25
32125.29
32147.66
32279.32
32341.42
32477.01
32477.06
32533.23
32550.20
32665.80
32747.49
32799.82

32903.61

32956.25 -

33191.97
33229.89
33365.93
33427.20
33455. 06
33455.46
33504.33
33526.02

1172

15/2

1172

1372

1372

9/2,11/2

9/2
1172
1372
1372
15/2

772

9/2
1372
1172

9/2
1172
11/2

9/2
1372
15/2
13/2
15/2
1572

9/2
1372

1372

1.18
1.45

1.165

1.28

1.060
1.U57*
1.138
1.28

1.190

1.102

1.17

1.22

)737p( ' P9)
)787p('P0)
)7sZp(1P?)

)73 7p( ')

)737p( ' P)

)7s7p<‘p$)

25

1190

1720

2055

-1100

2780
3130
3728

1200
1007
1100

600
1735
1580
1476
3260

870

1173

~-460
3150

-200



33549.
33726.

33825

33993.
34032.
34525.
34645,
34683.

34705.

34861

35067.

35467

35532.

35560

35583.

35814

35827.
35904.

36228.

36361

36441

36478.
36554,
36588.

36817.

36929

36952.

16
06

.61

46
03
540
84
50
68

U8

51

.89

58

<37

27

.60

21
32
u8

.78

.24

43
62
30

65

.79

61

9/2
1372
11/2
13/2
11/2

7/2
17/2

7/2
1372
1372
1172
1172

9/2

9/2,11/2
15/2
1372

9/2
1172
1372

9/2
15/2
1172
15/2
11/2
1372
1372

1372

.270

<11

.78

.170

<135

.135

.255

.40

.21

5f " 7s7p.

5t 26d7p

26

4460
1950
1193

1150
3470

680

1900

2800

1600
465
280

12330

1125

1340

1065
345
900
740

1670

1800



37106

37149,
37164,
37317f
37613.
37789.

37971
38001

38051

38067.

38193
38274

38329.

38338.

38587
38974
39102

39460

39569.
39620.
39628.

39881

39902.
Losu0.
41017,
41093.

41172,

.88

29
49
22
27

81

.67
.89

.245

83

.76
.69

77
58

.50
.92
.53
.06

77
83

10

.50

21
04
45
k1

48

9/2
7/2
15/2
1172
1172
11/2
13/2,15/72
9/2
1372
1/2
9/2
9/2
11/2
9/2
572
9/s2
T/2
7/2
1972
9/2
7/2
7/2
1172
11/2
11/2
9/2

9/2

.16

.16

.1

.17
.285
.19
.28

.20

.15

.28

.21

.27

5¢96d7p

5¢26d7p

5¢9647p

27

300
1150
u8o.
583
-362

1340
260

1000

530

563

1183
165
1624

1500

65

613

480



41365.69
41962.02
42122.88

42662.69

11/2

1372

1372

1172

28

2250

1260

a, 1 mK = 10-% em-!.

¥ approximate value.
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Table 4. The odd energy levels of singly ionized berkelium,2“°Bk II.

Energy J g Configuration Hyperfine a
Level odd odd A B Width
(em-1) (mK) (mK) (mK)
0.000 8 50975 THC 104.6 279. 6195
1487.51 7 5¢97s 2° -65.9 241. -3430
5598.10 6 50975 TF° 126.9  61. 5800
6051.18 5 56975 TF° 143.5 -U5. 5645
6809.52 7 se97s TH . 115.1. 202. 6000
6906.07 5 " 5£975 °F° -87.1  83. -3290
7038.48 4 | 56975 °F° -120.1  23. -3565
| 7786.75 6 56975 2H° -61.4 197. -2680
10033.97 6 50775 THC 5170
10711.16 5 1.22 56975 2O 850
11080.94 4 56975 KO ~3400
11569.00 5 56975 THO 3000
11724.89 4 5¢97s TF° | 3600
16360.00 8 5f9(6H?5/2)6d3/2 670
16801.52 7 5f9(6ﬂ?5/2)6d3/2 750



18755.

19065.

19426.

21743,

22315.
22428,

22752.

22967
23400.
23419.

23642,
32025.

32343

33132.

34643

34664,

35788.

40960.

1442,

41816,

77

22

80

92

775

9y

20

.80

91

46

T2

.09

61

.65

01

03

15
03

45

10

6,5

9.6 0
5¢ 7 ( H15/2)6d

3/2

5¢97s 2k°

9,6 0
57 ( H15/2)6d

372

5¢ 64

9,6_0
5f7( F11/2)6d

3/2

9,60
5f 7 ( H15/2)6d

5/2

5¢2(%F°) 64

9.6, 0
5f7( H15/2)6d

5/2

9,60
Sf ( H15/2)6d

572

5f96d 6H 2,5/2

15/

5t 964

8,7 3.0
5¢°(TF ) 737p( B0
5f8(7F6)7s7p(3P?)

5r8(7F6)7s7p(3P?)

' 5f8(7F6)7s7p(3P?)

30

680

4540
2745

430
-140

960

1020

750
1170
640

820
3445
1015

6705

-3120
- 1944
-1265

2810
1084

380



41859,
41950,
k2510,
43348.
43665.

44065.

49754

13 7
33 5
15 7,6
69 4
550 6
sy 6
.89 6,7

31

1953
550
3370
- 650
4665
100

1250

mK = 10-% cm-!.
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Table 5. The even energy levels of singly ionized berkelium, 2“°Bk II.

P Y -~

Energy d g Not Configuration Hyperfine a
Level even even | width
(em-1) (mK)
7040.98 6 568752 Tp 820
10191.14 5 5¢87s2 Tp 390
12340.96 8 5¢86a7s % 8678
12558.97 7 5r86a7s %6 5710
12583.03 6 se86a7s 9c 4785
13889. 43 5 5¢86a7s % 2865
15644, 42 6 -820
16240. 01 6 1265
17405.79 6,5 2900
17957.73 7 se%a7s T - . -2250
18196.51 7,6,8 ’ 175
21888.57 7 2080
23817.32 7 930
23861.38 7 3745
2423454 8,7 -1945
25593.755 8 5686478 H 5710
26510.20 7 -115



26938.
27157.

28223.
28280.
28619.
28793.

29512,

29969

30301

30452,
30786.
30998.
31387.
'31529.

31747.

31778
31921

32193,

32432

32815.

32938

32940.

26
155

10
1
12
47

29

.76

.30

395
30
T
425

34

u7

.43

.40

82

.73

405

.63

15

509 (00

33

15/2)TP1 /2 2050
9,6 0
5f7( H15/2)7p1/2 2085
5¢86d7s TH 445
T40
3430
300
2330
3810
735
-1990
4070
4270
1950
2770
9,6_0
5f7( I-“”/2)7p1/2 825
-75
- 100
9,6 0 '
5f°( F9/2)7p1/2 850
9,6 0
57 ( F11/2)7p1/2 1670
9,6 0
5f7( F9/2)7p1/2 3270
9,6 0
5fF°( I~‘9/2)7p1/2 1505
9,60
57 ( 1-115/2)7p3/2 1805



33055.
33566.

33633.
33691
33727
33981

34224,
34594,
34597.
34729.

34808
34938.
34947,

35157

35217
35355.
35834.
35938.
36064

36095

36142,
36294.
36344,

36347.

78

35

825

.28
.95
.89

30

29

19

28

.96

96

72

.63

.75

68

09

.36

.62

13
88
08

20

5,6

7,6

5,6

.27

9,6 0

5f°("H )Tp

13/72°'71/2

9,6 .0

5f7( H15/2)7p

372

9,60

9,6,.0
5¢7( H15/2)7P3/2

9,60
SETCHY )Ry 40

34

265
1732
3020
-923
3300

1125

420
1640
2140
2080

810
985

2340

2725

4355
430
=100

2245
-130

427
1964
1100

2050



36379.08
36525.55
36599.76
36636.14

36765.94
36913.33
37051.13
37275.04

37302.15
37322.79
37&97,23
37688.35
38055.26
38185.91
38541.94
38704.84
38964.87
39368.45
39600.28
39742.20
39848.50
40057.16
40383.76

Lou63.62

4o480.12 .

5,4,6

6,7
4,5

6,7

5,6
7,6

5¢°7p

9,60

5f°(°H

9,6 0

5¢°("H

1172)™P1/2

9/22TP1 /2

35

950
1390
1650

350

2265

1955

2220

420

1865
2500
950
730
800
100
625
900
590
2650
1050
1890
1100
3500
2066
600

2460



4ou86.48
40599. 40
40625.13
40637.75
4oT4T.49
40880.79
40911.65
40927.00
40970.16
41258.35
41267.02
41292.69
41333.80
41489.08
41496.54
41514.63
41554, 45
41611.69
U1770.62
42011.97
42358.38
42557.58
42660.32
42923.84
43012.95

43253.94

43481.63 -

6,7

5,6

6,7
4,5
5,4
6,7

4796

4,5

4,5

6p7

6,7

5,6,7

5,6’7

6,7

36

2075
1345

495
1535

2535

- 150

2445
1375
3210
2194

-425

1560
2020

500
1240
-200

2535

2120
2235
1193
1360

550
1400

415

1415
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44149.02 6,7 1165

44555, 91 5,6 569 (8x°

11/2)793/2 1810

a, 1 mK = 10-° em-*.
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10-11 9-10 8-9 7-8 6-7 5-6 4-5 3-4
10-10 9-9 8-8 7-7 _6-6 5-5 4-4
T ] T

I*T Al AL T T T T Ij’ T U T T T T 1T T T

11202.02 11204.02 11206.02
Wavenumber (cm™)

Figure 1. Tracing of the ?“°Bk line at 11204.25 cm-' taken on the Fourier
transform spectrometer at Laboratoire Aime Cotton. The transition is from

9,60 3

the odd level 34114, U485 cem-!, sf7( H15/2)7583( S1), J=13/2, to the even

level 22910.225 cm-!, 5f9(6H° )7s?p(3Pg), J=15/2. The F values, (F=I+J)

15/2
are across the top of the figure.
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1 0-‘-1 0 9‘-9 8-8 7‘-7 6-{6 5-5 4-4 3-3
A ] i T |
9-]-1 0 8-]-9 7:8 677 5-6 4-5 3-4
10]—9 9-8 877 7-1-6 6-5 5-4 4-3
1 i l i
T I T T T T Y T T T T T T T T T s T T T I T —
11022.02 11024.02 : 11026.02

Wavenumber (cm™?)

Figure 2. Fourier transform spectrometer tracing of the 2498k line at

11024.046 cm-'. The transition is from the odd level 34114.485 cm-?, 5f9
6,0 ‘ 3g- _1 9,6 0 3.0
(°H9,,,)7383(s)), J=13/2 to the even 23090.450 cm-*, 5f°(CH;g,,)TsTo(°P,),

J=13/2. The same upper level as is in Fig 1 is involved. The F values are

across the top of the figure.
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34114, J = 13/2

4 ) 4
5 5
6 6
7 7
8 8
9 9
10 10
e .
— T —
10
9
11 8
7
10
: 6
9 5
4
8 3
7 23090, J = 13/2
6
5
4

22910, J = 15/2
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Figure 3. Energy level diagram of transitions 11204.260 and 11024.046 cm-!
shown in Fig's 1 and 2. The upper level is common to both transitions and
has a sign opposite to the two lower levels. The number beside each

hyperfine level indicates the F value.
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