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The work presented in this thesis concentrates on the development of the FURIOS
laser ion source towards e�cient and selective production of low energy radioactive
ion beams. This includes design and development of the ion guide and hot cavity
catcher systems for laser ion source use, and the development of in-source and in-jet
laser spectroscopy techniques. The work has been carried out at the IGISOL facility
in the Accelerator laboratory of the University of Jyväskylä.

The FURIOS facility was upgraded and developed during the move to the IGISOL-4
facility. The laser transport was greatly improved in order to allow a large fraction of
the initial laser intensity to be transported into the gas cell at the IGISOL-4 frontend.
The careful design of the IGISOL frontend and the FURIOS facility enable the laser
ion source to be utilized e�ciently for the production of radioactive ion beams at
IGISOL-4.

Additionally, in order to overcome the de�ciencies of the standard IGISOL ion guide
design under on-line conditions, an ion guide based on an original design by the
LISOL group in Leuven has been adapted the IGISOL. The shadow gas cell allows
e�cient resonance laser ionization in a gas cell under on-line conditions. The trans-
port e�ciency of the ion guide was determined using � recoil source. Additionally,
the principal operation of the ion guide was demonstrated under pseudo-on-line
conditions utilizing resonance laser ionization.

An inductively heated hot cavity catcher laser ion source was developed based on
existing electron bombardment heated thermal ionizer design in collaboration with
the JYFL ECR group. The motivation behind the development of a new type of
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recoil catcher at IGISOL is the production of rare isotope of silver, N=Z 94Ag. The
evacuation time for the silver atoms from the catcher was measured to be less than
10 ms at a relatively low temperature of 1200 �C. Though the hot cavity catcher ion
source principle was demonstrated, the commissioning experiment showed the need
to further develop the catcher in order to improve the beam quality and ionization
e�ciency.

Lastly, in gas-jet spectroscopy in the form of the LIST approach was studied. Dif-
ferent ion guide nozzles were compared in order to �nd a nozzle that would produce
long collimated gas jets for the use of the LIST approach. A de Laval type nozzle
was found out to be the most promising, being able to produce a well collimated jet
spanning a distance of 14 cm. The jet temperature was measured to be very low,
which when combined with the low pressure, makes a very attractive environment
for laser spectroscopy.
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1. Introduction

Nuclear physics has advanced considerably since the discovery of the nucleus by
Rutherford in 1911 with most of the stable and a large number of radioactive iso-
topes having been discovered and studied. The current nuclear landscape, presented
in Fig. 1.1, consists of over 3000 known isotopes [1], most of which are radioactive.
Modern nuclear physics techniques probe the properties of exotic isotopes far away
from stability, rare isomers, and the very heavy elements among which stable or
nearly stable elements might still exist. Exotic nuclei are mainly produced in nu-
clear reactions in which a high energy beam from a particle accelerator interacts
with a target. In these reactions a large number of di�erent nuclei are produced,
most of them contributing to so-called contamination. In order to detect the rarest
of the nuclei, the isotopes must be separated from each other. Two main techniques
exist for producing and separating radioactive isotopes, the in-�ight and the Isotope
Separation On-line (ISOL) method [2]. As the name implies, in-�ight separators
select the isotopes of interest as they are propagating through vacuum using a com-
bination of magnets and electric �elds. The ISOL technique on the other hand �rst
stops the reaction products, re-ionizes them and uses a mass separator to produce a
beam containing the isotope of interest.

One of the means of selectively enhancing the isotope of interest is via resonant laser
ionization [3], whereby an atom is excited step-wise and ionized using a combination
of two or more lasers. This method is highly element selective hence, when com-
bined with a mass separator, can be used to produce pure isotopic beams free from
isobaric background. The method has been used for years at the Isotope Separator
on Line (ISOLDE) where the Resonance Ionization Laser Ion Source (RILIS) is used
to produce radioactive beams for the majority of experiments. Today, numerous
laser ion sources are operational both at o�-line and on-line laboratories [4]. While
these ion sources typically utilize either high repetition rate solid state Titanium
Sapphire (Ti:sapphire) or medium/high repetition rate dye lasers, combinations of
these exist. This thesis discusses the implementation of a Ti:sapphire -based laser
ion source at the IGISOL facility.

Since the initial proposal [5,6], laser ion sources at radioactive ion beam facilities have
been typically coupled with hot cavities as the hot target approach was the standard
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10 Be

1510000
a

��=100

11 Be

13.81 s

��=100

12 Be

23.6 ms

��=100

13 Be

0.9 MeV

n=100

14 Be

4.35 ms

��=100

7 B

1.4 MeV

xp=100

8 B

770 ms

e.c.+�+=100

9 B

0.54 keV

�P=100

10 B

19.9

3+

11 B

80.1

3/2-

12 B

20.20 ms

��=100

13 B

17.36 ms

��=100

14 B

13.8 ms

��=100

15 B

10.5 ms

��=100

16 B

200 ps

n=100

17 B

5.08 ms

��=100

8 C

230 keV

xp=100

9 C

126,5 ms

e.c.+�+=100

10 C

19.255 s

e.c.+�+=100

11 C

20.39 m

e.c.+�+=100

12 C

98.90

0+

13 C

1.10

1/2+

14 C

5730 a

��=100

15 C

2.449 s

��=100

16 C

0.747 s

��=100

17 C

0.193 s

��=100

18 C

0.095 s

��=100

19 C

0.046 s

��=100

20 C

0.014 s

��=100

11 N

740 keV

p=?

12 N

11.000
ms

e.c.+�+=100

13 N

9.965 m

e.c.+�+=100

14 N

99.634

1+

15 N

0.366

1/2-

16 N

7.13 s

��=100

17 N

4.173 s

��=100

18 N

624 ms

��=100

19 N

0.304 s

��=100

20 N

100 ms

��=100

21 N

85 ms

��=100

22 N

24 ms

��=100

12 O

0.40
MeV

2p=60

13 O

8.58 ms

e.c.+�+=100

14 O

70.606 s

e.c.+�+=100

15 O

122.24 s

e.c.+�+=100

16 O

99.762

0+

17 O

0.038

5/2+

18 O

0.200

0+

19 O

26.91 s

��=100

20 O

13.51 s

��=100

21 O

3.42 s

��=100

22 O

2.25 s

��=100

23 O

82 ms

��=100

24 O

61 ms

��=100

14 F

- (2-)

-

15 F

1.0 MeV

p=100

16 F

40 keV

p=100

17 F

64.49 s

e.c.+�+=100

18 F

109.77
m

e.c.+�+=100

19 F

100

1/2+

20 F

11.00 s

��=100

21 F

4.158 s

��=100

22 F

4.23 s

��=100

23 F

2.23 s

��=100

24 F

0.34 s

��=100

25 F

59 ms

��=100

16 Ne

122 keV

2p=100

17 Ne

109.2 ms

e.c.+�+=100

18 Ne

1672 ms

e.c.+�+=100

19 Ne

17.22 s

e.c.+�+=100

20 Ne

90.48

0+

21 Ne

0.27

3/2+

22 Ne

9.25

0+

23 Ne

37.24 s

��=100

24 Ne

3.38 m

��=100

25 Ne

602 ms

��=100

26 Ne

197 ms

��=100

27 Ne

32 ms

��=100

28 Ne

17 ms

��=100

29 Ne

0.2 s

��=100

19 Na

- -

-

20 Na

447.9 ms

e.c.+�+=100

21 Na

22.49 s

e.c.+�+=100

22 Na

2.6019 a

e.c.+�+=11

23 Na

100

3/2+

24 Na

14.9590
s

��=100

25 Na

59.1 s

��=100

26 Na

1.072 s

��=100

27 Na

301 ms

��=100

28 Na

30.5 ms

��=100

29 Na

44.9 ms

��=100

30 Na

48 ms

��=100

31 Na

17.0 ms

��=100

32 Na

13.2 ms

��=100

33 Na

8.2 ms

��=100

34 Na

5.5 ms

��=100

35 Na

1.5 ms

��=100

20 Mg

95 ms

e.c.+�+=100

21 Mg

122 ms

e.c.+�+=100

22 Mg

3.857 s

e.c.+�+=100

23 Mg

11.317 s

e.c.+�+=100

24 Mg

78.99

0+

25 Mg

10.00

5/2+

26 Mg

11.01

0+

27 Mg

9.458 m

��=100

28 Mg

20.91 h

��=100

29 Mg

1.30 s

��=100

30 Mg

335 ms

��=100

31 Mg

230 ms

��=100

32 Mg

120 ms

��=100

33 Mg

90 ms

��=100

34 Mg

20 ms

��=100

22 Al

70 ms

e.c.+�+=100

23 Al

0.47 s

e.c.+�+=100

24 Al

2.053 s

e.c.+�+=100

25 Al

7.183 s

e.c.+�+=100

26 Al

7.17e+5
a

e.c.+�+=100

27 Al

100

5/2+

28 Al

2.2414
m

��=100

29 Al

6.56 m

��=100

30 Al

3.60 s

��=100

31 Al

644 ms

��=100

32 Al

33 ms

��=100

22 Si

6 ms

e.c.+�+=100

23 Si

- -

-

24 Si

102 ms

e.c.+�+=100

25 Si

220 ms

e.c.+�+=100

26 Si

2.234 s

e.c.+�+=100

27 Si

4.16 s

e.c.+�+=100

28 Si

92.23

0+

29 Si

4.67

1/2+

30 Si

3.10

0+

31 Si

157.3 m

��=100

32 Si

150 a

��=100

33 Si

6.18 s

��=100

34 Si

2.77 s

��=100

35 Si

0.78 s

��=100

36 Si

0.45 s

��=100

26 P

20 ms

e.c.+�+=100

27 P

260 ms

e.c.+�+=100

28 P

270.3 ms

e.c.+�+=100

29 P

4.140 s

e.c.+�+=100

30 P

2.498 m

e.c.+�+=100

31 P

100

1/2+

32 P

14.262 d

��=100

33 P

25.34 d

��=100

34 P

12.43 s

��=100

35 P

47.3 s

��=100

36 P

5.6 s

��=100

37 P

2.31 s

��=100

38 P

0.64 s

��=100

39 P

0.16 s

��=100

40 P

260 ms

��=100

41 P

120 ms

��=100

42 P

110 ms

��=100

43 P

33 ms

��=100

27 S

21 ms

e.c.+�+=100

28 S

125 ms

e.c.+�+=100

29 S

187 ms

e.c.+�+=100

30 S

1.178 s

e.c.+�+=100

31 S

2.572 s

e.c.+�+=100

32 S

95.02

0+

33 S

0.75

3/2+

34 S

4.21

0+

35 S

87.32 d

��=100

36 S

0.02

0+

37 S

5.05 m

��=100

38 S

170.3 m

��=100

39 S

11.5 s

��=100

40 S

8.8 s

��=100

41 S

- -

-

42 S

0.56 s

��=100

43 S

220 ms

��=100

44 S

123 ms

��=100

45 S

82 ms

��=100

31 Cl

150 ms

e.c.+�+=100

32 Cl

298 ms

e.c.+�+=100

33 Cl

2.511 s

e.c.+�+=100

34 Cl

1.5264 s

e.c.+�+=100

35 Cl

75.77

3/2+

36 Cl

3.01e+5
a

��=98.10

37 Cl

24.23

3/2+

38 Cl

37.24 m

��=100

39 Cl

55.6 m

��=100

40 Cl

1.35 m

��=100

41 Cl

38.4 s

��=100

42 Cl

6.8 s

��=100

43 Cl

3.3 s

��=100

44 Cl

434 ms

��=100

45 Cl

400 ms

��=100

46 Cl

223 ms

��=100

47 Cl

- -

��n

30 Ar

20 ns

p=?

31 Ar

15.1 ms

e.c.+�+=100

32 Ar

98 ms

e.c.+�+=100

33 Ar

173.0 ms

e.c.+�+=100

34 Ar

844.5 ms

e.c.+�+=100

35 Ar

1.775 s

e.c.+�+=100

36 Ar

0.337

0+

37 Ar

35.04 d

e.c.+�+=100

38 Ar

0.063

0+

39 Ar

269 a

��=100

40 Ar

99.600

0+

41 Ar

109.34
m

��=100

42 Ar

32.9 a

��=100

43 Ar

5.37 m

��=100

44 Ar

11.87 m

��=100

45 Ar

21.48 s

��=100

46 Ar

8.4 s

��=100

47 Ar

700 ms

��=100

35 K

190 ms

e.c.+�+=100

36 K

342 ms

e.c.+�+=100

37 K

1.226 s

e.c.+�+=100

38 K

7.636 m

e.c.+�+=100

39 K

93.2581

3/2+

40 K

1.277e+9
a

��=89.28

41 K

6.7302

3/2+

42 K

12.360 h

��=100

43 K

22.3 h

��=100

44 K

22.13 m

��=100

45 K

17.3 m

��=100

46 K

105 s

��=100

47 K

17.50 s

��=100

48 K

6.8 s

��=100

49 K

1.26 s

��=100

50 K

472 ms

��=100

51 K

365 ms

��=100

52 K

105 ms

��=100

53 K

30 ms

��=100

54 K

10 ms

��=100

35 Ca

50 ms

e.c.+�+=100

36 Ca

102 ms

e.c.+�+=100

37 Ca

181.1 ms

e.c.+�+=100

38 Ca

440 ms

e.c.+�+=100

39 Ca

859.6 ms

e.c.+�+=100

40 Ca

96.941

0+

41 Ca

1.03e+5
a

e.c.+�+=100

42 Ca

0.647

0+

43 Ca

0.135

7/2-

44 Ca

2.086

0+

45 Ca

162.61 d

��=100

46 Ca

- -

��

47 Ca

4.536 d

��=100

48 Ca

6e+18 a

��=?

49 Ca

8.718 m

��=100

50 Ca

13.9 s

��=100

51 Ca

10.0 s

��=100

52 Ca

4.6 s

��=100

53 Ca

90 ms

��=100

40 Sc

182.3 ms

e.c.+�+=100

41 Sc

596.3 ms

e.c.+�+=100

42 Sc

681.3 ms

e.c.+�+=100

43 Sc

3.891 h

e.c.+�+=100

44 Sc

3.927 h

e.c.+�+=100

45 Sc

100

7/2-

46 Sc

83.79 d

��=100

47 Sc

3.3492 d

��=100

48 Sc

43.67 h

��=100

49 Sc

57.2 m

��=100

50 Sc

102.5 s

��=100

51 Sc

12.4 s

��=100

52 Sc

8.2 s

��=100

39 Ti

26 ms

e.c.+�+=100

40 Ti

50 ms

e.c.+�+=100

41 Ti

80 ms

e.c.+�+=100

42 Ti

199 ms

e.c.+�+=100

43 Ti

509 ms

e.c.+�+=100

44 Ti

63 a

e.c.+�+=100

45 Ti

184.8 m

e.c.+�+=100

46 Ti

8.0

0+

47 Ti

7.3

5/2-

48 Ti

73.8

0+

49 Ti

5.5

7/2-

50 Ti

5.4

0+

51 Ti

5.76 m

��=100

52 Ti

1.7 m

��=100

53 Ti

32.7 s

��=100

54 Ti

- 0+

-

55 Ti

320 ms

��=100

56 Ti

160 ms

��=100

57 Ti

180 ms

��=100

58 Ti

- 0+

-

59 Ti

- (5/2-)

-

60 Ti

- 0+

-

61 Ti

- (1/2-)

��n=?

43 V

800 ms

e.c.+�+=100

44 V

90 ms

e.c.+�+=100

45 V

547 ms

e.c.+�+=100

46 V

422.37
ms

e.c.+�+=100

47 V

32.6 m

e.c.+�+=100

48 V

15.9735
d

e.c.+�+=100

49 V

330 d

e.c.+�+=100

50 V

1.4e+17
a

e.c.+�+=83

51 V

99.750

7/2-

52 V

3.743 m

��=100

53 V

1.61 m

��=100

54 V

49.8 s

��=100

55 V

6.54 s

��=100

56 V

230 ms

��=100

57 V

320 ms

��=100

58 V

200 ms

��=100

59 V

130 ms

��=100

60 V

200 ms

��=100

61 V

- -

-

62 V

- (3+)

-

63 V

- (7/2-)

-

64 V

- -

-

43 Cr

21 ms

e.c.+�+=100

44 Cr

53 ms

e.c.+�+=100

45 Cr

50 ms

e.c.+�+=100

46 Cr

0.26 s

e.c.+�+=100

47 Cr

500 ms

e.c.+�+=100

48 Cr

21.56 h

e.c.+�+=100

49 Cr

42.3 m

e.c.+�+=100

50 Cr

1.8e+17
a

e.c.+�+=?

51 Cr

27.7025
d

e.c.+�+=100

52 Cr

83.789

0+

53 Cr

9.501

3/2-

54 Cr

2.365

0+

55 Cr

3.497 m

��=100

56 Cr

5.94 m

��=100

57 Cr

21.1 s

��=100

58 Cr

7.0 s

��=100

59 Cr

0.74 s

��=100

60 Cr

0.57 s

��=100

61 Cr

270 ms

��=100

62 Cr

190 ms

��=100

63 Cr

110 ms

��=100

64 Cr

- 0+

-

65 Cr

- (1/2-)

-

66 Cr

- 0+

-

67 Cr

- (1/2-)

-

46 Mn

41 ms

e.c.+�+=100

47 Mn

100 ms

e.c.+�+=100

48 Mn

158.1 ms

e.c.+�+=100

49 Mn

382 ms

e.c.+�+=100

50 Mn

283.88
ms

e.c.+�+=100

51 Mn

46.2 m

e.c.+�+=100

52 Mn

5.591 d

e.c.+�+=100

53 Mn

3.74e+6
a

e.c.+�+=100

54 Mn

312.3 d

e.c.+�+=100

55 Mn

100

5/2-

56 Mn

2.5785 h

��=100

57 Mn

85.4 s

��=100

58 Mn

3.0 s

��=100

59 Mn

4.6 s

��=100

60 Mn

51 s

��=100

61 Mn

0.71 s

��=100

62 Mn

0.88 s

��=100

63 Mn

0.25 s

��=100

64 Mn

140 ms

��=100

65 Mn

110 ms

��=100

66 Mn

90 ms

��=100

46 Fe

20 ms

e.c.+�+=100

47 Fe

27 ms

e.c.+�+=100

48 Fe

44 ms

e.c.+�+=100

49 Fe

70 ms

e.c.+�+=100

50 Fe

150 ms

e.c.+�+=100

51 Fe

305 ms

e.c.+�+=100

52 Fe

8.275 h

e.c.+�+=100

53 Fe

8.51 m

e.c.+�+=100

54 Fe

5.8

0+

55 Fe

2.73 a

e.c.+�+=100

56 Fe

91.72

0+

57 Fe

2.2

1/2-

58 Fe

0.28

0+

59 Fe

44.503 d

��=100

60 Fe

2.6e+6
a

��=100

61 Fe

5.98 m

��=100

62 Fe

68 s

��=100

63 Fe

6.1 s

��=100

64 Fe

2.0 s

��=100

65 Fe

0.4 s

��=100

66 Fe

440 ms

��=100

67 Fe

470 ms

��=100

68 Fe

0.10 s

��=100

69 Fe

170 ms

��=100

50 Co

44 ms

e.c.+�+=100

51 Co

- (7/2-)

-

52 Co

18 ms

e.c.+�+=100

53 Co

240 ms

e.c.+�+=100

54 Co

193.23
ms

e.c.+�+=100

55 Co

17.53 h

e.c.+�+=100

56 Co

77.27 d

e.c.+�+=100

57 Co

271.79 d

e.c.+�+=100

58 Co

70.86 d

e.c.+�+=100

59 Co

100

7/2-

60 Co

5.2714 a

��=100

61 Co

1.650 h

��=100

62 Co

1.50 m

��=100

63 Co

27.4 s

��=100

64 Co

0.30 s

��=100

65 Co

1.20 s

��=100

66 Co

0.233 s

��=100

67 Co

0.42 s

��=100

68 Co

0.18 s

��=100

69 Co

0.27 s

��=100

70 Co

150 ms

��=100

71 Co

210 ms

��=100

72 Co

90 ms

��=100

73 Co

- (7/2-)

-

74 Co

- -

-

75 Co

- (7/2-)

-

52 Ni

38 ms

e.c.+�+=100

53 Ni

45 ms

e.c.+�+=100

54 Ni

- 0+

-

55 Ni

212.1 ms

e.c.+�+=100

56 Ni

6.077 d

e.c.+�+=100

57 Ni

35.60 h

e.c.+�+=100

58 Ni

68.077

0+

59 Ni

7.6e+4
a

e.c.+�+=100

60 Ni

26.223

0+

61 Ni

1.140

3/2-

62 Ni

3.634

0+

63 Ni

100.1 a

��=100

64 Ni

0.926

0+

65 Ni

2.5172 h

��=100

66 Ni

54.6 h

��=100

67 Ni

21 s

��=100

68 Ni

19 s

��=100

69 Ni

11.4 s

��=100

70 Ni

- 0+

-

71 Ni

1.86 s

��=100

72 Ni

2.1 s

��=100

73 Ni

0.70 s

��=100

74 Ni

0.54 s

��=100

75 Ni

0.6 s

��=100

76 Ni

0.24 s

��=100

57 Cu

199.4 ms

e.c.+�+=100

58 Cu

3.204 s

e.c.+�+=100

59 Cu

81.5 s

e.c.+�+=100

60 Cu

23.7 m

e.c.+�+=100

61 Cu

3.333 h

e.c.+�+=100

62 Cu

9.74 m

e.c.+�+=100

63 Cu

69.17

3/2-

64 Cu

12.700 h

e.c.+�+=61.0

65 Cu

30.83

3/2-

66 Cu

5.120 m

��=100

67 Cu

61.83 h

��=100

68 Cu

31.1 s

��=100

69 Cu

2.85 m

��=100

70 Cu

4.5 s

��=100

71 Cu

19.5 s

��=100

72 Cu

6.6 s

��=100

73 Cu

3.9 s

��=100

74 Cu

1.594 s

��=100

75 Cu

1.224 s

��=100

76 Cu

0.641 s

��=100

77 Cu

469 ms

��=100

78 Cu

342 ms

��=100

79 Cu

188 ms

��=100

57 Zn

40 ms

e.c.+�+=100

58 Zn

65 ms

e.c.+�+=100

59 Zn

182.0 ms

e.c.+�+=100

60 Zn

2.38 m

e.c.+�+=100

61 Zn

89.1 s

e.c.+�+=100

62 Zn

9.186 h

e.c.+�+=100

63 Zn

38.47 m

e.c.+�+=100

64 Zn

48.6

0+

65 Zn

244.26 d

e.c.+�+=100

66 Zn

27.9

0+

67 Zn

4.1

5/2-

68 Zn

18.8

0+

69 Zn

56.4 m

��=100

70 Zn

0.6

0+

71 Zn

2.45 m

��=100

72 Zn

46.5 h

��=100

73 Zn

23.5 s

��=100

74 Zn

95.6 s

��=100

75 Zn

10.2 s

��=100

76 Zn

5.7 s

��=100

77 Zn

2.08 s

��=100

78 Zn

1.47 s

��=100

79 Zn

995 ms

��=100

80 Zn

0.545 s

��=100

81 Zn

0.29 s

��=100

61 Ga

0.15 s

e.c.+�+=100

62 Ga

116.12
ms

e.c.+�+=100

63 Ga

32.4 s

e.c.+�+=100

64 Ga

2.627 m

e.c.+�+=100

65 Ga

15.2 m

e.c.+�+=100

66 Ga

9.49 h

e.c.+�+=100

67 Ga

3.2612 d

e.c.+�+=100

68 Ga

67.629
m

e.c.+�+=100

69 Ga

60.108

3/2-

70 Ga

21.14 m

��=99.59

71 Ga

39.892

3/2-

72 Ga

14.10 h

��=100

73 Ga

4.86 h

��=100

74 Ga

8.12 m

��=100

75 Ga

126 s

��=100

76 Ga

32.6 s

��=100

77 Ga

13.2 s

��=100

78 Ga

5.09 s

��=100

79 Ga

2.847 s

��=100

80 Ga

1.697 s

��=100

81 Ga

1.217 s

��=100

82 Ga

0.599 s

��=100

83 Ga

0.31 s

��=100

84 Ga

85 ms

��=100

61 Ge

40 ms

e.c.+�+=100

62 Ge

- 0+

-

63 Ge

95 ms

e.c.+�+=100

64 Ge

63.7 s

e.c.+�+=100

65 Ge

30.9 s

e.c.+�+=100

66 Ge

2.26 h

e.c.+�+=100

67 Ge

18.9 m

e.c.+�+=100

68 Ge

270.8 d

e.c.+�+=100

69 Ge

39.05 h

e.c.+�+=100

70 Ge

21.23

0+

71 Ge

11.43 d

e.c.+�+=100

72 Ge

27.66

0+

73 Ge

7.73

9/2+

74 Ge

35.94

0+

75 Ge

82.78 m

��=100

76 Ge

7.44

0+

77 Ge

11.30 h

��=100

78 Ge

88.0 m

��=100

79 Ge

18.98 s

��=100

80 Ge

29.5 s

��=100

81 Ge

7.6 s

��=100

82 Ge

4.60 s

��=100

83 Ge

1.85 s

��=100

65 As

0.19 s

e.c.+�+=100

66 As

95.77 ms

e.c.+�+=100

67 As

42.5 s

e.c.+�+=100

68 As

151.6 s

e.c.+�+=100

69 As

15.2 m

e.c.+�+=100

70 As

52.6 m

e.c.+�+=100

71 As

65.28 h

e.c.+�+=100

72 As

26.0 h

e.c.+�+=100

73 As

80.30 d

e.c.+�+=100

74 As

17.77 d

��=34

75 As

100

3/2-

76 As

1.0778 d

��=100

77 As

38.83 h

��=100

78 As

90.7 m

��=100

79 As

9.01 m

��=100

80 As

15.2 s

��=100

81 As

33.3 s

��=100

82 As

19.1 s

��=100

83 As

13.4 s

��=100

84 As

4.5 s

��=100

85 As

2.021 s

��=100

86 As

0.945 s

��=100

87 As

0.48 s

��=100

67 Se

60 ms

e.c.+�+=100

68 Se

35.5 s

e.c.+�+=100

69 Se

27.4 s

e.c.+�+=100

70 Se

41.1 m

e.c.+�+=100

71 Se

4.74 m

e.c.+�+=100

72 Se

8.40 d

e.c.+�+=100

73 Se

7.15 h

e.c.+�+=100

74 Se

0.89

0+

75 Se

119.779
d

e.c.+�+=100

76 Se

9.36

0+

77 Se

7.63

1/2-

78 Se

23.78

0+

79 Se

1.13e6 a

��=100

80 Se

49.61

0+

81 Se

18.45 m

��=100

82 Se

1.08e+20
a

��=100

83 Se

22.3 m

��=100

84 Se

3.10 m

��=100

85 Se

31.7 s

��=100

86 Se

15.3 s

��=100

87 Se

5.29 s

��=100

88 Se

1.53 s

��=100

89 Se

0.41 s

��=100

90 Se

- 0+

-

91 Se

0.27 s

��=100

70 Br

79.1 ms

e.c.+�+=100

71 Br

21.4 s

e.c.+�+=100

72 Br

78.6 s

e.c.+�+=100

73 Br

3.4 m

e.c.+�+=100

74 Br

25.4 m

e.c.+�+=100

75 Br

96.7 m

e.c.+�+=100

76 Br

16.2 h

e.c.+�+=100

77 Br

57.036 h

e.c.+�+=100

78 Br

6.46 m

e.c.+�+=100

79 Br

50.69

3/2-

80 Br

17.68 m

��=91.7

81 Br

49.31

3/2-

82 Br

35.30 h

��=100

83 Br

2.40 h

��=100

84 Br

31.80 m

��=100

85 Br

2.90 m

��=100

86 Br

55.1 s

��=100

87 Br

55.60 s

��=100

88 Br

16.34 s

��=100

89 Br

4.348 s

��=100

90 Br

1.91 s

��n=25.2

91 Br

0.541 s

��=100

92 Br

0.343 s

��=100

93 Br

102 ms

��=100

94 Br

70 ms

��=100

71 Kr

64 ms

e.c.+�+=100

72 Kr

17.2 s

e.c.+�+=100

73 Kr

27.0 s

e.c.+�+=100

74 Kr

11.50 m

e.c.+�+=100

75 Kr

4.3 m

e.c.+�+=100

76 Kr

14.8 h

e.c.+�+=100

77 Kr

74.4 m

e.c.+�+=100

78 Kr

0.35

0+

79 Kr

35.04 h

e.c.+�+=100

80 Kr

2.25

0+

81 Kr

2.29e+5
a

e.c.+�+=100

82 Kr

11.6

0+

83 Kr

11.5

9/2+

84 Kr

57.0

0+

85 Kr

10.756 a

��=100

86 Kr

17.3

0+

87 Kr

76.3 m

��=100

88 Kr

2.84 h

��=100

89 Kr

3.15 m

��=100

90 Kr

32.32 s

��=100

91 Kr

8.57 s

��=100

92 Kr

1.840 s

��=100

93 Kr

1.286 s

��=100

94 Kr

0.20 s

��=100

95 Kr

0.78 s

��=100

74 Rb

64.9 ms

e.c.+�+=100

75 Rb

19.0 s

e.c.+�+=100

76 Rb

36.5 s

e.c.+�+=100

77 Rb

3.77 m

e.c.+�+=100

78 Rb

17.66 m

e.c.+�+=100

79 Rb

22.9 m

e.c.+�+=100

80 Rb

34 s

e.c.+�+=100

81 Rb

4.576 h

e.c.+�+=100

82 Rb

1.273 m

e.c.+�+=100

83 Rb

86.2 d

e.c.+�+=100

84 Rb

32.77 d

��=3.8

85 Rb

72.165

5/2-

86 Rb

18.631 d

��=99.9948

87 Rb

4.75e10
a

��=100

88 Rb

17.78 m

��=100

89 Rb

15.15 m

��=100

90 Rb

158 s

��=100

91 Rb

58.4 s

��=100

92 Rb

4.492 s

��=100

93 Rb

5.84 s

��=100

94 Rb

2.702 s

��=100

95 Rb

377.5 ms

��=100

96 Rb

0.199 s

��=100

97 Rb

169.9 ms

��=100

98 Rb

114 ms

��=100

99 Rb

50.3 ms

��=100

100 Rb

51 ms

��=100

101 Rb

32 ms

��=100

102 Rb

37 ms

��=100

75 Sr

71 ms

e.c.+�+=100

76 Sr

8.9 s

e.c.+�+=100

77 Sr

9.0 s

e.c.+�+=100

78 Sr

2.5 m

e.c.+�+=100

79 Sr

2.25 m

e.c.+�+=100

80 Sr

106.3 m

e.c.+�+=100

81 Sr

22.3 m

e.c.+�+=100

82 Sr

25.55 d

e.c.+�+=100

83 Sr

32.41 h

e.c.+�+=100

84 Sr

0.56

0+

85 Sr

64.84 d

e.c.+�+=100

86 Sr

9.86

0+

87 Sr

7.00

9/2+

88 Sr

82.58

0+

89 Sr

50.53 d

��=100

90 Sr

28.79 a

��=100

91 Sr

9.63 h

��=100

92 Sr

2.71 h

��=100

93 Sr

7.423 m

��=100

94 Sr

75.3 s

��=100

95 Sr

23.90 s

��=100

96 Sr

1.07 s

��=100

97 Sr

426 ms

��=100

98 Sr

0.653 s

��=100

99 Sr

0.269 s

��=100

100 Sr

202 ms

��=100

101 Sr

118 ms

��=100

79 Y

14.8 s

e.c.+�+=100

80 Y

35 s

e.c.+�+=100

81 Y

70.4 s

e.c.+�+=100

82 Y

9.5 s

e.c.+�+=100

83 Y

7.08 m

e.c.+�+=100

84 Y

4.6 s

e.c.+�+=100

85 Y

2.68 h

e.c.+�+=100

86 Y

14.74 h

e.c.+�+=100

87 Y

79.8 h

e.c.+�+=100

88 Y

106.65 d

e.c.+�+=100

89 Y

100

1/2-

90 Y

64.00 h

��=100

91 Y

58.51 d

��=100

92 Y

3.54 h

��=100

93 Y

10.18 h

��=100

94 Y

18.7 m

��=100

95 Y

10.3 m

��=100

96 Y

5.34 s

��=100

97 Y

3.75 s

��=100

81 Zr

15 s

e.c.+�+=100

82 Zr

32 s

e.c.+�+=100

83 Zr

44 s

e.c.+�+=100

84 Zr

25.9 m

e.c.+�+=100

85 Zr

7.86 m

e.c.+�+=100

86 Zr

16.5 h

e.c.+�+=100

87 Zr

1.68 h

e.c.+�+=100

88 Zr

83.4 d

e.c.+�+=100

89 Zr

78.41 h

e.c.+�+=100

90 Zr

51.45

0+

91 Zr

11.22

5/2+

92 Zr

17.15

0+

93 Zr

1.53e+6
a

��=100

94 Zr

17.38

0+

95 Zr

64.02 d

��=100

96 Zr

3.8e19 a

��

97 Zr

16.91 h

��=100

98 Zr

30.7 s

��=100

99 Zr

2.1 s

��=100

100 Zr

7.1 s

��=100

101 Zr

2.3 s

��=100

102 Zr

2.9 s

��=100

103 Zr

1.3 s

��=100

104 Zr

1.2 s

��=100

83 Nb

4.1 s

e.c.+�+=100

84 Nb

12 s

e.c.+�+=100

85 Nb

20.9 s

e.c.+�+=100

86 Nb

88 s

e.c.+�+=100

87 Nb

2.6 m

e.c.+�+=100

88 Nb

14.5 m

e.c.+�+=100

89 Nb

1.9 h

e.c.+�+=100

90 Nb

14.60 h

e.c.+�+=100

91 Nb

680 a

e.c.+�+=100

92 Nb

3.47e+7
a

e.c.+�+=100

93 Nb

100

9/2+

94 Nb

2.03e+4
a

��=100

95 Nb

34.975 d

��=100

96 Nb

23.35 h

��=100

97 Nb

72.1 m

��=100

98 Nb

2.86 s

��=100

99 Nb

15.0 s

��=100

86 Mo

19.6 s

e.c.+�+=100

87 Mo

13.4 s

e.c.+�+=100

88 Mo

8.0 m

e.c.+�+=100

89 Mo

2.04 m

e.c.+�+=100

90 Mo

5.56 h

e.c.+�+=100

91 Mo

15.49 m

e.c.+�+=100

92 Mo

14.84

0+

93 Mo

4.0e+3
a

e.c.+�+=100

94 Mo

9.25

0+

95 Mo

15.92

5/2+

96 Mo

16.68

0+

97 Mo

9.55

5/2+

98 Mo

24.13

0+

99 Mo

65.94 h

��=100

100 Mo

1.00e+19
a

��1=100

101 Mo

14.61 m

��=100

102 Mo

11.3 m

��=100

103 Mo

67.5 s

��=100

104 Mo

60 s

��=100

105 Mo

35.6 s

��=100

106 Mo

8.4 s

��=100

107 Mo

3.5 s

��=100

108 Mo

1.09 s

��=100

109 Mo

0.53 s

��=100

110 Mo

0.30 s

��=100

88 Tc

6.4 s

e.c.+�+=100

89 Tc

12.8 s

e.c.+�+=100

90 Tc

49.2 s

e.c.+�+=100

91 Tc

3.14 m

e.c.+�+=100

92 Tc

4.23 m

e.c.+�+=100

93 Tc

2.75 h

e.c.+�+=100

94 Tc

293 m

e.c.+�+=100

95 Tc

20.0 h

e.c.+�+=100

96 Tc

4.28 d

e.c.+�+=100

97 Tc

2.6e6 a

e.c.+�+=100

98 Tc

4.2e+6
a

��=100

99 Tc

2.111e+5
a

��=100

100 Tc

15.8 s

��=99.9982

101 Tc

14.22 m

��=100

102 Tc

5.28 s

��=100

103 Tc

54.2 s

��=100

104 Tc

18.3 m

��=100

105 Tc

7.6 m

��=100

90 Ru

11 s

e.c.+�+=100

91 Ru

9 s

e.c.+�+=100

92 Ru

3.65 m

e.c.+�+=100

93 Ru

59.7 s

e.c.+�+=100

94 Ru

51.8 m

e.c.+�+=100

95 Ru

1.643 h

e.c.+�+=100

96 Ru

5.52

0+

97 Ru

2.9 d

e.c.+�+=100

98 Ru

1.88

0+

99 Ru

12.7

5/2+

100 Ru

12.6

0+

101 Ru

17.0

5/2+

102 Ru

31.6

0+

103 Ru

39.26 d

��=100

104 Ru

18.7

0+

105 Ru

4.44 h

��=100

106 Ru

373.59 d

��=100

107 Ru

3.75 m

��=100

108 Ru

4.55 m

��=100

109 Ru

34.5 s

��=100

110 Ru

14.6 s

��=100

111 Ru

2.12 s

��=100

112 Ru

1.75 s

��=100

113 Ru

0.80 s

��=100

114 Ru

0.53 s

��=100

115 Ru

0.40 s

��=100

94 Rh

70.6 s

e.c.+�+=100

95 Rh

5.02 m

e.c.+�+=100

96 Rh

9.90 m

e.c.+�+=100

97 Rh

30.7 m

e.c.+�+=100

98 Rh

8.7 m

e.c.+�+=100

99 Rh

16.1 d

e.c.+�+=100

100 Rh

20.8 h

e.c.+�+=100

101 Rh

3.3 a

e.c.+�+=100

102 Rh

207 d

��=20

103 Rh

100

1/2-

104 Rh

42.3 s

��=

105 Rh

35.36 h

��=100

106 Rh

29.80 s

��=100

107 Rh

21.7 m

��=100

108 Rh

16.8 s

��=100

109 Rh

80 s

��=100

96 Pd

122 s

e.c.+�+=100

97 Pd

3.10 m

e.c.+�+=100

98 Pd

17.7 m

e.c.+�+=100

99 Pd

21.4 m

e.c.+�+=100

100 Pd

3.63 d

e.c.+�+=100

101 Pd

8.47 h

e.c.+�+=100

102 Pd

1.02

0+

103 Pd

16.991 d

e.c.+�+=100

104 Pd

11.14

0+

105 Pd

22.33

5/2+

106 Pd

27.33

0+

107 Pd

6.5e+6
a

��=100

108 Pd

26.46

0+

109 Pd

13.7012
h

��=100

110 Pd

11.72

0+

111 Pd

23.4 m

��=100

112 Pd

21.03 h

��=100

113 Pd

93 s

��=100

114 Pd

2.42 m

��=100

115 Pd

25 s

��=100

116 Pd

11.8 s

��=100

117 Pd

4.3 s

��=100

118 Pd

1.9 s

��=100

119 Pd

0.92 s

��=100

120 Pd

0.5 s

��=100

94 Ag

10 ms

e.c.+�+=100

95 Ag

2.0 s

e.c.+�+=100

96 Ag

5.1 s

e.c.+�+=100

97 Ag

19 s

e.c.+�+=100

98 Ag

46.7 s

e.c.+�+=100

99 Ag

124 s

e.c.+�+=100

100 Ag

2.01 m

e.c.+�+=100

101 Ag

11.1 m

e.c.+�+=100

102 Ag

12.9 m

e.c.+�+=100

103 Ag

65.7 m

e.c.+�+=100

104 Ag

69.2 m

e.c.+�+=100

105 Ag

41.29 d

e.c.+�+=100

106 Ag

23.96 m

e.c.+�+==99.5

107 Ag

51.839

1/2-

108 Ag

2.37 m

��=97.15

109 Ag

48.161

1/2-

110 Ag

24.6 s

��=99.70

111 Ag

7.45 d

��=100

112 Ag

3.130 h

��=100

113 Ag

5.37 h

��=100

114 Ag

4.6 s

��=100

115 Ag

20.0 m

��=100

116 Ag

2.68 m

��=100

117 Ag

72.8 s

��=100

118 Ag

3.76 s

��=100

119 Ag

2.1 s

��=100

120 Ag

1.23 s

��=100

121 Ag

0.78 s

��=100

122 Ag

0.48 s

��=100

123 Ag

0.309 s

��=100

124 Ag

0.172 s

��=100

125 Ag

166 ms

��=100

126 Ag

107 ms

��=100

127 Ag

109 ms

��=100

128 Ag

58 ms

��=100

97 Cd

3 s

e.c.+�+=100

98 Cd

9.2 s

e.c.+�+=100

99 Cd

16 s

e.c.+�+=100

100 Cd

49.1 s

e.c.+�+=100

101 Cd

1.36 m

e.c.+�+=100

102 Cd

5.5 m

e.c.+�+=100

103 Cd

7.3 m

e.c.+�+=100

104 Cd

57.7 m

e.c.+�+=100

105 Cd

55.5 m

e.c.+�+=100

106 Cd

1.25

0+

107 Cd

6.50 h

e.c.+�+=100

108 Cd

0.89

0+

109 Cd

462.6 d

e.c.+�+=100

110 Cd

12.49

0+

111 Cd

12.80

1/2+

112 Cd

24.13

0+

113 Cd

7.7e+15
a

��=100

114 Cd

28.73

0+

115 Cd

53.46 h

��=100

116 Cd

7.49

0+

117 Cd

2.49 h

��=100

118 Cd

50.3 m

��=100

119 Cd

2.69 m

��=100

120 Cd

50.80 s

��=100

121 Cd

13.5 s

��=100

122 Cd

5.24 s

��=100

123 Cd

2.10 s

��=100

124 Cd

1.25 s

��=100

125 Cd

0.65 s

��=100

126 Cd

0.506 s

��=100

127 Cd

0.37 s

��=100

128 Cd

0.34 s

��=100

129 Cd

0.27 s

��=100

130 Cd

0.20 s

��=100

100 In

7.0 s

e.c.+�+=100

101 In

15.1 s

e.c.+�+

102 In

22 s

e.c.+�+=100

103 In

65 s

e.c.+�+=100

104 In

1.80 m

e.c.+�+=100

105 In

5.07 m

e.c.+�+=100

106 In

6.2 m

e.c.+�+=100

107 In

32.4 m

e.c.+�+=100

108 In

58.0 m

e.c.+�+=100

109 In

4.2 h

e.c.+�+=100

110 In

4.9 h

e.c.+�+=100

111 In

2.8047 d

e.c.+�+=100

112 In

14.97 m

��=44

113 In

4.3

9/2+

114 In

71.9 s

��=99.50

115 In

4.41e+14
a

��=100

116 In

14.10 s

��

117 In

43.2 m

��=100

118 In

5.0 s

��=100

119 In

2.4 m

��=100

120 In

3.08 s

��=100

121 In

23.1 s

��=100

122 In

1.5 s

��=100

123 In

5.98 s

��=100

124 In

3.11 s

��=100

125 In

2.36 s

��=100

126 In

1.60 s

��=100

127 In

1.09 s

��=100

128 In

0.84 s

��=100

129 In

0.61 s

��=100

130 In

0.32 s

��=100

131 In

0.282 s

��=100

132 In

0.201 s

��=100

133 In

180 ms

��=100

134 In

138 ms

��=100

100 Sn

0.94 s

e.c.+�+=100

101 Sn

3 s

e.c.+�+=100

102 Sn

4.5 s

e.c.+�+=100

103 Sn

7 s

e.c.+�+=100

104 Sn

20.8 s

e.c.+�+=100

105 Sn

31 s

e.c.+�+=100

106 Sn

115 s

e.c.+�+=100

107 Sn

2.90 m

e.c.+�+=100

108 Sn

10.30 m

e.c.+�+=100

109 Sn

18.0 m

e.c.+�+=100

110 Sn

4.11 h

e.c.+�+=100

111 Sn

35.3 m

e.c.+�+=100

112 Sn

0.97

0+

113 Sn

115.09 d

e.c.+�+=100

114 Sn

0.65

0+

115 Sn

0.34

1/2+

116 Sn

14.53

0+

117 Sn

7.68

1/2+

118 Sn

24.23

0+

119 Sn

8.59

1/2+

120 Sn

32.59

0+

121 Sn

27.06 h

��=100

122 Sn

4.63

0+

123 Sn

129.2 d

��=100

124 Sn

5.79

0+

125 Sn

9.64 d

��=100

126 Sn

1e+5 a

��=100

127 Sn

2.10 h

��=100

128 Sn

59.07 m

��=100

129 Sn

2.23 m

��=100

130 Sn

3.72 m

��=100

131 Sn

56.0 s

��=100

132 Sn

39.7 s

��=100

133 Sn

1.45 s

��=100

134 Sn

1.12 s

��=100

108 Sb

7.4 s

e.c.+�+=100

109 Sb

17.0 s

e.c.+�+=100

110 Sb

23.0 s

e.c.+�+=100

111 Sb

75 s

e.c.+�+=100

112 Sb

51.4 s

e.c.+�+=100

113 Sb

6.67 m

e.c.+�+=100

114 Sb

3.49 m

e.c.+�+=100

115 Sb

32.1 m

e.c.+�+=100

116 Sb

15.8 m

e.c.+�+=100

117 Sb

2.80 h

e.c.+�+=100

118 Sb

3.6 m

e.c.+�+=100

119 Sb

38.19 h

e.c.+�+=100

120 Sb

15.89 m

e.c.+�+=100

121 Sb

57.36

5/2+

122 Sb

2.7238 d

��=97.59

123 Sb

42.64

7/2+

124 Sb

60.20 d

��=100

125 Sb

2.7582 a

��=100

126 Sb

12.46 d

��=100

127 Sb

3.85 d

��=100

128 Sb

9.01 h

��=100

129 Sb

4.40 h

��=100

130 Sb

39.5 m

��=100

131 Sb

23.03 m

��=100

132 Sb

2.79 m

��=100

133 Sb

2.5 m

��=100

134 Sb

0.78 s

��=100

135 Sb

1.71 s

��=100

136 Sb

0.82 s

��=100

106 Te

60 �s

�=100

107 Te

3.1 ms

�

108 Te

2.1 s

e.c.+�+=51

109 Te

4.6 s

e.c.+�+=96.1

110 Te

18.6 s

e.c.+�+

111 Te

19.3 s

e.c.+�+=100

112 Te

2.0 m

e.c.+�+=100

113 Te

1.7 m

e.c.+�+=100

114 Te

15.2 m

e.c.+�+=100

115 Te

5.8 m

e.c.+�+=100

116 Te

2.49 h

e.c.+�+=100

117 Te

62 m

e.c.+�+=100

118 Te

6.00 d

e.c.+�+=100

119 Te

16.03 h

e.c.+�+=100

120 Te

0.096

0+

121 Te

16.78 d

e.c.+�+=100

122 Te

2.603

0+

123 Te

1e+13 a

e.c.+�+=100

124 Te

4.816

0+

125 Te

7.139

1/2+

126 Te

18.95

0+

127 Te

9.35 h

��=100

128 Te

2.2e24 a

��100

129 Te

69.6 m

��=100

130 Te

7.9e20 a

��

131 Te

25.0 m

��=100

132 Te

3.204 d

��=100

133 Te

12.5 m

��=100

134 Te

41.8 m

��=100

135 Te

19.0 s

��=100

136 Te

17.5 s

��=100

137 Te

2.49 s

��=100

138 Te

1.4 s

��=100

108 I

36 ms

�=91

109 I

100 �s

p

110 I

0.65 s

e.c.+�+=83

111 I

2.5 s

e.c.+�+=99.9

112 I

3.42 s

e.c.+�+=100

113 I

6.6 s

e.c.+�+=100

114 I

2.1 s

e.c.+�+=

115 I

1.3 m

e.c.+�+=100

116 I

2.91 s

e.c.+�+=100

117 I

2.22 m

e.c.+�+=100

118 I

13.7 m

e.c.+�+=100

119 I

19.1 m

e.c.+�+=100

120 I

81.0 m

e.c.+�+=100

121 I

2.12 h

e.c.+�+=100

122 I

3.63 m

e.c.+�+=100

123 I

13.27 h

e.c.+�+=100

124 I

4.1760 d

e.c.+�+=100

125 I

59.408 d

e.c.+�+=100

126 I

13.11 d

e.c.+�+=56.3

127 I

100

5/2+

128 I

24.99 m

��=93.1

129 I

1.57e7 a

��=100

130 I

12.36 h

��=100

131 I

8.02070
d

��=100

132 I

2.295 h

��=100

133 I

20.8 h

��=100

134 I

52.5 m

��=100

135 I

6.57 h

��=100

136 I

83.4 s

��=100

137 I

24.5 s

��=100

138 I

6.49 s

��=100

139 I

2.29 s

��=100

140 I

0.86 s

��=100

141 I

0.43 s

��=100

110 Xe

0.60 �s

e.c.+�+=?

111 Xe

0.74 s

e.c.+�+=?

112 Xe

2.7 s

e.c.+�+=99.2

113 Xe

2.74 s

e.c.+�+

114 Xe

10.0 s

e.c.+�+=100

115 Xe

18 s

e.c.+�+=100

116 Xe

59 s

e.c.+�+=100

117 Xe

61 s

e.c.+�+=100

118 Xe

3.8 m

e.c.+�+=100

119 Xe

5.8 m

e.c.+�+=100

120 Xe

40 m

e.c.+�+=100

121 Xe

40.1 m

e.c.+�+=100

122 Xe

20.1 h

e.c.+�+=100

123 Xe

2.08 h

e.c.+�+=100

124 Xe

1.6e+14
a

e.c.+�+=100

125 Xe

16.9 h

e.c.+�+=100

126 Xe

0.09

0+

127 Xe

36.4 d

e.c.+�+=100

128 Xe

1.91

0+

129 Xe

26.4

1/2+

130 Xe

4.1

0+

131 Xe

21.2

3/2+

132 Xe

26.9

0+

133 Xe

5.243 d

��=100

134 Xe

10.4

0+

135 Xe

9.14 h

��=100

136 Xe

2.36e21
a

��

137 Xe

3.818 m

��=100

138 Xe

14.08 m

��=100

139 Xe

39.68 s

��=100

140 Xe

13.60 s

��=100

141 Xe

1.73 s

��=100

142 Xe

1.22 s

��=100

143 Xe

0.30 s

��=100

144 Xe

1.15 s

��=100

145 Xe

0.9 s

��=100

146 Xe

- 0+

-

113 Cs

17 �s

p

114 Cs

0.57 s

e.c.+�+

115 Cs

1.4 s

e.c.+�+=100

116 Cs

3.84 s

e.c.+�+=100

117 Cs

8.4 s

e.c.+�+=100

118 Cs

14 s

e.c.+�+=100

119 Cs

43.0 s

e.c.+�+=100

120 Cs

64 s

e.c.+�+=100

121 Cs

155 s

e.c.+�+=100

122 Cs

21.0 s

e.c.+�+=100

123 Cs

5.94 m

e.c.+�+=100

124 Cs

30.8 s

e.c.+�+=100

125 Cs

45 m

e.c.+�+=100

126 Cs

1.64 m

e.c.+�+=100

127 Cs

6.25 h

e.c.+�+=100

128 Cs

3.66 m

e.c.+�+=100

129 Cs

32.06 h

e.c.+�+=100

130 Cs

29.21 m

e.c.+�+=98.4

131 Cs

9.689 d

e.c.+�+=100

132 Cs

6.479 d

e.c.+�+=98.13

133 Cs

100

7/2+

134 Cs

2.0648 a

��=99.9997

135 Cs

2.3e+6
a

��=100

136 Cs

13.16 d

��=100

137 Cs

30.07 a

��=100

138 Cs

33.41 m

��=100

139 Cs

9.27 m

��=100

140 Cs

63.7 s

��=100

141 Cs

24.94 s

��=100

142 Cs

1.70 s

��=100

143 Cs

1.78 s

��=100

144 Cs

1.01 s

��=100

145 Cs

0.594 s

��=100

146 Cs

0.321 s

��=100

147 Cs

0.225 s

��=100

148 Cs

158 ms

��=100

114 Ba

0.43 s

e.c.+�+

115 Ba

0.4 s

e.c.+�+=100

116 Ba

0.3 s

e.c.+�+=100

117 Ba

1.75 s

e.c.+�+=100

118 Ba

5.5 s

e.c.+�+=100

119 Ba

5.4 s

e.c.+�+=100

120 Ba

32 s

e.c.+�+=100

121 Ba

29.7 s

e.c.+�+=100

122 Ba

1.95 m

e.c.+�+=100

123 Ba

2.7 m

e.c.+�+=100

124 Ba

11.0 m

e.c.+�+=100

125 Ba

3.5 m

e.c.+�+=100

126 Ba

100 m

e.c.+�+

127 Ba

12.7 m

e.c.+�+=100

128 Ba

2.43 d

e.c.+�+=100

129 Ba

2.23 h

e.c.+�+=100

130 Ba

0.106

0+

131 Ba

11.50 d

e.c.+�+=100

132 Ba

0.101

0+

133 Ba

10.51 a

e.c.+�+=100

134 Ba

2.417

0+

135 Ba

6.592

3/2+

136 Ba

7.854

0+

137 Ba

11.23

3/2+

138 Ba

71.70

0+

139 Ba

83.06 m

��=100

140 Ba

12.752 d

��=100

141 Ba

18.27 m

��=100

142 Ba

10.6 m

��=100

143 Ba

14.33 s

��=100

144 Ba

11.5 s

��=100

145 Ba

4.31 s

��=100

146 Ba

2.22 s

��=100

147 Ba

0.893 s

��=100

148 Ba

0.607 s

��=100

149 Ba

0.344 s

��=100

150 Ba

0.3 s

��=100

120 La

2.8 s

e.c.+�+=100

121 La

5.3 s

e.c.+�+=100

122 La

8.7 s

e.c.+�+=100

123 La

17 s

e.c.+�+=100

124 La

29 s

e.c.+�+=100

125 La

76 s

e.c.+�+=100

126 La

54 s

e.c.+�+=100

127 La

5.1 m

e.c.+�+=100

128 La

5.0 m

e.c.+�+=100

129 La

11.6 m

e.c.+�+=100

130 La

8.7 m

e.c.+�+=100

131 La

59 m

e.c.+�+=100

132 La

4.8 h

e.c.+�+=100

133 La

3.912 h

e.c.+�+=100

134 La

6.45 m

e.c.+�+=100

135 La

19.5 h

e.c.+�+=100

136 La

9.87 m

e.c.+�+=100

137 La

6e4 a

e.c.+�+=100

138 La

1.05e+11
a

��=33.6

139 La

99.9098

7/2+

140 La

1.6781 d

��=100

141 La

3.92 h

��=100

142 La

91.1 m

��=100

143 La

14.2 m

��=100

144 La

40.8 s

��=100

145 La

24.8 s

��=100

146 La

6.27 s

��=100

147 La

4.015 s

��=100

148 La

1.05 s

��=100

149 La

1.05 s

��=100

150 La

0.86 s

��=100

123 Ce

3.2 s

e.c.+�+=100

124 Ce

6 s

e.c.+�+=100

125 Ce

9.0 s

e.c.+�+=100

126 Ce

50 s

e.c.+�+=100

127 Ce

31 s

e.c.+�+=100

128 Ce

4.1 s

e.c.+�+=100

129 Ce

3.5 m

e.c.+�+=100

130 Ce

25 m

e.c.+�+=100

131 Ce

10.2 m

e.c.+�+=100

132 Ce

3.51 h

e.c.+�+=100

133 Ce

97 m

e.c.+�+=100

134 Ce

3.16 d

e.c.+�+=100

135 Ce

17.7 h

e.c.+�+=100

136 Ce

0.19

0+

137 Ce

9.0 h

e.c.+�+=100

138 Ce

0.25

0+

139 Ce

137.640
d

e.c.+�+=100

140 Ce

88.48

0+

141 Ce

32.501 d

��=100

142 Ce

5e+16 a

��

143 Ce

33.039 h

��=100

144 Ce

284.893
d

��=100

145 Ce

3.01 m

��=100

146 Ce

13.52 m

��=100

147 Ce

56.4 s

��=100

148 Ce

56 s

��=100

149 Ce

5.3 s

��=100

150 Ce

4.0 s

��=100

151 Ce

1.02 s

��=100

152 Ce

1.4 s

��=100

124 Pr

1.2 s

e.c.+�+=100

125 Pr

3.3 s

e.c.+�+=100

126 Pr

3.14 s

e.c.+�+=100

127 Pr

4.2 s

e.c.+�+=100

128 Pr

3.1 s

e.c.+�+=100

129 Pr

30 s

e.c.+�+=100

130 Pr

40.0 s

e.c.+�+=100

131 Pr

1.53 m

e.c.+�+=100

132 Pr

1.6 m

e.c.+�+=100

133 Pr

6.5 m

e.c.+�+=100

134 Pr

17 m

e.c.+�+=100

135 Pr

24 m

e.c.+�+=100

136 Pr

13.1 m

e.c.+�+=100

137 Pr

1.28 h

e.c.+�+=100

138 Pr

1.45 m

e.c.+�+=100

139 Pr

4.41 h

e.c.+�+=100

140 Pr

3.39 m

e.c.+�+=100

141 Pr

100

5/2+

142 Pr

19.12 h

��=99.9836

143 Pr

13.57 d

��=100

144 Pr

17.28 m

��=100

145 Pr

5.984 h

��=100

146 Pr

24.15 m

��=100

147 Pr

13.4 m

��=100

148 Pr

2.27 m

��=100

149 Pr

2.26 m

��=100

150 Pr

6.19 s

��=100

151 Pr

18.90 s

��=100

152 Pr

3.63 s

��=100

153 Pr

4.28 s

��=100

154 Pr

2.3 s

��=100

127 Nd

1.8 s

e.c.+�+=100

128 Nd

4 s

e.c.+�+=100

129 Nd

7 s

e.c.+�+=100

130 Nd

28 s

e.c.+�+=100

131 Nd

27 s

e.c.+�+=100

132 Nd

1.75 m

e.c.+�+=100

133 Nd

70 s

e.c.+�+=100

134 Nd

8.5 m

e.c.+�+=100

135 Nd

12.4 m

e.c.+�+=100

136 Nd

50.65 m

e.c.+�+=100

137 Nd

38.5 m

e.c.+�+=100

138 Nd

5.04 h

e.c.+�+=100

139 Nd

29.7 m

e.c.+�+=100

140 Nd

3.37 d

e.c.+�+=100

141 Nd

2.49 h

e.c.+�+=100

142 Nd

27.13

0+

143 Nd

12.18

7/2-

144 Nd

2.29e+15
a

�=100

145 Nd

8.30

7/2-

146 Nd

17.19

0+

147 Nd

10.98 d

��=100

148 Nd

5.76

0+

149 Nd

1.728 h

��=100

150 Nd

1.1e19 a

��=?

151 Nd

12.44 m

��=100

152 Nd

11.4 m

��=100

153 Nd

31.6 s

��=100

154 Nd

25.9 s

��=100

155 Nd

8.9 s

��=100

156 Nd

5.47 s

��=100

132 Pm

6.3 s

e.c.+�+=100

133 Pm

3/2+ -

-

134 Pm

5 s

e.c.+�+=100

135 Pm

45 s

e.c.+�+=100

136 Pm

47 s

e.c.+�+=100

137 Pm

2.4 m

e.c.+�+=100

138 Pm

10 s

e.c.+�+=100

139 Pm

4.15 m

e.c.+�+=100

140 Pm

9.2 s

e.c.+�+=100

141 Pm

20.90 m

e.c.+�+=100

142 Pm

40.5 s

e.c.+�+=100

143 Pm

265 d

e.c.+�+=100

144 Pm

363 d

e.c.+�+=100

145 Pm

17.7 a

e.c.+�+=100

146 Pm

5.53 a

e.c.+�+=66.0

147 Pm

2.6234 a

��=100

148 Pm

5.370 d

��=100

149 Pm

53.08 h

��=100

150 Pm

2.68 h

��=100

151 Pm

28.40 h

��=100

152 Pm

4.12 m

��=100

153 Pm

5.25 m

��=100

154 Pm

1.73 m

��=100

155 Pm

41.5 s

��=100

156 Pm

26.70 s

��=100

157 Pm

10.56 s

��=100

158 Pm

4.8 s

��=100

131 Sm

1.2 s

e.c.+�+=100

132 Sm

4.0 s

e.c.+�+=100

133 Sm

3.7 s

e.c.+�+=100

134 Sm

10 s

e.c.+�+=100

135 Sm

10.3 s

e.c.+�+=100

136 Sm

47 s

e.c.+�+=100

137 Sm

45 s

e.c.+�+=100

138 Sm

3.1 m

e.c.+�+=100

139 Sm

2.57 m

e.c.+�+=100

140 Sm

14.82 m

e.c.+�+=100

141 Sm

10.2 m

e.c.+�+=100

142 Sm

72.49 m

e.c.+�+=100

143 Sm

8.83 m

e.c.+�+=100

144 Sm

3.1

0+

145 Sm

340 d

e.c.+�+=100

146 Sm

1.03e8 a

�=100

147 Sm

1.06e+11
a

�=100

148 Sm

7e+15 a

�=100

149 Sm

13.8

7/2-

150 Sm

7.4

0+

151 Sm

90 a

��=100

152 Sm

26.7

0+

153 Sm

46.284 h

��=100

154 Sm

22.7

0+

155 Sm

22.3 m

��=100

156 Sm

9.4 h

��=100

157 Sm

482 s

��=100

158 Sm

5.30 m

��=100

159 Sm

11.37 s

��=100

160 Sm

9.6 s

��=100

134 Eu

0.5 s

e.c.+�+=100

135 Eu

1.5 s

e.c.+�+=100

136 Eu

3.3 s

e.c.+�+=100

137 Eu

11 s

e.c.+�+=100

138 Eu

12.1 s

e.c.+�+=100

139 Eu

17.9 s

e.c.+�+=100

140 Eu

1.51 s

e.c.+�+=100

141 Eu

40.7 s

e.c.+�+=100

142 Eu

2.34 s

e.c.+�+=100

143 Eu

2.63 m

e.c.+�+=100

144 Eu

10.2 s

e.c.+�+=100

145 Eu

5.93 d

e.c.+�+=100

146 Eu

4.61 d

e.c.+�+=100

147 Eu

24.1 d

e.c.+�+=100

148 Eu

54.5 d

e.c.+�+=100

149 Eu

93.1 d

e.c.+�+=100

150 Eu

36.9 a

e.c.+�+=100

151 Eu

47.8

5/2+

152 Eu

13.537 a

e.c.+�+=72.1

153 Eu

52.2

5/2+

154 Eu

8.593 a

��=99.98

155 Eu

4.7611 a

��=100

156 Eu

15.19 d

��=100

157 Eu

15.18 h

��=100

158 Eu

45.9 m

��=100

159 Eu

18.1 m

��=100

160 Eu

38 s

��=100

161 Eu

26 s

��=100

162 Eu

10.6 s

��=100

139 Gd

4.9 s

e.c.+�+=?

140 Gd

15.8 s

e.c.+�+=100

141 Gd

14 s

e.c.+�+=100

142 Gd

70.2 s

e.c.+�+=100

143 Gd

39 s

e.c.+�+=100

144 Gd

4.5 m

e.c.+�+=100

145 Gd

23.0 m

e.c.+�+=100

146 Gd

48.27 d

e.c.+�+=100

147 Gd

38.06 h

e.c.+�+=100

148 Gd

74.6 a

�=100

149 Gd

9.28 d

e.c.+�+=100

150 Gd

1.79e6 a

�=100

151 Gd

124 d

e.c.+�+=100

152 Gd

1.08e14
a

�=100

153 Gd

240.4 d

e.c.+�+=100

154 Gd

2.18

0+

155 Gd

14.80

3/2-

156 Gd

20.47

0+

157 Gd

15.65

3/2-

158 Gd

24.84

0+

159 Gd

18.479 h

��=100

160 Gd

21.86

0+

161 Gd

3.66 m

��=100

162 Gd

8.4 m

��=100

163 Gd

68 s

��=100

164 Gd

45 s

��=100

140 Tb

2.4 s

e.c.+�+=100

141 Tb

3.5 s

e.c.+�+=100

142 Tb

597 ms

e.c.+�+=100

143 Tb

12 s

e.c.+�+=100

144 Tb

1 s

e.c.+�+=100

145 Tb

- (1/2+)

-

146 Tb

8 s

e.c.+�+=100

147 Tb

1.7 h

e.c.+�+=100

148 Tb

60 m

e.c.+�+=100

149 Tb

4.118 h

e.c.+�+=83.3

150 Tb

3.48 h

e.c.+�+=100

151 Tb

17.609 h

e.c.+�+=100

152 Tb

17.5 h

e.c.+�+=100

153 Tb

2.34 d

e.c.+�+=100

154 Tb

21.5 h

e.c.+�+=100

155 Tb

5.32 d

e.c.+�+=100

156 Tb

5.35 d

e.c.+�+=100

157 Tb

71 a

e.c.+�+=100

158 Tb

180 a

e.c.+�+=83.4

159 Tb

100

3/2+

160 Tb

72.3 d

��=100

161 Tb

6.88 d

��=100

162 Tb

7.60 m

��=100

163 Tb

19.5 m

��=100

164 Tb

3.0 m

��=100

165 Tb

2.11 m

��=100

141 Dy

0.9 s

e.c.+�+=100

142 Dy

2.3 s

e.c.+�+=100

143 Dy

4.1 s

e.c.+�+=100

144 Dy

9.1 s

e.c.+�+=100

145 Dy

10 s

e.c.+�+=100

146 Dy

29 s

e.c.+�+=100

147 Dy

40 s

e.c.+�+=100

148 Dy

3.1 m

e.c.+�+=100

149 Dy

4.20 m

e.c.+�+=100

150 Dy

7.17 m

�=36

151 Dy

17.9 m

e.c.+�+=94.4

152 Dy

2.38 h

�=0.100

153 Dy

6.4 h

e.c.+�+=99.9906

154 Dy

3.0e+6
a

�=100

155 Dy

9.9 h

e.c.+�+=100

156 Dy

0.06

0+

157 Dy

8.14 h

e.c.+�+=100

158 Dy

0.10

0+

159 Dy

144.4 d

e.c.+�+=100

160 Dy

2.34

0+

161 Dy

18.9

5/2+

162 Dy

25.5

0+

163 Dy

24.9

5/2-

164 Dy

28.2

0+

165 Dy

2.334 h

��=100

166 Dy

81.6 h

��=100

167 Dy

6.20 m

��=100

168 Dy

8.7 m

��=100

169 Dy

39 s

��=100

144 Ho

0.7 s

e.c.+�+=100

145 Ho

2.4 s

e.c.+�+=100

146 Ho

3.6 s

e.c.+�+=100

147 Ho

5.8 s

e.c.+�+=100

148 Ho

2.2 s

e.c.+�+=100

149 Ho

21.1 s

e.c.+�+=100

150 Ho

72 s

e.c.+�+=100

151 Ho

35.2 s

e.c.+�+=78

152 Ho

161.8 s

�=12

153 Ho

2.01 m

e.c.+�+=99.949

154 Ho

11.76 m

e.c.+�+=99.981

155 Ho

48 m

e.c.+�+=100

156 Ho

56 m

e.c.+�+=100

157 Ho

12.6 m

e.c.+�+=100

158 Ho

11.3 m

e.c.+�+=100

159 Ho

33.05 m

e.c.+�+=100

160 Ho

25.6 m

e.c.+�+=100

161 Ho

2.48 h

e.c.+�+=100

162 Ho

15.0 m

e.c.+�+=100

163 Ho

4570 a

e.c.+�+=100

164 Ho

29 m

e.c.+�+=60

165 Ho

100

7/2-

166 Ho

26.83 h

��=100

167 Ho

3.1 h

��=100

168 Ho

2.99 m

��=100

169 Ho

4.7 m

��=100

170 Ho

2.76 m

��=100

171 Ho

53 s

��=100

172 Ho

25 s

-

145 Er

0.9 s

e.c.+�+=100

146 Er

1.7 s

e.c.+�+=100

147 Er

2.5 s

e.c.+�+=100

148 Er

4.6 s

e.c.+�+=100

149 Er

4 s

e.c.+�+=100

150 Er

18.5 s

e.c.+�+=100

151 Er

23.5 s

e.c.+�+=100

152 Er

10.3 s

e.c.+�+=10

153 Er

37.1 s

�=53

154 Er

3.73 m

e.c.+�+=99.53

155 Er

5.3 m

e.c.+�+=99.978

156 Er

19.5 m

e.c.+�+=100

157 Er

18.65 m

e.c.+�+=100

158 Er

2.29 h

e.c.+�+=100

159 Er

36 m

e.c.+�+=100

160 Er

28.58 h

e.c.+�+=100

161 Er

3.21 h

e.c.+�+=100

162 Er

0.14

0+

163 Er

75.0 m

e.c.+�+=100

164 Er

1.61

0+

165 Er

10.36 h

e.c.+�+=100

166 Er

33.6

0+

167 Er

22.95

7/2+

168 Er

26.8

0+

169 Er

9.40 d

��=100

170 Er

14.9

0+

171 Er

7.516 h

��=100

172 Er

49.3 h

��=100

173 Er

1.4 m

��=100

174 Er

3.3 m

��=100

175 Er

1.2 m

��=100

146Tm

235 ms

e.c.+�+

147Tm

0.56 s

e.c.+�+

148Tm

0.7 s

e.c.+�+=100

149Tm

0.9 s

e.c.+�+=100

150Tm

2.2 s

e.c.+�+=100

151Tm

4.17 s

e.c.+�+=100

152Tm

8.0 s

e.c.+�+=100

153Tm

1.48 s

�=91

154Tm

8.1 s

e.c.+�+=56

155Tm

21.6 s

e.c.+�+=98.1

156Tm

83.8 s

e.c.+�+=99.936

157Tm

3.63 m

e.c.+�+=100

158Tm

3.98 m

e.c.+�+=100

159Tm

9.13 m

e.c.+�+=100

160Tm

9.4 m

e.c.+�+=100

161Tm

33 m

e.c.+�+=100

162Tm

21.70 m

e.c.+�+=100

163Tm

1.810 h

e.c.+�+=100

164Tm

2.0 m

e.c.+�+=100

165Tm

30.06 h

e.c.+�+=100

166Tm

7.70 h

e.c.+�+=100

167Tm

9.25 d

e.c.+�+=100

168Tm

93.1 d

e.c.+�+=99.990

169Tm

100

1/2+

170Tm

128.6 d

��=0.131

171Tm

1.92 a

��=100

172Tm

63.6 h

��=100

173Tm

8.24 h

��=100

174Tm

5.4 m

��=100

175Tm

15.2 m

��=100

176Tm

1.9 m

��=100

177Tm

85 s

��=100

151 Yb

1.6 s

e.c.+�+=100

152 Yb

3.04 s

e.c.+�+=100

153 Yb

4.2 s

�=50

154 Yb

0.409 s

�=92.6

155 Yb

1.800 s

�=89

156 Yb

26.1 s

e.c.+�+=90

157 Yb

38.6 s

e.c.+�+=99.5

158 Yb

1.49 m

�

159 Yb

1.58 m

e.c.+�+=100

160 Yb

4.8 m

e.c.+�+=100

161 Yb

4.2 m

e.c.+�+=100

162 Yb

18.87 m

e.c.+�+=100

163 Yb

11.05 m

e.c.+�+=100

164 Yb

75.8 m

e.c.+�+=100

165 Yb

9.9 m

e.c.+�+=100

166 Yb

56.7 h

e.c.+�+=100

167 Yb

17.5 m

e.c.+�+=100

168 Yb

0.13

0+

169 Yb

32.026 d

e.c.+�+=100

170 Yb

3.05

0+

171 Yb

14.3

1/2-

172 Yb

21.9

0+

173 Yb

16.12

5/2-

174 Yb

31.8

0+

175 Yb

4.185 d

��=100

176 Yb

12.7

0+

177 Yb

1.911 h

��=100

178 Yb

74 m

��=100

179 Yb

8.0 m

��=100

180 Yb

2.4 m

��=100

150 Lu

35 ms

p=80

151 Lu

88 ms

p=70

152 Lu

0.7 s

e.c.+�+=100

153 Lu

0.9 s

�

154 Lu

- (2-)

-

155 Lu

140 ms

�=?

156 Lu

198 ms

��95

157 Lu

6.8 s

�>0

158 Lu

10.6 s

�=0.91

159 Lu

12.1 s

e.c.+�+=99.96

160 Lu

36.1 s

e.c.+�+=100

161 Lu

77 s

e.c.+�+=100

162 Lu

1.37 m

e.c.+�+=100

163 Lu

238 s

e.c.+�+=100

164 Lu

3.14 m

e.c.+�+=100

165 Lu

10.74 m

e.c.+�+=100

166 Lu

2.65 m

e.c.+�+=100

167 Lu

51.5 m

e.c.+�+=100

168 Lu

5.5 m

e.c.+�+=100

169 Lu

34.06 h

e.c.+�+=100

170 Lu

2.012 d

e.c.+�+=100

171 Lu

8.24 d

e.c.+�+=100

172 Lu

6.70 d

e.c.+�+=100

173 Lu

1.37 a

e.c.+�+=100

174 Lu

3.31 a

e.c.+�+=100

175 Lu

97.41

7/2+

176 Lu

3.78e10
a

��=100

177 Lu

6.734 d

��=100

178 Lu

28.4 m

��=100

179 Lu

4.59 h

��=100

180 Lu

5.7 m

��=100

181 Lu

3.5 m

��=100

182 Lu

2.0 m

��=100

183 Lu

58 s

��=100

184 Lu

20 s

��=100

154 Hf

2 s

e.c.+�+=100

155 Hf

0.89 s

e.c.+�+=100

156 Hf

25 ms

�

157 Hf

110 ms

�=86

158 Hf

2.85 s

�=44

159 Hf

5.6 s

e.c.+�+=59

160 Hf

13.6 s

e.c.+�+=99.3

161 Hf

16.8 s

e.c.+�+=99.71

162 Hf

37.6 s

e.c.+�+=99.9937

163 Hf

40.0 s

e.c.+�+=100

164 Hf

111 s

e.c.+�+=100

165 Hf

76 s

e.c.+�+=100

166 Hf

6.77 m

e.c.+�+=100

167 Hf

2.05 m

e.c.+�+=100

168 Hf

25.95 m

e.c.+�+=100

169 Hf

3.24 m

e.c.+�+=100

170 Hf

16.01 h

e.c.+�+=100

171 Hf

12.1 h

e.c.+�+=100

172 Hf

1.87 a

e.c.+�+=100

173 Hf

23.6 h

e.c.+�+=100

174 Hf

2.0e15 a

�=100

175 Hf

70 d

e.c.+�+=100

176 Hf

5.206

0+

177 Hf

18.606

7/2-

178 Hf

27.297

0+

179 Hf

13.629

9/2+

180 Hf

35.100

0+

181 Hf

42.39 d

��=100

182 Hf

9e6 a

��=100

183 Hf

1.067 h

��=100

184 Hf

4.12 h

��=100

185 Hf

3.5 m

��=100

156 Ta

144 ms

p

157 Ta

10.1 ms

�=96.6

158 Ta

36.5 ms

�=93

159 Ta

0.57 s

�=80

160 Ta

1.55 s

e.c.+�+=66

161 Ta

2.7 s

e.c.+�+

162 Ta

3.52 s

e.c.+�+=99.926

163 Ta

10.6 s

e.c.+�+

164 Ta

14.2 s

e.c.+�+=100

165 Ta

31.0 s

e.c.+�+=100

166 Ta

34.4 s

e.c.+�+=100

167 Ta

1.4 m

e.c.+�+=100

168 Ta

2.0 m

e.c.+�+=100

169 Ta

4.9 m

e.c.+�+=100

170 Ta

6.76 m

e.c.+�+=100

171 Ta

23.3 m

e.c.+�+=100

172 Ta

36.8 m

e.c.+�+=100

173 Ta

3.14 h

e.c.+�+=100

174 Ta

1.05 h

e.c.+�+=100

175 Ta

10.5 h

e.c.+�+=100

176 Ta

8.09 h

e.c.+�+=100

177 Ta

56.56 h

e.c.+�+=100

178 Ta

9.31 m

e.c.+�+=100

179 Ta

1.82 a

e.c.+�+=100

180 Ta

8.152 h

e.c.+�+=86

181 Ta

99.988

7/2+

182 Ta

114.43 d

��=100

183 Ta

5.1 d

��=100

184 Ta

8.7 h

��=100

185 Ta

49.4 m

��=100

186 Ta

10.5 m

��=100

158 W

0.9 ms

�=100

159 W

7.3 ms

��99.5

160 W

91 ms

�=87

161 W

410 ms

�=82

162 W

1.39 s

e.c.+�+=53

163 W

2.75 s

e.c.+�+=59

164 W

6.0 s

e.c.+�+=95.6

165 W

5.1 s

e.c.+�+=100

166 W

18.8 s

e.c.+�+=99.965

167 W

19.9 s

e.c.+�+=?

168 W

53 s

e.c.+�+

169 W

76 s

e.c.+�+=100

170 W

2.42 m

e.c.+�+=100

171 W

2.38 m

e.c.+�+=100

172 W

6.6 m

e.c.+�+=100

173 W

7.6 m

e.c.+�+=100

174 W

31 m

e.c.+�+=100

175 W

35.2 m

e.c.+�+=100

176 W

2.5 h

e.c.+�+=100

177 W

135 m

e.c.+�+=100

178 W

21.6 d

e.c.+�+=100

179 W

37.05 m

e.c.+�+=100

180 W

1.2e+18
a

�=100

181 W

121.2 d

e.c.+�+=100

182 W

0+

>1.7e+20a

183 W

1/2-

>0.8e+20a

184 W

0+

>1.8e+20a

185 W

75.1 d

��=100

186 W

0+

>1.7e+20a

187 W

23.72 h

��=100

188 W

69.4 d

��=100

189 W

11.5 m

��=100

190 W

30.0 m

��=100

160 Re

0.79 ms

p=91

161 Re

0.37 ms

p=100

162 Re

107 ms

�=94

163 Re

260 ms

�=64

164 Re

0.38 s

e.c.+�+

165 Re

2.4 s

e.c.+�+=87

166 Re

2.8 s

�

167 Re

6.1 s

e.c.+�+�99.3

168 Re

4.4 s

e.c.+�+�100

169 Re

- -

-

170 Re

9.2 s

e.c.+�+=100

171 Re

15.2 s

e.c.+�+=100

172 Re

15 s

e.c.+�+=100

173 Re

1.98 m

e.c.+�+=100

174 Re

2.40 m

e.c.+�+=100

175 Re

5.89 m

e.c.+�+=100

176 Re

5.3 m

e.c.+�+=100

177 Re

14 m

e.c.+�+=100

178 Re

13.2 m

e.c.+�+=100

179 Re

19.5 m

e.c.+�+=100

180 Re

2.44 m

e.c.+�+=100

181 Re

19.9 h

e.c.+�+=100

182 Re

64.0 h

e.c.+�+=100

183 Re

70.0 d

e.c.+�+=100

184 Re

38.0 d

e.c.+�+=100

185 Re

37.40

5/2+

186 Re

3.7183 d

��=7.47

187 Re

4.35e10
a

��=100

188 Re

17.005 h

��=100

189 Re

24.3 h

��=100

190 Re

3.1 m

��=100

191 Re

9.8 m

��=100

192 Re

16 s

��=100

162 Os

1.9 ms

�=100

163 Os

- -

e.c.+�+=?

164 Os

21 ms

�

165 Os

71 ms

�

166 Os

181 ms

�=72

167 Os

0.83 s

�=67

168 Os

2.1 s

e.c.+�+=56

169 Os

3.4 s

e.c.+�+=89

170 Os

7.3 s

e.c.+�+=88

171 Os

8.0 s

e.c.+�+=98.3

172 Os

19.2 s

e.c.+�+=99.0

173 Os

16 s

e.c.+�+=99.979

174 Os

44 s

e.c.+�+=99.980

175 Os

1.4 m

e.c.+�+=100

176 Os

3.6 m

e.c.+�+=100

177 Os

2.8 m

e.c.+�+=100

178 Os

5.0 m

e.c.+�+=100

179 Os

6.5 m

e.c.+�+=100

180 Os

21.5 m

e.c.+�+=100

181 Os

105 m

e.c.+�+=100

182 Os

22.10 h

e.c.+�+=100

183 Os

13.0 h

e.c.+�+=100

184 Os

5.6e13 a

e.c.+�+=

185 Os

93.6 d

e.c.+�+=100

186 Os

2.0e15 a

�=100

187 Os

1.6

1/2-

188 Os

13.3

0+

189 Os

16.1

3/2-

190 Os

26.4

0+

191 Os

15.4 d

��=100

192 Os

41.0

0+

193 Os

30.11 h

��=100

194 Os

6.0 a

��=100

195 Os

6.5 m

��=100

196 Os

34.9 m

��=100

165 Ir

300 �s

p=87

166 Ir

10.5 ms

�=93

167 Ir

5 ms

�=?

168 Ir

161 ms

�=?

169 Ir

0.4 s

�

170 Ir

1.05 s

e.c.+�+=25

171 Ir

1.5 s

�

172 Ir

4.4 s

�

173 Ir

9.0 s

e.c.+�+

174 Ir

9 s

e.c.+�+=99.53

175 Ir

9 s

e.c.+�+=99.15

176 Ir

8 s

e.c.+�+=97.9

177 Ir

30 s

e.c.+�+=99.94

178 Ir

12 s

e.c.+�+=100

179 Ir

79 s

e.c.+�+=100

180 Ir

1.5 m

e.c.+�+=100

181 Ir

4.90 m

e.c.+�+=100

182 Ir

15 m

e.c.+�+=100

183 Ir

58 m

e.c.+�+=100

184 Ir

3.09 h

e.c.+�+=100

185 Ir

14.4 h

e.c.+�+=100

186 Ir

16.64 h

e.c.+�+=100

187 Ir

10.5 h

e.c.+�+=100

188 Ir

41.5 h

e.c.+�+=100

189 Ir

13.2 d

e.c.+�+=100

190 Ir

11.78 d

e.c.+�+=100

191 Ir

37.3

3/2+

192 Ir

73.831 d

��=95.24

193 Ir

62.7

3/2+

194 Ir

19.28 h

��=100

195 Ir

2.5 h

��=100

196 Ir

52 s

��=100

197 Ir

5.8 m

��=100

198 Ir

8 s

��=100

168 Pt

2.0 ms

�=100

169 Pt

5 ms

�=?

170 Pt

6 ms

�=100

171 Pt

25 ms

�

172 Pt

0.096 s

�=94

173 Pt

342 ms

e.c.+�+=16

174 Pt

0.90 s

�=75

175 Pt

2.52 s

�=64

176 Pt

6.33 s

e.c.+�+=62

177 Pt

11 s

e.c.+�+=94.4

178 Pt

21.1 s

e.c.+�+=95.4

179 Pt

21.2 s

e.c.+�+=99.76

180 Pt

52 s

e.c.+�+=100

181 Pt

51 s

e.c.+�+=100

182 Pt

3.0 m

e.c.+�+=99.969

183 Pt

6.5 m

e.c.+�+

184 Pt

17.3 m

e.c.+�+=100

185 Pt

70.9 m

e.c.+�+=100

186 Pt

2.2 h

e.c.+�+=100

187 Pt

2.35 h

e.c.+�+=100

188 Pt

10.2 d

e.c.+�+=100

189 Pt

10.87 h

e.c.+�+=100

190 Pt

6.5e11 a

�=100

191 Pt

2.802 d

e.c.+�+=100

192 Pt

0.79

0+

193 Pt

50 a

e.c.+�+=100

194 Pt

32.9

0+

195 Pt

33.8

1/2-

196 Pt

25.3

0+

197 Pt

19.8915
h

��=100

198 Pt

7.2

0+

199 Pt

30.80 m

��=100

200 Pt

12.5 h

��=100

201 Pt

2.5 m

��=100

202 Pt

44 h

��=100

172 Au

6.3 ms

�

173 Au

59 ms

�

174 Au

120 ms

�=?

175 Au

200 ms

�=94

176 Au

1.08 s

�=?

177 Au

1.18 s

�

178 Au

2.6 s

e.c.+�+

179 Au

7.1 s

e.c.+�+=78.0

180 Au

8.1 s

e.c.+�+

181 Au

11.4 s

e.c.+�+=98.7

182 Au

15.6 s

e.c.+�+=99.87

183 Au

42.0 s

e.c.+�+=99.70

184 Au

53.0 s

e.c.+�+=99.978

185 Au

4.25 m

e.c.+�+=99.74

186 Au

10.7 m

e.c.+�+=100

187 Au

8.4 m

e.c.+�+=100

188 Au

8.84 m

e.c.+�+=100

189 Au

28.7 m

e.c.+�+=100

190 Au

42.8 m

e.c.+�+=100

191 Au

3.18 h

e.c.+�+=100

192 Au

4.94 h

e.c.+�+=100

193 Au

17.65 h

e.c.+�+=100

194 Au

38.02 h

e.c.+�+=100

195 Au

186.09 d

e.c.+�+=100

196 Au

6.183 d

e.c.+�+=92.80

197 Au

100

3/2+

198 Au

2.69517
d

��=100

199 Au

3.139 d

��=100

200 Au

48.4 m

��=100

201 Au

26 m

��=100

202 Au

28.8 s

��=100

203 Au

53 s

��=100

204 Au

39.8 s

��=100

205 Au

31 s

��=100

175 Hg

20 ms

�=100

176 Hg

18 ms

�

177 Hg

0.130 s

�=85

178 Hg

266 ms

e.c.+�+=?

179 Hg

1.09 s

e.c.+�+

180 Hg

2.8 s

e.c.+�+=52

181 Hg

3.6 s

e.c.+�+=64

182 Hg

10.83 s

e.c.+�+=84.8

183 Hg

9.4 s

e.c.+�+=88.3

184 Hg

30.9 s

e.c.+�+=98.74

185 Hg

49.1 s

e.c.+�+=94

186 Hg

1.38 m

e.c.+�+=99.982

187 Hg

2.4 m

e.c.+�+=100

188 Hg

3.25 m

e.c.+�+=100

189 Hg

7.6 m

e.c.+�+=100

190 Hg

20.0 m

e.c.+�+=100

191 Hg

49 m

e.c.+�+=100

192 Hg

4.85 h

e.c.+�+=100

193 Hg

3.80 h

e.c.+�+=100

194 Hg

444 a

e.c.+�+=100

195 Hg

9.9 h

e.c.+�+=100

196 Hg

0.15

0+

197 Hg

64.14 h

e.c.+�+=100

198 Hg

9.97

0+

199 Hg

16.87

1/2-

200 Hg

23.10

0+

201 Hg

13.18

3/2-

202 Hg

29.86

0+

203 Hg

46.612 d

��=100

204 Hg

6.87

0+

205 Hg

5.2 m

��=100

206 Hg

8.15 m

��=100

207 Hg

2.9 m

��=100

208 Hg

42 m

��=100

179 Tl

0.16 s

�

180 Tl

0.70 s

e.c.+�+=?

181 Tl

- (1/2+)

-

182 Tl

3.1 s

e.c.+�+

183 Tl

- (1/2+)

-

184 Tl

11 s

e.c.+�+=97.9

185 Tl

19.5 s

e.c.+�+=?

186 Tl

27.5 s

e.c.+�+=100

187 Tl

51 s

e.c.+�+=?

188 Tl

71 s

e.c.+�+=100

189 Tl

2.3 m

e.c.+�+=100

190 Tl

2.6 m

e.c.+�+=100

191 Tl

- (1/2+)

-

192 Tl

9.6 m

e.c.+�+=100

193 Tl

21.6 m

e.c.+�+=100

194 Tl

33.0 m

e.c.+�+=100

195 Tl

1.16 h

e.c.+�+=100

196 Tl

1.84 h

e.c.+�+=100

197 Tl

2.84 h

e.c.+�+=100

198 Tl

5.3 h

e.c.+�+=100

199 Tl

7.42 h

e.c.+�+=100

200 Tl

26.1 h

e.c.+�+=100

201 Tl

72.912 h

e.c.+�+=100

202 Tl

12.23 d

e.c.+�+=100

203 Tl

29.524

1/2+

204 Tl

3.78 a

��=97.10

205 Tl

70.476

1/2+

206 Tl

4.199 m

��=100

207 Tl

4.77 m

��=100

208 Tl

3.053 m

��=100

209 Tl

2.20 m

��=100

210 Tl

1.30 m

��=100

181 Pb

45 ms

�

182 Pb

55 ms

�=?

183 Pb

300 ms

�

184 Pb

0.55 s

�=?

185 Pb

4.1 s

�

186 Pb

4.83 s

�=54

187 Pb

18.3 s

e.c.+�+=98.0

188 Pb

24 s

e.c.+�+=91.5

189 Pb

51 s

e.c.+�+

190 Pb

1.2 m

e.c.+�+=99.79

191 Pb

1.33 m

e.c.+�+=99.987

192 Pb

3.5 m

e.c.+�+=99.9941

193 Pb

2 m

e.c.+�+=?

194 Pb

12.0 m

e.c.+�+=100

195 Pb

15 m

e.c.+�+=100

196 Pb

37 m

e.c.+�+=100

197 Pb

8 m

e.c.+�+=100

198 Pb

2.40 h

e.c.+�+=100

199 Pb

90 m

e.c.+�+=100

200 Pb

21.5 h

e.c.+�+=100

201 Pb

9.33 h

e.c.+�+=100

202 Pb

5.25e4 a

e.c.+�+=100

203 Pb

51.873 h

e.c.+�+=100

204 Pb

a)

(>1.4e17

205 Pb

1.53e+7
a

e.c.+�+=100

206 Pb

24.1

0+

207 Pb

22.1

1/2-

208 Pb

52.4

0+

209 Pb

3.253 h

��=100

210 Pb

22.3 a

��=100

211 Pb

36.1 m

��

212 Pb

10.64 h

��=100

213 Pb

10.2 m

��=100

214 Pb

26.8 m

��=100

215 Pb

36 s

��=100

185 Bi

44 �s

p

186 Bi

15.0 ms

�

187 Bi

35 ms

�>50

188 Bi

0.21 s

�=?

189 Bi

680 ms

�

190 Bi

6.3 s

�=80

191 Bi

12 s

�=60

192 Bi

37 s

e.c.+�+=82

193 Bi

67 s

e.c.+�+=96.5

194 Bi

95 s

e.c.+�+=99.54

195 Bi

183 s

e.c.+�+=99.967

196 Bi

308 s

e.c.+�+=100

197 Bi

9.33 m

e.c.+�+=100

198 Bi

10.3 m

e.c.+�+=100

199 Bi

27 m

e.c.+�+=100

200 Bi

36.4 m

e.c.+�+=100

201 Bi

108 m

e.c.+�+=100

202 Bi

1.72 h

e.c.+�+=100

203 Bi

11.76 h

e.c.+�+=100

204 Bi

11.22 h

e.c.+�+=100

205 Bi

15.31 d

e.c.+�+=100

206 Bi

6.243 d

e.c.+�+=100

207 Bi

31.55 a

e.c.+�+=100

208 Bi

3.68e+5
a

e.c.+�+=100

209 Bi

1.9e+19
a

�=100

210 Bi

5.013 d

��=100

211 Bi

2.14 m

�=99.724

212 Bi

60.55 m

��=64.06

213 Bi

45.59 m

��=97.91

214 Bi

19.9 m

��=99.979

215 Bi

7.6 m

��=100

216 Bi

3.6 m

��

217 Bi

97 s

��=100

190 Po

2.0 ms

�=100

191 Po

15.5 ms

�=?

192 Po

0.0332 s

�=100

193 Po

0.42 s

�=?

194 Po

0.392 s

�=93

195 Po

4.64 s

�=75

196 Po

5.8 s

�

197 Po

53.6 s

e.c.+�+=56

198 Po

1.77 m

�=57

199 Po

5.48 m

e.c.+�+=88

200 Po

11.5 m

�=11.1

201 Po

15.3 m

e.c.+�+=98.4

202 Po

44.7 m

e.c.+�+=98.08

203 Po

36.7 m

e.c.+�+=99.89

204 Po

3.53 h

e.c.+�+=99.34

205 Po

1.66 h

e.c.+�+=99.96

206 Po

8.8 d

e.c.+�+=94.55

207 Po

5.80 h

e.c.+�+=99.979

208 Po

2.898 a

�=99.9958

209 Po

102 a

�=99.52

210 Po

138.376
d

�=100

211 Po

0.516 s

�=100

212 Po

0.299 �s

�=100

213 Po

4.2 �s

�=100

214 Po

164.3 �s

�=100

215 Po

1.781 ms

�=99.99977

216 Po

0.145 s

�=100

217 Po

10 s

�

218 Po

3.10 m

�=99.980

193 At

40 ms

�=?

194 At

40 ms

�=?

195 At

0.63 s

�

196 At

0.253 s

�

197 At

0.35 s

�=96

198 At

4.2 s

�=90

199 At

7.2 s

�=90

200 At

43 s

�=57

201 At

89 s

�=71

202 At

184 s

e.c.+�+=82

203 At

7.4 m

e.c.+�+=69

204 At

9.2 m

e.c.+�+=96.2

205 At

26.2 m

e.c.+�+=90

206 At

30.0 m

e.c.+�+=99.11

207 At

1.80 h

e.c.+�+=91.4

208 At

1.63 h

e.c.+�+=99.45

209 At

5.41 h

e.c.+�+=95.9

210 At

8.1 h

e.c.+�+=99.825

211 At

7.214 h

�=41.80

212 At

0.314 s

�=100

213 At

125 ns

�=100

214 At

558 ns

�=100

215 At

0.10 ms

�=100

216 At

0.30 ms

�=100

217 At

32.3 ms

�=99.988

218 At

1.5 s

�=99.9

219 At

56 s

�

220 At

3.71 m

�=8

221 At

2.3 m

��=100

222 At

54 s

��=100

223 At

50 s

��=100

196 Rn

3 ms

�

197 Rn

65 ms

�

198 Rn

64 ms

�=100

199 Rn

0.62 s

�=94

200 Rn

0.96 s

�=86

201 Rn

7.0 s

�

202 Rn

10.0 s

�=86

203 Rn

45 s

�=66

204 Rn

1.24 m

�=73

205 Rn

2.8 m

e.c.+�+=77

206 Rn

5.67 m

�=63

207 Rn

9.25 m

e.c.+�+=79

208 Rn

24.35 m

�=62

209 Rn

28.5 m

e.c.+�+=83

210 Rn

2.4 h

�=96

211 Rn

14.6 h

e.c.+�+=72.6

212 Rn

23.9 m

�=100

213 Rn

25.0 ms

�=100

214 Rn

0.27 �s

�=100

215 Rn

2.30 �s

�=100

216 Rn

45 �s

�=100

217 Rn

0.54 ms

�=100

218 Rn

35 ms

�=100

219 Rn

3.96 s

�=100

220 Rn

55.6 s

�=100

221 Rn

25 m

��=78

222 Rn

3.8235 d

�=100

223 Rn

23.2 m

��=100

224 Rn

107 m

��=100

225 Rn

4.5 m

��=100

226 Rn

7.4 m

��=100

227 Rn

22.5 s

��=100

228 Rn

65 s

��=100

200 Fr

19 ms

�=100

201 Fr

48 ms

�=100

202 Fr

0.34 s

�

203 Fr

0.55 s

�

204 Fr

1.7 s

�

205 Fr

3.85 s

�

206 Fr

15.9 s

�=84

207 Fr

14.8 s

�=95

208 Fr

59.1 s

�=90

209 Fr

50.0 s

�=89

210 Fr

3.18 m

�=60

211 Fr

3.10 m

�>80

212 Fr

20.0 m

e.c.+�+=57

213 Fr

34.6 s

�=99.45

214 Fr

5.0 ms

�=100

215 Fr

86 ns

�=100

216 Fr

0.70 �s

�=100

217 Fr

22 �s

�=100

218 Fr

1.0 ms

�=100

219 Fr

20 ms

�=100

220 Fr

27.4 s

�=99.65

221 Fr

4.9 m

�=100

222 Fr

14.2 m

��=100

223 Fr

21.8 m

��=99.994

224 Fr

3.33 m

��=100

225 Fr

4.0 m

��=100

226 Fr

49 s

��=100

227 Fr

2.47 m

��=100

228 Fr

38 s

��=100

229 Fr

50 s

��=100

230 Fr

19.1 s

��=100

231 Fr

17.5 s

��=100

232 Fr

5 s

��=100

202 Ra

0.7 ms

�=100

203 Ra

1.0 ms

�

204 Ra

59 ms

�

205 Ra

210 ms

�=?

206 Ra

0.24 s

�

207 Ra

1.3 s

�

208 Ra

1.3 s

�=95

209 Ra

4.6 s

�

210 Ra

3.7 s

�

211 Ra

13 s

�

212 Ra

13.0 s

�

213 Ra

2.74 m

�=80

214 Ra

2.46 s

�=99.941

215 Ra

1.59 ms

�=100

216 Ra

182 ns

�=100

217 Ra

1.6 �s

�=100

218 Ra

25.6 �s

�=100

219 Ra

10 ms

�=100

220 Ra

18 ms

�=100

221 Ra

28 s

�=100

222 Ra

38.0 s

�=100

223 Ra

11.435 d

�=100

224 Ra

3.66 d

�=100

225 Ra

14.9 d

��=100

226 Ra

1600 a

�=100

227 Ra

42.2 m

��=100

228 Ra

5.75 a

��=100

229 Ra

4.0 m

��=100

230 Ra

93 m

��=100

231 Ra

103 s

��=100

232 Ra

250 s

��=100

233 Ra

30 s

��=100

234 Ra

30 s

��=100

206 Ac

22 ms

�=?

207 Ac

22 ms

�

208 Ac

95 ms

�=?

209 Ac

0.10 s

�

210 Ac

0.35 s

�

211 Ac

0.25 s

�

212 Ac

0.93 s

�

213 Ac

0.80 s

�

214 Ac

8.2 s

�

215 Ac

0.17 s

�=99.91

216 Ac

0.33 ms

�=100

217 Ac

69 ns

�=100

218 Ac

1.08 �s

�=100

219 Ac

11.8 �s

�=100

220 Ac

26.4 ms

�=100

221 Ac

52 ms

�=100

222 Ac

5.0 s

�=99

223 Ac

2.10 m

�=99

224 Ac

2.78 h

e.c.+�+=90.9

225 Ac

10.0 d

�=100

226 Ac

29.37 h

�=6E-3

227 Ac

21.773 a

��=98.620

228 Ac

6.15 h

��=100

229 Ac

62.7 m

��=100

230 Ac

122 s

��=100

231 Ac

7.5 m

��=100

232 Ac

119 s

��=100

233 Ac

145 s

��=100

234 Ac

44 s

��=100

210 Th

9 ms

�

211 Th

37 ms

�=?

212 Th

30 ms

�=100

213 Th

140 ms

�

214 Th

100 ms

�=100

215 Th

1.2 s

�=100

216 Th

0.028 s

�=100

217 Th

0.252 ms

�=100

218 Th

109 ns

�=100

219 Th

1.05 �s

�=100

220 Th

9.7 �s

�=100

221 Th

1.68 ms

�=100

222 Th

2.8 ms

�=100

223 Th

0.60 s

�=100

224 Th

1.05 s

�=100

225 Th

8.72 m

�

226 Th

30.57 m

�=100

227 Th

18.72 d

�=100

228 Th

1.9116 a

�=100

229 Th

7340 a

�=100

230 Th

7.538e+4
a

�=100

231 Th

25.52 h

��=100

232 Th

1.405e10
a

�=100

233 Th

22.3 m

��=100

234 Th

24.10 d

��=100

235 Th

7.1 m

��=100

236 Th

37.5 m

��=100

237 Th

5.0 m

��=100

212 Pa

5.1 ms

�=?

213 Pa

5.3 ms

�=?

214 Pa

17 ms

�=?

215 Pa

14 ms

�=100

216 Pa

0.20 s

�=80

217 Pa

4.9 ms

�

218 Pa

0.12 ms

�=100

219 Pa

53 ns

�=100

220 Pa

0.78 �s

�=100

221 Pa

5.9 �s

�=100

222 Pa

2.9 ms

�=100

223 Pa

6.5 ms

�=100

224 Pa

0.79 s

�=100

225 Pa

1.7 s

�=100

226 Pa

1.8 m

�=74

227 Pa

38.3 m

�=85

228 Pa

22 h

e.c.+�+=98.0

229 Pa

1.50 d

e.c.+�+=99.52

230 Pa

17.4 d

e.c.+�+=91.6

231 Pa

32760 a

�=100

232 Pa

1.31 d

��=99.997

233 Pa

26.967 d

��=100

234 Pa

6.70 h

��=100

235 Pa

24.5 m

��=100

236 Pa

9.1 m

��=100

237 Pa

8.7 m

��=100

238 Pa

2.3 m

��=100

218 U

1.5 ms

�=100

219 U

42 �s

�=?

220 U

- -

�=?-

221 U

- -

�=?-

222 U

1.0 �s

�=100

223 U

18 �s

�=?

224 U

0.9 ms

�=100

225 U

95 ms

�=100

226 U

0.35 s

�=100

227 U

1.1 m

�=100

228 U

9.1 m

�>95

229 U

58 m

e.c.+�+

230 U

20.8 d

�=100

231 U

4.2 d

e.c.+�+=100

232 U

68.9 a

�=100

233 U

1.592e+5
a

�=100

234 U

2.455e+5
a

�=100

235 U

7.038e+8
a

�=100

236 U

2.342e7
a

�=100

237 U

6.75 d

��=100

238 U

4.468e+9
a

�=100

239 U

23.45 m

��=100

240 U

14.1 h

��=100

241 U

- -

-

242 U

16.8 m

��=100

225 Np

6 ms

�=?

226 Np

35 ms

�=100

227 Np

0.51 s

�=100

228 Np

61.4 s

e.c.+�+=60

229 Np

4.0 m

�

230 Np

4.6 m

e.c.+�+

231 Np

48.8 m

e.c.+�+=98

232 Np

14.7 m

e.c.+�+=100

233 Np

36.2 m

e.c.+�+=100

234 Np

4.4 d

e.c.+�+=100

235 Np

396.1 d

e.c.+�+=99.99740

236 Np

1.54e5 a

e.c.+�+=87.3

237 Np

2.144e+6
a

�=100

238 Np

2.117 d

��=100

239 Np

2.3565 d

��=100

240 Np

61.9 m

��=100

241 Np

13.9 m

��=100

242 Np

5.5 m

��=100

243 Np

1.8 m

��=100

244 Np

2.29 m

��=100

228 Pu

4 ms

�=100

229 Pu

- -

-

230 Pu

- 0+

-

231 Pu

- -

-

232 Pu

34.1 m

e.c.+�+=77

233 Pu

20.9 m

e.c.+�+=99.88

234 Pu

8.8 h

e.c.+�++ �94

235 Pu

25.3 m

e.c.+�+=99.9973

236 Pu

2.858 a

�=100

237 Pu

45.2 d

�=0.0042

238 Pu

87.7 a

�=100

239 Pu

24110 a

�=100

240 Pu

6563 a

�=100

241 Pu

14.35 a

��=99.998

242 Pu

3.733e+5
a

�=100

243 Pu

4.956 h

��=100

244 Pu

8.08e+7
a

�=99.879

245 Pu

10.5 h

��=100

246 Pu

10.84 d

��=100

247 Pu

2.27 d

-

232Am

79 s

e.c.+�+�98

233Am

- -

-

234Am

2.32 m

e.c.+�+=99.961

235Am

15 m

e.c.+�+=?

236Am

- -

�=?

237Am

73.0 m

�=0.025

238Am

98 m

e.c.+�+>99.99

239Am

11.9 h

e.c.+�+=99.990

240Am

50.8 h

e.c.+�+=100

241Am

432.2 a

�=100

242Am

16.02 h

��=82.7

243Am

7370 a

�=100

244Am

10.1 h

��=100

245Am

2.05 h

��=100

246Am

39 m

��=100

247Am

23.0 m

��=100

238 Cm

2.4 h

e.c.+�+=96.16

239 Cm

2.9 h

e.c.+�+=

240 Cm

27 d

�

241 Cm

32.8 d

e.c.+�+=99.0

242 Cm

162.8 d

�=100

243 Cm

29.1 a

�=99.71

244 Cm

18.10 a

�=100

245 Cm

8500 a

�=100

246 Cm

4730 a

�=99.9737

247 Cm

1.56e+7
a

�=100

248 Cm

3.40e+5
a

�=91.61

249 Cm

64.15 m

��=100

250 Cm

9000 a

SF

251 Cm

16.8 m

��=100

252 Cm

2 d

��=100

238 Bk

144 s

e.c.+�+=100

239 Bk

- (7/2+)

-

240 Bk

4.8 m

e.c.+�+=100

241 Bk

- (7/2+)

-

242 Bk

7.0 m

e.c.+�+=100

243 Bk

4.5 h

e.c.+�+=�9.85

244 Bk

4.35 h

e.c.+�+=99.994

245 Bk

4.94 d

e.c.+�+=99.88

246 Bk

1.80 d

e.c.+�+=100

247 Bk

1380 a

�

248 Bk

9 a

�>70

249 Bk

320 d

��=99.99855

250 Bk

3.217 h

��=100

251 Bk

55.6 m

��=100

237 Cf

2.1 s

SF�10

238 Cf

21 ms

SF�100

239 Cf

39 s

�=?

240 Cf

1.06 m

�=87

241 Cf

3.78 m

e.c.+�+�75

242 Cf

3.49 m

�=65

243 Cf

10.7 m

e.c.+�+�6

244 Cf

19.4 m

�=70

245 Cf

45.0 m

e.c.+�+=64

246 Cf

35.7 h

�=99.9996

247 Cf

3.11 h

e.c.+�+=99.965

248 Cf

333.5 d

�=99.9971

249 Cf

351 a

�=100

250 Cf

13.08 a

�=99.923

251 Cf

898 a

�=100

252 Cf

2.645 a

�=96.908

253 Cf

17.81 d

��=99.69

254 Cf

60.5 d

SF=99.69

255 Cf

85 m

��=100

256 Cf

12.3 m

SF=100

241 Es

9 s

�=100

242 Es

40 s

��100

243 Es

21 s

e.c.+�+�<70

244 Es

37 s

e.c.+�+=96

245 Es

1.1 m

e.c.+�+=60

246 Es

7.7 m

e.c.+�+=90.1

247 Es

4.55 m

e.c.+�+=�93

248 Es

27 m

e.c.+�+>99

249 Es

102.2 m

e.c.+�+=99.43

250 Es

8.6 h

e.c.+�+>97

251 Es

33 h

e.c.+�+=99.51

252 Es

471.7 d

�=76

253 Es

20.47 d

�=100

254 Es

275.7 d

�=100

255 Es

39.8 d

��=92.0

256 Es

25.4 m

��=100

242 Fm

0.8 ms

SF=100

243 Fm

0.18 s

�

244 Fm

3.3 ms

SF=100

245 Fm

4.2 s

�=100

246 Fm

1.1 s

�=92

247 Fm

35 s

�

248 Fm

36 s

�=93

249 Fm

2.6 m

e.c.+�+�85

250 Fm

30 m

�>90

251 Fm

5.30 h

e.c.+�+=98.20

252 Fm

25.39 h

�=99.9977

253 Fm

3.00 d

e.c.+�+=88

254 Fm

3.240 h

�=99.9408

255 Fm

20.07 h

�=100

256 Fm

157.6 m

SF=91.9

257 Fm

100.5 d

�=99.790

258 Fm

370 �s

SF=100

259 Fm

1.5 s

SF=100

245 Md

0.35 s

�=100

246 Md

1.0 s

�=100

247 Md

1.12 s

�=80

248 Md

7 s

e.c.+�+=80

249 Md

24 s

e.c.+�+=80

250 Md

52 s

e.c.+�+=93

251 Md

4.0 m

e.c.+�+>90

252 Md

2.3 m

e.c.+�+>50

253 Md

6 m

e.c.+�+=100

254 Md

10 m

e.c.+�+<100

255 Md

27 m

e.c.+�+=92

256 Md

78.1 m

e.c.+�+=90.7

257 Md

5.52 h

e.c.+�+=85

258 Md

51.5 d

�=100

259 Md

96 m

SF

260 Md

27.8 d

SF>73

250 No

0.25 ms

SF=100

251 No

0.8 s

�

252 No

2.30 s

�=73.1

253 No

1.7 m

�

254 No

55 s

�=90

255 No

3.1 m

�=61.4

256 No

2.91 s

�=99.5

257 No

25 s

�

258 No

1.2 ms

SF=100

259 No

58 m

�=75

260 No

106 ms

SF=100

261 No

- -

-

262 No

5 ms

SF=?

253 Lr

1.3 s

�=98

254 Lr

13 s

�=78

255 Lr

22 s

�=85

256 Lr

28 s

�>80

257 Lr

0.646 s

�=100

258 Lr

3.9 s

�>95

259 Lr

6.3 s

�=77

260 Lr

180 s

�=75

261 Lr

39 m

SF

262 Lr

216 m

SF<10

253 Rf

1.8 s

SF

254 Rf

0.5 ms

SF=100

255 Rf

1.5 s

SF=52

256 Rf

6.7 ms

SF=98

257 Rf

4.7 s

�=79.6

258 Rf

12 ms

SF

259 Rf

3.1 s

�=93

260 Rf

20.1 ms

SF=100

261 Rf

65 s

�>80

262 Rf

2.1 s

SF=100

255 Db

1.6 s

�>47

256 Db

2.6 s

SF

257 Db

1.3 s

�=82

258 Db

4.4 s

�=67

259 Db

- -

-

260 Db

1.52 s

�

261 Db

1.8 s

�>50

262 Db

34 s

�

263 Db

27 s

SF=57

258 Sg

2.9 ms

SF=100

259 Sg

0.48 s

�=90

260 Sg

3.6 ms

�=50

261 Sg

0.23 s

�=95

262 Sg

- 0+

-

263 Sg

0.8 s

SF�70

264 Sg

- 0+

-

265 Sg

10 s

�>50

266 Sg

21 s

�=50

261 Bh

11.8 ms

�=95

262 Bh

102 ms

�

263 Bh

- -

-

264 Bh

0.44 s

�=100

264 Hs

0.85 ms

�

265 Hs

0.9 ms

�=?

266 Hs

- 0+

-

267 Hs

26 ms

�=100

268 Hs

- 0+

-

269 Hs

9 s

�=100

266 Mt

0.8 ms

�=100

267 Mt

- -

-

268 Mt

0.07 s

�=100

267 Ds

3 �s

�=100

268 Ds

- 0+

-

269 Ds

0.17 ms

�=100

270 Ds

- 0+

-

271 Ds

0.06 s

�=100

272 Ds

- 0+

-

273 Ds

0.18 ms

�=100

272 Rg

1.5 ms

�=100

277 Cn

0.24 ms

�=100

Figure 1.1. Segré chart showing the nuclear landscape containing the stable isotopes

(black) and the radioactive isotopes. Colour coding as follows: �� and

�+ radioactivity is marked in cyan and magenta, respectively, �-activity is

in yellow, spontaneous �ssion is marked in green and proton and neutron

radioactivity in orange and violet.

way of releasing reaction products from the thick target. Existing and upcoming laser
facilities at ISOLDE RILIS [7�9], TRI-University Meson Facility (TRIUMF) TRI-
UMF Resonant Ionization Laser Ion Source (TRILIS) [10], Le Grand Accélérateur
National d'Ions Lourds (GANIL) GANIL Ion Source using Electron Laser Excitation
(GISELE) [4, 11], Investigation of Radioactive Isotopes on Synchrocyclotron (IRIS)
RILIS [12], Holi�eld Radioactive Ion Beam Facility (HRIBF) RILIS [13], Accéléra-
teur Linéaire auprès du Tandem d'Orsay (ALTO) [14] at the Institut de Physique
Nucléaire d'Orsay (IPN) and Selective Production of Exotic Species (SPES) [15]
couple a laser ion source with a hot cavity.

The RILIS ion source at Organisation européenne pour la recherche nucléaire (CERN)
ISOLDE facility is the seminal and longest running laser ion source station among
the on-line facilities [7]. The radioactive isotopes are produced in nuclear reactions
driven by a 1 GeV proton beam from the CERN PS-Booster synchrotron accelerator
impinging on a thick uranium-carbide target [16]. Following di�usion and transport
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from the target, the laser ion source facility is used to ionize the selected isotope.
RILIS was initially a high repetition rate dye -laser based facility but has been re-
cently �tted with a complementary Ti:sapphire -based solid state laser set-up [8].
In addition, the old Copper Vapour Laser (CVL) pump lasers have been replaced
with modern Neodymium-doped Yttrium Aluminium Garnet (Nd:YAG) lasers [17].
The facility is nowadays used to produce 50 % of the beams at ISOLDE and can
resonantly ionize 31 elements of the periodic table [9] with ionization e�ciencies
ranging from 0.1-30 % [18].

Another ISOL facility that utilizes resonance laser ionization for on-line isotope pro-
duction is the TRIUMF Isotope Separator and Accelerator (ISAC) facility [19]. High
intensity exotic beams are produced in similar manner as at ISOLDE. A 500 MeV
proton beam from the H� cyclotron drives nuclear reactions in a thick hot target.
The evaporated reaction products are ionized using various means including an Elec-
tron Cyclotron Resonance Ion Source (ECRIS) or a Forced Electron Beam Induced
Arc Discharge (FEBIAD). A more selective way of ionization is to use the TRILIS
laser ion source [10]. The TRILIS is a Ti:sapphire -based laser system pumped by an
Nd:YAG laser operating at 10 kHz with additional harmonic generation to extend
the wavelength range. Besides acting as a production source, the TRILIS facility has
been used, for example, to perform resonance laser ionization on silver, actinium,
radium and astatine.

GISELE at GANIL is a prototype laser ion source for the upcoming "Système de
Production d'Ions Radioactifs en Ligne" - generation 2 (SPIRAL2) facility [11]. SPI-
RAL2 will utilize neutron-induced �ssion, rather than direct primary beam induced
�ssion, in a uranium-carbide target for the production of radioactive ions. In the
new facility, the target station may operate up to 4 months without a break during
which time manual intervention is impossible. This calls for very reliable ion sources
and therefore a low maintenance and reliable Ti:sapphire -based laser ion source is
among those chosen.

The Ti:sapphire lasers described above have been developed by the LAser Resonance
Ionization Spectroscopy for Selective Applications (LARISSA) group at the Univer-
sity of Mainz. The group has pioneered the applications of Ti:sapphire lasers used
in laser ion sources and a similar system has been adopted for the FURIOS facility
at IGISOL. In addition, HRIBF [20] at Oak Ridge has acquired three commercial
Ti:Sapphire lasers for the RILIS which has recently been commissioned on-line and
provided pure 83�86Ga beams to the Low Energy Radioactive Ion Beam Spectroscopy
Station (LeRIBS) [13].
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The IRIS facility at Gatchina [12] utilizes the ISOL method and a 1 GeV proton
beam from the Petersburg Nuclear Physics Institute (PNPI) synchrocyclotron to
produce radioactive isotopes. The laser system incorporates CVL pumped dye lasers
operating at 11 kHz and o�ers a fundamental wavelength range of 530 nm to 850
nm which can be expanded with harmonic generation.

During the early 1990's the resonant laser ionization method was extended to gas
cells and later to IGISOL based on-line facilities. Resonant ionization in a gas cell
was �rst demonstrated [21] and further pioneered at the Leuven Isotope Separator
On-Line (LISOL) facility [22] at Louvain-la-Neuve in Belgium. Besides being much
less chemically selective than ISOL systems, the ion guide o�ers a more attractive
environment for in-source laser resonance spectroscopy. The method has since been
applied to the IGISOL facility at Jyväskylä in the form of the FURIOS laser ion
source. Such an ionization mechanism will also play a major role in the upcoming
fragmentation facilities including S3 at GANIL and the PArasitic RI-beam by Laser
Ionization Source (PALIS) facility at Rikagaku Kenky	ujo (RIKEN) [23].

This thesis is divided into six chapters. Chapters two and three introduce the basic
theory of laser physics, laser ionization and the IGISOL-3 facility with the main
experimental tools and facilities. The basic principles for both the high precision
Penning trap mass spectrometer and the collinear laser spectroscopy station are
presented. Lastly, the new IGISOL-4 facility is brie�y highlighted.

Chapter four describes the FURIOS facility and the applications, namely, in-gas
cell laser ionization and spectroscopy. The recent achievements on resonant laser
ionization spectroscopy in a shadow gas cell are presented. During the course of
the studies, the FURIOS facility was moved to the IGISOL-4 location and hence
the chapter also discusses the upgrades to the FURIOS set-up as well as the general
considerations that went into the construction of the new laser ion source laboratory
at IGISOL-4.

The development of the Laser Ion Source Trap (LIST) method is discussed in Chap-
ter �ve, particularly the shaping of gas jets. The visualisation of the jets as well as
shaping using both pressure optimization and nozzle design is presented.

The �nal chapter presents the development of a hot cavity laser ion source for the
production of N=Z 94Ag. The motivation of using a hot cavity catcher rather than
an ion guide for this particular nucleus is presented along with the culmination of the
development process, an inductively-heated hot cavity catcher laser ion source. This
new type of catcher is presented in detail with results from a recent commissioning
experiment.
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The thesis covers the applications of resonant laser ionization at IGISOL using hot
cavity and gas cells. The work is based on the following enclosed articles, three of
which have been published and one which is in preparation:

I: M. Reponen, I.D. Moore, T. Kessler, I. Pohjalainen, S. Rothe and V. Sonnenschein
Laser developments and resonance ionization spectroscopy at IGISOL
Eur. Phys. J. A (2012) 48: 45

II: M. Reponen, I.D. Moore, I. Pohjalainen, T. Kessler, P. Karvonen, J. Kurpeta,
B. Marsh, S. Piszczek, V. Sonnenschein, J.Äystö
Gas jet studies towards an optimization of the IGISOL LIST method
Nucl. Instr. in Phys. Res. A 635 1 (2011) 24-24

III: M. Reponen, T. Kessler, I.D. Moore, S. Rothe and J. Äystö
A Hot Cavity Laser Ion Source at IGISOL
Eur. Phys. J. A 42 3 (2009) 509-515

IV: M. Reponen, I. D. Moore, I. Pohjalainen, S. Rothe, M. Savonen, V. Sonnen-
schein, and J. Äystö
Inductively heated hot cavity catcher, Rev. Sci. Instr, In preparation (2012)

The author has been heavily involved in the articles I-IV and has contributed to
the writing process as well as to the experimental work. The author's contribution
to Article I was the experimental measurements and data analysis on the power
broadening of silver, the determination of the isotope shift in nickel using in source
spectroscopy, in-jet spectroscopy of nickel and LIST development.

In Article II the author designed the measurement set-up and the ion guide nozzles,
including the de Laval nozzle. The author was also the primary photographer of
the jets and performed the Pitot probing of the supersonic jet and the subsequent
data-analysis.

The authors' contribution to the Article III was the characterization of the hot
cavity catcher and the development of the resonance ionization scheme for silver.
The author also participated in testing the hot cavity catcher laser ion source at
IGISOL-3 and in the following data analysis. The author made the mechanical
designs for the inductively heated hot cavity catcher in Article IV as well as the
initial performance tests. The author was also the principal contributor in the
proof of principle experiment, in the following data analysis and in the ion-optical
simulations of the catcher.





2. Theory

2.1. Laser

Light Ampli�cation by Stimulated Emission of Radiation, commonly known as a
laser, is a versatile tool for research due to a number of attractive characteristics.
A laser beam can be described as having properties such as monochromaticity, co-
herence, directionality and brightness, each of which sets it apart from conventional
light sources. In addition to numerous technical applications, lasers have been used
to study subjects ranging from material properties or shapes of atomic nuclei to
gravity waves predicted by general relativity.

2.1.1. Fundamental physics of lasers

A laser is a device in which, under suitable suitable conditions, a light wave is
ampli�ed as it passes through active material. If the light is con�ned in a resonator
and the active material is pumped to a suitable excited state, the light starts to
oscillate and stimulates transitions, being ampli�ed during each pass through the
active material. Lasing does not occur without very special set-ups and though
the ground work for the quantum theory of radiation was laid out by Einstein in
1917 [24], a working laser was only realized in 1960 in the form of a ruby laser by
Maiman [25].

Lasing has since been demonstrated in metallic vapour [26], for example in copper
vapour, in liquids using certain types of dye [27], and in solid state lasers using
either dielectric or semiconductor materials [28]. Furthermore, lasing has also been
achieved in chemical lasers [29] where chemical reactions provide the photons for
lasing and in free electron lasers by stimulated emission of bremsstrahlung of rela-
tivistic electrons travelling in a periodic magnetic �eld [30]. The following theory
considers the dielectric solid state lasers such as titanium sapphire (Ti:Al2O3) or
Nd:YAG, from the point of view of resonant laser ionization and it is based on
references [26], [31] and [32].

7
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Absorption, emission and stimulated emission

E1

E2

j 1i

j 2i

(a) (b)

Figure 2.1. Absorption and spontaneous emission (a), and stimulated emission (b).

The energy di�erence between the levels and the energy of the absorbed or

emitted photon is E1 � E2 = h�.

Lasers and the basic concepts of light-atom interaction are based on absorption,
spontaneous and stimulated emission, presented in �gure 2.1. These are so-called
radiative transitions whereby the transition is induced by an electromagnetic wave.
The transitions can also take place in non-radiative fashion for example by molecular
collisions. In absorption, a photon with an energy h� transfers an atomic electron
from state j 1i to state j 2i with �nite probability if the energy di�erence between the
levels matches the photon energy. Each excited state has a �nite lifetime after which
the state decays by emitting a photon in a random direction, again with energy h�.

If an atom is in state j 2i, an incident photon with energy h� can induce a transition
j 2i !j 1i. In this process, called stimulated emission, the incident and emitted
photon travel in the same direction with the same phase and energy.

The probability of a transition can be expressed using Einstein's coe�cients. These
are derived for induced absorption, induced emission and spontaneous emission [32]
using Einstein's thermodynamic treatment. The probability per second, Pspe, that
a photon is spontaneously emitted from state j 2i is:

dPspe
dt

= A21; (2.1)

where A21 is Einstein's coe�cient of spontaneous emission. It depends only on the
transition properties, not on the external �eld. On the other hand, the stimulated
emission probability per second, Pste, is linked to the spectral energy density �(�)
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of an external �eld:
dPste
dt

= B21�(�); (2.2)

where B21 is Einstein's coe�cient for stimulated emission. Similarly, the absorption
probability per second, Pabs, is described by

dPabs
dt

= B12�(�): (2.3)

Here B12 is Einstein's coe�cient for absorption. The coe�cients are linked via the
Boltzmann distribution:

Ni = N
gi
Z
e�Ei=kT (2.4)

and Planck's law of radiation

�(�)d� =
8��2

c3
h�

eh�=kT � 1
d�; (2.5)

where � is the radiation frequency, N is the total number of atoms or molecules,
gi = 2Ji + 1 is the number of degenerate sublevels, Ei is the energy of the ith level,
Z is the partition function (not to be confused with the proton number), T is the
temperature and k is the Boltzmann constant. Using the Boltzmann distribution
(Eq. 2.4) to solve the population density ratio between states j 1i and j 2i gives

N2

N1
=

g2
g1
e�h�=kT ; (2.6)

where h� = E2 � E1.

A simple laser

If two states j 1i and j 2i have the same statistical weights g1 and g2, the induced
emission and absorption have the same probability hence e�ectively making a two
level laser impossible. For the successful operation of a laser a population inversion
must exist between states j 1i and j 2i. Therefore N2 > g2N1=g1 and thus the
active medium should no longer act as an absorber but allow stimulated emission
to dominate over spontaneous emission (see Eq. 2.6), acting as an ampli�er. In a
suitable resonator con�guration this leads to an increase in the photon �ux F , such
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Active medium,

length l, index of refraction n

Resonator, length L
M2 M1

Active medium,

length l, index of refraction n

Resonator, length L
M2 M1

F F+dF

dx

Figure 2.2. The basic idea of a laser. Mirrors M1 and M2 form a resonator and the

photon �ux F is ampli�ed by an amount dF during distance dx in the

active material. The mirror M2 is �100% re�ective while M1 is partially

re�ective to allow a fraction of the laser light to exit the resonator.

that dF=dx > 0 where dx is an in�nitesimal distance travelled by the light beam in
the active medium (see Fig. 2.2).

In order to calculate the �ux change within a resonator the transition rates (Eqs.
2.1 - 2.3) need to be written as transition probabilities [31]:

dN2

dt spe
= �AN2; (2.7a)

dN2

dt ste
= ��21FN2; (2.7b)

dN1

dt abs
= ��12FN1; (2.7c)
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where �i is the cross section for either the stimulated emission (ste) or for the ab-
sorption (abs). When a photon �ux F travels through the active medium it changes
by an amount dF , depending on the di�erence between the rates of absorption and
emission, during a distance dx . For a beam with area S the change in the photon
number after distance dx is SdF . On the other hand as both stimulated emission
and absorption take place within a volume Sdx and the di�erence between these
processes must correspond to SdF , the �ux change can be written in the form

SdF = (�21N2 � �12N1)Sdx: (2.8)

Assuming the levels j 1i and j 2i to be g1- and g2 -fold degenerate, respectively, the
absorption and stimulated emission rates are related by

g2�21 = g1�12; (2.9)

which allows the �ux change to be written as

dF

dx
= �21F

�
N2 �

g2N1

g1

�
| {z }

Population Inversion

: (2.10)

For a simple two mirror laser resonator presented in Fig. 2.2 the laser beam intensity
I 0 / F 0 after one round trip in the cavity can be written with the help of Eq. 2.10 [31]
as

I 0 = I
�
e�(N2�

g2N1
g1

)l
�

| {z }
Gain

(1� Li)| {z }
Loss

(1� a1 � T1)| {z }
Mirror1

�

�
e�(N2�

g2N1
g1

)l
�

| {z }
Gain

(1� Li)| {z }
Loss

(1� a2 � T2)| {z }
Mirror2

; (2.11)

where e�(N2�
g2N1
g1

)l is the �ux gained in the active medium of length l, Li is the
internal loss per pass in the resonator, Ti is the transmission of a mirror and ai is
a loss occurring in a mirror. At the threshold of laser operation the intensity I 0 is
equal to the initial intensity I hence

(1� a1 � T1)(1� a2 � T2)(1� Li)
2e2�(N2�

g2N1
g1

)l = 1: (2.12)
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By de�ning a threshold population inversion as Nc =
n
N2 �

g2N1

g1

o
and solving Eq.

2.12 for Nc gives

Nc = �
ln((1� a1 � T1)(1� a2 � T2)) + 2 ln(1� Li)

2�l
: (2.13)

By assuming small mirror losses a1 = a2 = a and (1� a�Ti) �= (1� a)(1�Ti), and
by further de�ning the logarithmic internal loss of the cavity as i, the logarithmic
mirror losses 1 and 2 and the single pass-loss of the resonator cavity as :

1 = � ln(1� T1) (2.14)

2 = � ln(1� T2) (2.15)

i = � (ln(1� a) + ln(1� Li)) (2.16)

 = i +
1 + 2

2
; (2.17)

Eq: 2.13 can be expressed as

Nc =


�l
: (2.18)

This equation states that the critical population inversion, hence the threshold for
the laser operation, is directly proportional to the cavity losses  and inversely
proportional to the length of the active medium l and the absorption coe�cient �.
For example, from Eq. 2.18 it is clear that the longer the active medium, the lower
the critical population inversion and thus pump rate required to initiate laser action.

2.1.2. Laser pumping

As stated earlier, a two level laser cannot be made to work due to stimulated emission
and absorption compensating each other. Hence a laser requires an excitation scheme
involving more than two levels so that a population inversion can happen between
two states in the scheme. For example, a Ruby laser is a three-level laser with a
narrow emission band [33], an Nd:YAG [34] laser is a four level narrow band laser
whereas a Ti:sapphire [35] laser is a broadband four level laser.

The transitions in both the three and four level scheme follow the same principle,
namely excitation to a high-lying state j 1pumpi that decays fast to a long-living
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j 1pumpi

j 2invi

j 3lowi

j 0gsi

Pump

Fast decay

Lasing
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(a) Schematic energy level structure of a four
level laser
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(b) Ti:sapphire energy level structure

Figure 2.3. (a.) A basic four level laser energy scheme and (b.) a representation of

titanium sapphire energy levels relevant for lasing [33]. The pump laser

excites electrons from the lowest level in the 2T2 state to the vibrational

levels 2E which quickly decay by collisions to the lowest vibrational level in

that state. Lasing takes place between this level and some of the levels in

the 2T2 state which further decay quickly to the ground level.

state j 2invi. This allows the population inversion to build up between the j 2invi
state and a state j 3lowi to which it decays 2.3. In three level lasers this state is the
ground state while in a four level laser it is a short-lived state or collection of states
that decay quickly to the ground state.

The pump transition can be made in many ways depending on the energy and
absorption band of the active material. The pumping processes can be categorized
into four classes; optical pumping, electrical pumping, chemical pumping and gas
dynamics pumping. Optical pumping and, more precisely, laser pumping is discussed
in the following as it is the most relevant process for this thesis.

The Nd:YAG laser is one of the most common lasers used in industry and research.
It is an optically (�ashlight or diode) pumped laser used in high power Continuous



14 2. Theory

Wave (CW) or in high energy pulsed laser applications. In research the Nd:YAG
laser is widely used for pumping tunable lasers.

Threshold pump power is an important property on an laser resonator. It tells how
much energy needs to be put into the laser resonator in order to initiate the laser
action. Lasers with higher e�ciency typically have a lower threshold pump power.
Assuming a Gaussian pump beam distribution, the threshold diode pump power for
longitudinally pumped laser can be written as

Pth =


�p

h�p
�

�
�
!20 + !2p

�
2�e

; (2.19)

where �p is the total pump e�ciency, � is the average lifetime of the upper laser level
�p is the pump laser frequency, !p is the pump spot diameter, !0 is the beam waist
of the TEM00 lasing mode and �e is the e�ective stimulated emission cross-section.
Similarly, threshold diode power for a transversely pumped laser becomes:

Pth =


�p

h�p
�

�r2

�e

�
1� e1�(2r

2=!20)
� ; (2.20)

where r is the laser rod radius.

As an example, Eq. 2.20 can be applied to the Nd:YAG laser used at FURIOS as a
pump laser. The laser (Lee Laser LDP-200MQG) is pumped transversally with laser
diodes and it can be operated either in CW or pulsed mode. The laser resonator, in
CW mode, consists only of the Nd:YAG crystal between two planar mirrors.

While most of the laser parameters needed to calculate the threshold pump power
are available, the logarithmic internal loss Li used in Eq. 2.16 remains unknown.
In order to extract this value the output power from the laser should be measured
with several output couplers with di�erent transmission factors as in the method of
Findlay and Clay [36]. Therefore, an internal loss of Li =5 % was used to calculate
 based on Ref. [31].

First, the single pass loss of the resonator cavity  is calculated using Eq. 2.17.
The output coupler of the Lee laser has a re�ectivity of 80 %, hence 1 = � ln(0:8).
Assuming the high re�ector to have a re�ectivity of 100 %, 2 becomes �0. By
further neglecting the mirror absorption losses a and using the 5 % value for internal
losses Li, the single pass loss becomes

 = � ln(0:95)�
ln(0:8)

2
� 0:163: (2.21)
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Using the typical diode pump e�ciency, �p = 30 % [33], a diode wavelength of
808 nm, an Nd:YAG upper level lifetime � = 230 �s, emission coe�cient �e =

2:8 � 10�19 cm2 [31] and a Nd:YAG rod radius of 2 mm, the pump power threshold
can be calculated. By further assuming that the the pump spot beam waist !0 is

considerably smaller than the Nd:YAG crystal radius r, the
�
1� e1�(2r

2=!20)
�
term

in Eq. 2.20 becomes 1, yielding

Pth �
0:163

0:3

6:626 � 10�34 Js 3�10
8 m/s

808 nm

230 �s
� � (2 mm)2

2:8 � 10�19 cm2
= 260 W: (2.22)

The calculated value for the diode electrical power of about 260 W, is close to the
experimental value of 220 W extrapolated using factory data for CW operation.
However, this should be treated with caution as it was extracted by multiplying the
given diode current values with an extrapolated diode array voltage.

2.1.3. Laser characteristics

In order to investigate more speci�c lasing behaviour this section discusses a four
level CW laser using rate equations, followed by a brief look at a pulsed laser.
The system covered here is highly idealised with approximations that allow a very
general demonstration of laser behaviour. It is assumed that the population in
the lower laser state j 3lowi and the pump state j 1pumpi is negligible (see Fig.
2.3a). Furthermore, the laser is assumed to be oscillating in a single mode with
uniform pump and mode energy distributions without dependence on the location
in the active medium. These approximations allow the derivation of so-called space-
independent rate equations for a four-level laser [31]. For a more accurate analysis
of lasers, pass-by-pass methods such as that of Rigrod [37] should be used.

The di�erential equation describing the population N2 in the upper laser state j 2invi
can be expressed as

dN2

dt
= Rp �B�N2 �

N2

�N2

; (2.23)

where Rp is the pump rate, B�N2 accounts for the stimulated emission and N2

�N2
for the spontaneous emission. Here, the term for stimulated emission, B�N2, is
written using Einstein's coe�cient rather than with the photon �ux as in Eq. 2.7.
As the population in the upper laser level changes, so does the number of photons
in the laser cavity. Whereas the population in the upper laser state is decreased by
the spontaneous and stimulated emission, the number of photons � in the cavity is
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increased by the stimulated emission B�N2 multiplied by the volume of the mode
Va in the active medium, and is decreased by the photon lifetime �c in the cavity:

d�

dt
= VaB�N2 �

�

�c
: (2.24)

The interesting term in these two rate equations is the coe�cient for stimulated
emission B. It can be derived by starting from a simple resonator with length L,
active medium length l and refractive index n as seen in Fig. 2.2. Using Eq. 2.11, ap-
plying the approximations used forource Eq. 2.17, assuming equal statistical weights
g1 = g2 and assuming N1 to be negligible, and substituting for the expressions given
in Eqs. 2.17, the change in intensity �I = I 0 � I can be calculated:

�I =
�
(1� T1) (1� T2) (1� a)

2
(1� Li)

2
e2�N2l � 1

�
I

=
�
e2(�N2l�) � 1

�
I; (2.25)

which can be further simpli�ed, by assuming �N2l �  << 1, and expanding the
exponential to �rst order to give

�I = 2 (�N2l� ) I: (2.26)

The absolute amount by which the intensity changes per round trip is less important
than the rate of this change. Taking the optical length (Le) of the resonator (see
Fig. 2.2) Le = L+ (n� 1)l, the duration of one round trip becomes

�t =
2Le
c
: (2.27)

As a round trip typically takes some nanoseconds and assuming that �I is small,
the ratio �I

�t can be approximated as dI
dt [31].Dividing Eq. 2.26 by �t gives

�I

�t
=

dI

dt
=

�
�lcN2

Le
�

c

Le

�
I; (2.28)

which, after comparing with Eq. 2.24, yields
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B =
�lc

VaLe
(2.29)

and �c =
Le
c

; (2.30)

because � / I. Eqs. 2.23 and 2.24 now give the space-independent rate equations
that describe the dynamic behaviour of a four level CW laser. The equations can
also be used to calculate an important laser parameter, the output power from the
laser through mirror M1 (Fig. 2.2). The 1

�c
term in Eq. 2.24 describes the rate at

which photons exit the cavity. By inserting  from Eq. 2.17 into Eq. 2.30, the loss
mechanisms can be separated as

1

�c
=

ic

Le
+

1c

2Le
+

2c

2Le
: (2.31)

Inserting this back into Eq. 2.24 gives

d�

dt
= VaB�N2 � �(

ic

Le
+

1c

2Le
+

2c

2Le
); (2.32)

where the term 1c
2Le

� describes the rate at which the photons exit the resonator
through mirror M1. Multiplying this by the photon energy h� gives the output
power:

PcwO
=

1c

2Le
h��: (2.33)

Using the values given in the end of the previous section for the FURIOS Nd:YAG
pump laser, Eq. 2.33 can be used to calculate the number of photons in the cavity
for a given output power when the laser is operating at 1064 nm. First, the optical
length for the resonator is calculated using the total mechanical length L=0.64 m,
the Nd:YAG crystal length, l=0.118m and the Nd:YAG index of refraction n=1.833,
giving

Le = 0:64 m+ (1:833� 1)0:118 m = 0:74 m: (2.34)

Now solving Eq. 2.33 for � using an 80 % output coupler and an output power of
200 W (CW), the number of photons in the cavity becomes:



18 2. Theory

� =
2PcwO

Le
1h�c

=
2 � 200 W � 0:74 m

� ln(0:8) � (3 � 108 m/s)2 � 6:626 � 10�34 Js=1064 nm
(2.35)

= 2:4 � 1013 photons: (2.36)

Though the number of photons in a cavity of a CW laser is large, it is still orders of
magnitude less than the number of photons in a pulsed laser resonator.

2.1.4. Q-switching

CW operation is preferable in applications where a steady laser power and narrow
linewidth are required. Other applications, such as resonant laser ionization, require
large photon densities unavailable from typical CW lasers. Increasing the power
of a CW laser to match the needed photon density would require increasing the
pump power eventually leading to an excessive heat load. The reason why CW
lasers cannot reach high photon densities is that for any given pump power the
population inversion eventually reaches steady state Isat [26]. The time ts to reach
the steady state is equivalent to one cavity round trip (Eq. 2.27) multiplied by m

round trips in the resonator needed to achieve Isat. For example, in Ti:sapphire
lasers or in an Nd:YAG laser, the lifetime of the upper laser state is 3.2 �s and 230
�s, respectively [26]. This is much longer than the typical ts < 1�s, hence the steady
state is achieved well before the upper laser population is saturated.

Q-switching is a technique whereby the quality factor (Q-factor) of the resonator is
varied so that the population in the upper laser level is �rst allowed to increase and
then to deplete abruptly. The switching is achieved by placing optical elements into
the laser resonator which prevent the beam propagation in a controllable manner.
Q-switches can be passive saturable absorbers, typically a dye solution with low sat-
uration intensity, or active switches operated either mechanically, acousto-optically
or electrically. The main focus in this section is in electro-optical shutters such
as Pockels cells and acousto-optic Q-switches that are used in high repetition rate
lasers.

The Pockels cells are based on the Pockels e�ect in which the refractive indices in
a suitable crystal, such as Beta Barium Borate (BBO), are changed by applying a
high voltage [31]. The applied voltage induces birefringence in the crystal which in
turn separates the polarization of the incoming wave into x and y components with a
phase di�erence �' = k�nL0. Here, k = 2�

� , �n is the value of birefringence and L0

is the length of the crystal. With the use of polarization �lters or a suitable resonator
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t

Rp; �;N2

t0



Rp(t) �(t)N2(t)

Ni

Np

Nf

��p

�d

Figure 2.4. Time evolution of the cavity Q-factor (cavity loss ), pump rate (Rp(t)),

upper laser state population N2(t) and photon number in cavity the (�(t))

of a pulsed laser pumped Q-switched laser [32, 38]. The general behaviour

applies also to CW pumped lasers. �d is the time delay between Q-switching

(t0) and the photon pulse, ��p is the output pulse width and Ni;p;f are

the initial, photon peak, and �nal upper laser level population. Here the

Q-switched laser pulse is of Gaussian shape, however in practice the pulse

shape is not symmetrical.

con�guration only a wave with a speci�c polarization is allowed to propagate in the
resonator. With a suitable voltage, the wave polarization is rotated 90� after two
passes through the Pockels cell hence e�ectively blocking it from propagating around
the resonator.

The acousto-optic Q-switches are typically used in Nd:YAG lasers. They operate by
inducing losses in the cavity by de�ecting the incident beam o� from the resonator
[33]. The de�ection occurs due to the photo elastic e�ect inducing an e�ective
�grating� in crystals such as quartz.

The qualitative time evolution of the pump rate, upper laser level population and
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cavity photon number is presented in Fig. 2.4. From the �gure it can be seen that
the pump pulse Rp comes in at time t > 0 and the population N2 in the upper
laser level begins to rise as a result. N2 reaches its maximum value at t0 at which
time the Q-switch is turned o� hence decreasing the cavity losses dramatically. This
leads to an increase in the photons in the resonator and to an eventual photon peak
at �d after which the population N2 begins to decrease rapidly. The photon peak
width ��p is typically some tens of nanoseconds. As the population N2 persists for
a considerable time after the pump pulse Rp the Q-switching can be used to control
the delay between the pump pulse and the laser output, a technique utilized for
synchronizing multiple Ti:sapphire lasers pumped by a single pulsed Nd:YAG laser.

The theory for fast active Q-switching for a four level laser pumped with a pulsed
laser, begins from the rate equations 2.23 and 2.24 [31]. When t < t0, the cavity losses
 are high and the laser operates below the threshold meaning that no oscillation
occurs but the N2 population inversion increases. If the Q-switching is applied when
N2 has saturated to the maximum value Ni at which point �=0, dN2

dt = 0 and Eq.
2.23 can be written as

Ni = �N2Rp(t0); (2.37)

where Rp(t0) is the pump rate at the Q-switch point. Assuming that

Rp(t0) /

Z
Rpdt / Ep;

the population inversion and pump energy at the lasing threshold becomes: Nith =

Nc = 
�l and Eith which can be compared to the values at the Q-switch point as

follows:

Ni

Nith
=

Ep

Eith
: (2.38)

The value Xth =
Ep

Eith
states how much the threshold is exceeded at the time of

Q-switching. An assumption that Xth and Nith are known allows the calculation
of the time evolution of the laser properties from t > t0 onwards. Starting from
initial conditions N(to) = Ni and �(t0) = �i �1, and assuming that the population
inversion changes so fast that the pump rate Rp and spontaneous emission N2

�N2
do

not contribute in signi�cant amounts, Eqs. 2.23 and 2.24 can be written as
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dN2

dt
= �B�N2 (2.39)

d�

dt
= VaB�N2 �

�

�c
: (2.40)

The photon number in the resonator peaks when d�
dt = 0 with a corresponding

population inversion Np,

0 = VaBNp �
1

�c

) Np =
1

VaB�c
=



�l
= Nc; (2.41)

when using Eq.'s 2.29 and 2.30. Inserting Eq. 2.41 into Eq. 2.38 gives the ratio
between the initial population inversion and the population inversion at the photon
peak

Ni

Np
= Xth: (2.42)

The peak output power Pp, the output pulse width ��p and the pulse delay �d can
now be calculated starting from Eq. 2.33 and using the photon count peak value �p
to give

Pp =
1c

2Le
h��p: (2.43)

The number of photons in the peak depends on the time evolution of the population
inversion dN2

dt . Taking a ratio of the rate equations and Eq. 2.40 gives

d�

dt
=
dN2

dt
=

d�

dN2
=

VaBN2�� �=�c
�BN2�

= �Va +
Va

VaB�cN2
= �Va

�
1�

Np

N2

�
; (2.44)

with the help of Eq. 2.41. Integrating
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�pZ
�i

d� =

NpZ
Ni

�Va

�
1�

Np

N2

�
dN2

) �p � �i = �VaNp

�
Ni

Np
� ln

�
Ni

Np

�
� 1

�
; (2.45)

and inserting the resulting �p into Eq. 2.43 with the assumption �i � �p gives,
with the help of Eq. 2.41, the output power as

Pp = �
1c

2Le
h�VaNp

�
Ni

Np
� ln

�
Ni

Np

�
� 1

�

= Va
1c

2Le

h�

�l

�
Ni

Np
� ln

�
Ni

Np

�
� 1

�

=
1
2

Ab

�

h�

�c

�
Ni

Np
� ln

�
Ni

Np

�
� 1

�
(2.46)

where Ab =
Va
l is the laser rod cross-section. Though the high repetition rate laser

output can be characterized by the average output power, the pulse energy is more
important for applications as it reveals how e�ciently the laser can be used to drive
atomic transitions.

The total number of photons present during the pulse is needed to calculate the
pulse energy. Integrating the photon rate equation of Eq. 2.40 over time with limits
�(T0) = �(1) �= 0 gives

�(1)Z
�(0)

d� �= 0 =

1Z
0

�
VaBN2 �

1

�c

�
�dt

)

1Z
0

�dt = Va�c

1Z
0

B�N2dt: (2.47)

The
R1
0

B�N2dt -term can be readily acquired from the population inversion rate
(Eq. 2.40) by integrating
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NfZ
Ni

dN = Nf �Ni = �

1Z
0

BN2�dt

!

1Z
0

B�N2dt = Ni �Nf ; (2.48)

which, by inserting into Eq. 2.47, gives

1Z
0

�dt = Va�c(Ni �Nf ): (2.49)

Finally, the peak energy E is calculated as the time integral of the peak power [31]
(Eq. 2.43)

E =

1Z
0

P (t)dt =
1c

2Le
h�

1Z
0

�dt =

=
1c

2Le
h�Va�c(Ni �Nf )

=
1Vah�

2
(Ni �Nf ); (2.50)

where (Ni � Nf )Va represents the number of photons produced by the population
inversion out of which 1

2 are available as output energy. Eq. 2.50 can be further
re�ned by recalculating the integral in Eq. 2.45 with integration limits �(0)! �(1)

and Ni ! Nf ,

�(1)Z
�(0)

= 0 = Va

�
Ni �Np ln

�
Ni

Nf

�
�Nf

�

)Ni �Nf = Np ln

�
Ni

Nf

�
: (2.51)

By de�ning an energy utilization factor �E =
Ni�Nf

Ni
, Eq. 2.51 can be rewritten as

�E
Ni

Np
= � ln(1� �E): (2.52)
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Inserting Eq. 2.51 into Eq. 2.50 and using Eq. 2.41 gives a simple equation for the
energy per pulse

E =
1Vah�

2
(Ni �Nf ) =

1Vah�

2
Np ln

�
Ni

Nf

�
(2.53)

= �
1Vah�

2
Np ln(1� �E) =

1Vah�

Ni
�e (2.54)

=
1
2

Ni

Np

Ab

�
�Eh�: (2.55)

With Eq. 2.55 the pulse width ��p and pulse delay �d can be approximated by
assuming that the pulse width equals the pulse energy (Eq. 2.55) divided by the
pulse power (Eq. 2.46)

��p =
E

Pp
= �c

Ni

Np
�E

Ni

Np
� ln Ni

Np
� 1

: (2.56)

Finally, the delay time is estimated by taking an arbitrary fraction of the number
of photons at the peak, for example �pf = �=10 [31]. This allows an approximation
N(t) �= Ni and the integration of d�

dt in Eq. 2.40 as

�pfZ
�i

d�

�
=

tdZ
0

�
VaBNi �

1

�c

�
dt

) ln
�pf
�i

=

0
BBB@ Ni

Np|{z}
Xth

�1

1
CCCA td

�c

) �pf = �ie
(Xth�1)

td
�c ; (2.57)

from which �d can be calculated by setting �i = 1 and �pf =
�p
10 :

�d =
�c

Xth � 1
ln
�p
10

: (2.58)
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Figure 2.5. Oscilloscope traces for FURIOS Q-switched Nd:YAG laser (blue) and the

TTL pulse driving the Q-switch (red).

Figure 2.5 presents oscilloscope traces for the FURIOS Q-switched Nd:YAG laser.
The measured time delay between the Nd:YAG pulse and the Q-switching was es-
timated to be �d �280 ns while the Nd:YAG width was �p �60 ns. The Nd:YAG
pulse width was extracted by �tting an asymmetric double sigmoidal function to
the oscilloscope data using Origin [39] and taking the Full Width Half Maximum
(FWHM) parameter, w1, as the pulse width.

These parameters can also be calculated using the equations derived in this section.
Using the values for the e�ective resonator length Le = 0:74 m and the single pass
loss of the resonator  = 0:163 calculated earlier, the Nd:YAG pulse width can be
calculated starting from Eq. 2.30 which gives the photon lifetime:

�c =
0:74 m

3 � 108 m/s� 0:163
= 1:51 � 10�8 s: (2.59)

Next, the ratio Xth de�ned in Eq 2.42 is also valid for the ratio of the threshold
pump power and of the incident pump power. As the Nd:YAG threshold power was
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previously estimated to be about 220 W and as the measurement in Fig. 2.5 was
performed with a diode electrical pump power of about 910 W, Xth becomes �4.14.
If the pump power noticeably exceeds the threshold power as in this particular
case, the energy utilization factor can be assumed to be close to unity, for example
�E = 0:95. Equation 2.56 gives the Nd:YAG pulse width as:

��p = 1:51 � 10�8 s
4:14� 0:95

4:14� ln 4:14� 1
� 35 ns: (2.60)

The pulse delay can be calculated once the peak number of photons in the pulse �p
is known. Using the Nd:YAG crystal dimensions l = 11:8 cm and r = 0:2 cm, Eq.
2.41 yields the population inversion at the the peak as:

Np =
0:163

2:8 � 10�19 cm2 � 11:8 cm
= 4:93 � 1016 cm�3 (2.61)

Using Eq. 2.45 with assumption �i � �p, the peak photon number becomes

�p = 11:8 cm� � � (0:2 cm)
2
� 4:93 � 1016 cm�3 (4:14� ln 4:14� 1)

� 1:3 � 1017 photons: (2.62)

Finally, the pulse delay is calculated with Eq. 2.58:

�d =
1:51 � 10�8 s
4:14� 1

ln

�
1:3 � 1017

10

�
� 180 ns: (2.63)

Additionally, the energy per pulse E for the Nd:YAG operating at 1064 nm can be
easily calculated and compared to the experimental value of Eexp=13 mJ by using
Eq. 2.55:

Ecalc =
�ln(0:8)

2
� 4:14�

�(0:2 cm)2

2:8 � 10�19 cm2

� 0:95� 6:626 � 10�34 Js�
3 � 108 m/s
1064 nm

�36 mJ: (2.64)
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Although small discrepancies are seen between the experimentally measured data
and the estimates from the theory, in general the agreement is within a factor of �
2.

2.1.5. Wavelength selection

In order to perform laser spectroscopy, the wavelength at which the laser operates,
needs to be varied. With lasers such as Dye or Ti:sapphire, the laser gain band is
very broad and by default a cavity resonates at many modes resulting in a broad
output linewidth. With certain optical elements the number of modes oscillating in
the resonator can be reduced. This section takes a brief look into mode-selecting
elements relevant for the thesis, namely birefringent �lters and Fabry-Perot etalons.

The frequency separation �� of longitudinal modes in a 50 cm long laser resonator
such as the approximate length of the FURIOS Ti:sapphire resonators is

�� =
c

2L
=

3 � 108 m/s
2 � 0:5 m

= 300 MHz; (2.65)

hence, for example, the number of modes in a Ti:sapphire laser with a mirror set
of bandwidth 25 000 GHz is �83000. As the separation of the modes is smaller
than the gain pro�le of the laser, oscillation occurs on several modes. Figure 2.6
illustrates the mode selection using elements in the cavity.

The �rst element that is used to limit the laser linewidth and thus the number of
modes in the resonator is a birefringent �lter or a Lyot -�lter. The basic principle
is based on the modi�cation of the polarization of the incident beam. In general
a birefringent element such as a Potassium Dihydrogen Phosphate (KDP) crystal
placed within the cavity changes the initial linearly polarized beam to elliptically
polarized. This beam can be blocked from oscillating by adding either dedicated
polarisers or relying on a suitable resonator con�guration such as keeping the bire-
fringent crystal at Brewster's angle to the incoming beam. However, in a special
case the beam remains linearly polarized after passing through the crystal.

A linearly polarized plane wave (see Fig. 2.7a)

~E = ~A cos(!t� kx); (2.66)

at � = 45o with respect to the optical axis (z-axis) with ~A = (0; j A j sin�; j A j cos�)

enters a crystal with length Lb. It is split into the ordinary Ey and extraordinary
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Gain pro�le

Etalon transmission peak

Birefringent transmission peak
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�� =
c
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��FSR

Figure 2.6. Mode selection using birefringent �lter and etalon

beam Ez with wave numbers ko = nok and ke = nek, and phase velocities vo = c
no

and ve =
c
ne
. After the crystal, the waves

Ey(Lb) = Ay cos(!t� koLb) (2.67a)

Ez(Lb) = Az cos(!t� kyLb); (2.67b)

have a phase di�erence of

� = k (no � ne)| {z }
�n

L =
2�

�
�nLb: (2.68)

If � is an integral number of 2�, e.g. � = 2m�, the beam keeps it's original polar-
ization. Furthermore, the free spectral range ��BF , meaning the separation of two
adjacent transmission peaks of the birefringent �lter is now obtained by assuming
that �n does not change much over two transmission peaks. As two transmission
peaks di�er by �m = 1, ��BF can be calculated using Eq. 2.68
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(a) A birefringent crystal with length Lb

is placed at x = 0 with the optical axis
pointing in the z-direction [32]. The
wave vector ~k is at an angle � with
respect to the optical axis, while the
electrical �eld vector ~E is at an angle
� with respect to the optical axis.

Lb

Optical axis

Rotation axis

�B

�
~E

~E

(b) A basic birefringent �lter arrange-
ment for wavelength selection. The
crystal has been placed at the Brew-
ster angle �B with respect to the
incident beam [32]. A beam with
a suitable wavelength keeps its po-
larization while passing through the
plate and is hence able to oscillate
within the resonator. By changing
the angle � the transmission can be
shifted.

Figure 2.7. Illustrations of the principle operation of a birefringent �lter.

�nLB
�1

�
�nLB
�2

= 1

) �2 � �1 = �nLB

) ��BF =
c

�nLB
: (2.69)

The index of refraction for the extraordinary wave ne depends on the angle � between
the optical axis and the wave vector ~k which can be changed by rotating the crystal
around the rotation axis in Fig. 2.7a, (for the basic idea, see Fig. 2.8). This changes
�n according to the equation [32],

1

n2e�
=

cos2 �

n2o
+

sin2 �

n2e(� =
�
2 )
: (2.70)

As the birefringent �lter typically selects modes that span the order of nm the laser



30 2. Theory

z

~k

�

no

ne

Figure 2.8. An index ellipsoid presenting the principle of varying ne by rotating the

angle between the incoming wave and the optical axis (z-axis) of the crystal.

As ne lies on a ellipse plane perpendicular to the propagation direction of

the EM wave ~k, changing � modi�es the ellipse and hence ne.

still oscillates with multiple longitudinal modes. Therefore, in order to achieve single
mode selection, a Fabry-Perot etalon is used in combination with a birefringent �lter.

An etalon in its simplest form is a thin glass plate with very smooth, parallel surfaces
with an anti-re�ection coating for a speci�c wavelength range. As the light enters the
etalon it undergoes multiple re�ections each of which introduces a phase shift (see
Fig. 2.9). When the di�erent phases interfere constructively the wave is transmitted
through the etalon with transmission peaks at frequency �n [31]

�n =
mc

2nrL1cos�0
; (2.71)

where m is an integer, �0 is the refraction angle within the etalon, nr is the index of
refraction and L1 is the thickness of the etalon. For the tuning of the transmission
peak, the etalon needs to be tilted only slightly, meaning �0 � 0, due to the fact that
the cavity length L is much longer than the etalon thickness L1.
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E2

E3

�

�
0

�

Figure 2.9. For an etalon at angle � with respect to the incoming light beam, the light

undergoes multiple re�ections within the etalon. At each re�ection a phase

shift � is introduced to the wave. After two successive re�ections the phase

shift is 2�, i.e. a phase shift of two successive transmission peaks Ei and

Ei+1, i = 1; 2:::

2.1.6. Harmonic generation

The Ti:sapphire laser gain band ranges from 660 nm to 1000 nm which is in the
Near Infrared (NIR) and Infrared (IR) region of the electromagnetic spectrum. For
atoms, the �rst electronic transitions from the ground state are typically in the
Ultraviolet (UV) region of the spectrum hence out of reach of the fundamental
Ti:sapphire output. Harmonic generation, �rst demonstrated by Franken et.al [40],
is a technique in which a suitable non-linear crystal such as BBO multiplies the
frequency of the laser beam by an integer amount. Typically in solid state lasers this
means Second Harmonic Generation (SHG), Third Harmonic Generation (THG) or
Fourth Harmonic Generation (FHG), which extends the laser wavelength to 200-500
nm region.

When non-linear, non-centrosymmetric crystals are exposed to high electric �elds
the loosely bound outer electrons of atoms or molecules experience non-linear de-
formations [31]. The result, a dielectric polarization ~P , of this interaction can be
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described as a power series [32]:

~P = �o

�
~�(1) ~E1 + ~�(2) ~E2 + ~�(3) ~E3 + :::

�
; (2.72)

where ~�(k) is the susceptibility tensor with rank k + 1 and order k. This leads to,
in SHG, the generation of a new frequency � = 2�1 where �1 is the frequency of the
incident wave entering the crystal. For an electromagnetic wave

~E = ~E1 cos(!1t� k1z) + ~E2 cos(!2t� k2z); (2.73)

at a �xed location z = 0, the second order polarization P (2)can be written as

P (2) =�0 ~�
(2) ~E2(z = 0)

=�0 ~�
(2)

�
1

2
( ~E2

1 + ~E2
2 +

1

2
~E2
1 cos(2!1t)

+
1

2
~E2
2 cos(2!2t) + ~E1

~E2 (cos(!1 + !2)t+ cos(!1 � !2)t)

�
; (2.74)

from which the second harmonic components 1
2
~E2
2 cos(2!2t) and

1
2
~E2
1 cos(2!1t) can

be readily identi�ed.

The intensity of the Second Harmonic (SH) frequency becomes signi�cant only if a
condition called phase matching is ful�lled:

~k(�) = ~k(�1) + ~k(�2); (2.75)

where ~k is the wave propagation direction (see Fig. 2.8). If the beams propagate in
the same direction, the condition can be formulated as

n� = 2n1�1; (2.76)

hence n = n1. In non-linear crystals this condition is ful�lled as they have two indices
of refraction no and ne. In SHG, the incident wave is polarized perpendicular to the
optical axis and it depends only on no. The SHG wave, only depending on ne, is
polarized in a plane de�ned by the optical axis and the propagation direction of the
incident beam ~k as seen in Fig. 2.8. Assuming a type-I crystal where the incident
beam is an ordinary beam and the second harmonic beam is extraordinary, the phase
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matching condition becomes ne(�; �) = no(�1) which can be used to rewrite Eq. 2.70
to give a phase matching angle [31] (see Fig. 2.10):

sin2 � =

�
no(�1)
no(�)

�2
� 1�

no(�)
ne(�)

�2
� 1

; (2.77)

where � = 2�1.

z

y

~k

�

ne(�; �) = no(�1)

ne(�)

no(�1)
no(�)

ne(�; �)

Figure 2.10. A y-z plane from Fig. 2.8 for a type-I negative uniaxial crystal, such as

BBO, showing ne and no for the incident wave �1 and the SHG wave �.

The angle � is the angle which satis�es the phase matching condition.

For a BBO crystal with length L, the intensity of the second harmonic wave ISH
with angular frequency ! is:

ISH = I(!)2
2!2 j �

(2)
eff j

2 L2

n2c3�0

sin2(�kL)

(�kL)2
; (2.78)

where it is assumed that the intensity of the incident beam I(!) remains � constant
as it traverses the crystal. Here �0 is the electric permittivity. Equation 2.78 shows
that the intensity of the SH beam is extremely sensitive to incident wave intensity

due to ISH / I(!)2. Additionally, the last term in Eq. 2.78, namely sin2(�kL)
(�kL)2 ,

imposes a limit on the SH crystal length. If the length L exceeds the so-called
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coherence length Lc =
�

2�k , the SHG and the fundamental wave begin to interfere
destructively. This occurs because the waves at that point have a phase di�erence
� greater than �

2 .

2.2. Resonance laser ionization

Ionization of neutral atoms plays a major role in the production of radioactive iso-
topes. High-temperature thick target and thin target catcher systems used in on-line
facilities such as ISOLDE and Gesellschaft für Schwerionenforschung (GSI) [41] typ-
ically require a dedicated ionization mechanism for ionizing the reaction products.
On the other hand, gas catcher -ion guide systems such as the IGISOL generally
rely on the reaction products being thermalized in a bu�er gas while retaining an
ionic charge state. Ionization can take place, for example, via surface ionization
or electron impact ionization [42]. Devices such as the FEBIAD, thermal ionizer
and Electron Cyclotron Resonance (ECR) -ion sources utilize these techniques for
achieving as high ionization e�ciency as possible. Complementary ionization mech-
anisms are required for di�erent cases depending on the element of interest and the
needed beam purity. For example, while ECR ion sources can e�ciently ionize even
the lightest elements the ionization process lacks selectivity whereas FEBIAD or
thermal ion sources can reach high ionization e�ciency and selectivity for heavier
elements. The selectivity in the FEBIAD ion source is achieved by utilizing di�erent
chemical properties of elements and materials. Pure noble gas beams can be pro-
duced by reducing the temperature of the ion source transfer section hence causing
non-gaseous elements to be adsorbed into the walls. This principle has been further
re�ned into a pulsed release ion source [43] whereby a variable temperature spot is
introduced into the ion source. By rapidly cycling the spot temperature all reaction
products are �rst adsorbed onto the spot and subsequently released with release time
pro�les depending on the chemical properties of di�erent elements. The selectivity
of the these ion source system can be further improved using methods such as decay
release [44] or molecular sideband creation [42].

This thesis concentrates on another ionization mechanism, namely resonance laser
ionization. It is a technique whereby an atom is ionized by promoting a valence
electron over the ionization potential via a number of transitions through atomic
states. The method can be combined with solid state and gaseous catchers and en-
ables e�cient and highly selective ionization of many of the elements in the periodic
table. Resonance laser ionization has also led to the proposal and development of an
ion source technique with the highest selectivity, namely the Laser Ion Source Trap
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(LIST ). This new approach has been successfully demonstrated for both hot cavity
and ion guide methods and is currently under intense development. The di�erent
ion sources and their characteristics are compared in table 2.1.

Table 2.1. Comparison of di�erent ionization mechanisms and ionization environments

used in on-line facilities. The cited ionization e�ciencies are only approximate

due to high element dependence in some cases.

Ion source: Ionization e�-
ciency

Selectivity I.P. Charge state

Electron impact
ionization

�60% [45] None* >7 eV >1+ y

Surface ioniza-
tion

�100% [42] High** <7 eV 1+/1�

Ion guide �0.1-10% None - 1+/2+

Laser ionization:
Hot cavity �0.1-30 % [18] Very high 4-9 eVyy 1+ �

LIST �1% [46] Extremely high 4-9 eVyy 1+ �

Gas cell �1-10% [47] Very high 4-9 eVyy 1+ �

Gas jet �1% Extremely high 4-9 eVyy 1+ �

* The selectivity of the ionization process in FEBIAD ion sources can be greatly
increased with methods discussed in the text.

** High selectivity if the isotopes created in the target have very di�erent ioniza-
tion potentials.

y High charge states are available for example with ECR -ion sources.
yy Typical ionization potentials reached in on-line facilities using current laser
techniques.

� 2+ charge state reachable for some elements utilizing ion-resonance ionization
albeit not yet demonstrated on-line.

As the atomic states of each element have unique excitation energy, the resonance
laser ionization technique can be used to provide element selective ionization which
can be extended, using suitable lasers, to isotopic or even isomeric selectivity. In a
typical ionization scheme this means two resonant transitions from the ground state
before the atom is ionized either by a non-resonant transition into the continuum, a
resonant transition into an auto-ionizing state or by a transition to a Rydberg state
close to the ionization potential from which the ionization takes place either via
collisions or electric �elds. Figure 2.11 shows di�erent resonant ionization schemes.
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In addition, a suitable transition can be made using resonant two-photon absorption
in which two photons, alone without su�cient energy, hit the resonance via a virtual
state. Resonance laser ionization is most e�ciently performed using tunable pulsed
lasers whose operating principles have been discussed in the preceding sections.
Furthermore, the ionization process can be extended to optical spectroscopy in a
form of Resonant Ionization Spectroscopy (RIS).

As an example, the ionization scheme involving Rydberg states in Fig. 2.11 proceeds
as follows: An atom in the ground state absorbs a photon �1 that lifts the valence
electron to state j 1i. A second photon arriving within the lifetime of state j 1i
excites the atom further to Rydberg levels, described by the Rydberg equation [32]

Tn = EI:P: �
R

2(n� �(n; l))
; (2.79)

where EI:P: is the ionization potential, R is the Rydberg constant, n is the principal
quantum number and �(n; l) is a quantum defect, l being the angular momentum
of the Rydberg electron. If the Rydberg level j Ryi to which the electron was
transferred is close enough to the ionization potential a suitably large electric �eld
can remove the electron from the atom. An external �eld ~Eext = �E

(0)
ext~x introduces

an e�ective ionization potential

E
(eff)
I:P: = EI:P: �

s
Zeffe3E

(0)
ext

��0
; (2.80)

where Zeffe is the nuclear charge screened by the electron cloud and �0 is the

permittivity of free space. If the energy of the level E(j Ryi) is higher than E
(eff)
I:P: ,

the atom ionizes.

In the production of exotic isotopes the e�ciency and sensitivity is of utmost im-
portance as the production rate could be as low as a few atoms per second. The
rate of detected ions Si[s�1] resulting from ionization from state j 2 i is described
by [32]:

Si = Ng:s:nL�g:s!2�V| {z }
na

P2I
P2I +R2

��; (2.81)

where Ng:s:[cm
�3] is the density of ground state atoms, nL[cm�2s�1] is the �ux

of laser photons through the interaction volume, �g:s!2[cm
2] is the e�ective cross-
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Figure 2.11. Examples of di�erent ionization paths. Starting from the left, non-resonant

ionization, autoionization and collisional or �eld ionization via Rydberg

states. �1;2;3 are the wavelengths needed to drive the transitions.

section of transferring an electron from the ground state to state j 2i, �V [cm3] is the
interaction volume, P2I is the ionization probability, R2 is the relaxation probability
of state j 2i, � is the collection e�ciency and � is the detection e�ciency. na is the
total number of photons absorbed.

Assuming an ideal system with lossless ion collection and the condition P2I � R2,
Eq. 2.81 becomes Si �= na. While the condition of ideal ion collection e�ciency is
di�cult to realize, the condition P2I � R2 is easily achieved using pulsed lasers.
The ionization probability P2I = �2InL2 where �2I is the ionization cross-section
and nL2 the photon �ux of the laser driving the ionization. Inserting this back into
Eq. 2.81 with conditions �2InL2 � R2 and � = � = 1 gives the maximum achievable
ion rate

S
(max)
i

�= Ng:s:�g:s!2nL1�V = na: (2.82)

To show the bene�t of using a pulsed laser for non-resonant ionization into the
continuum from state j 2i, two lasers will be compared, a 15 W CVL operating at
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10 kHz repetition rate with a 20 ns pulse width and a 20 W CW laser operating at
500 nm. The corresponding photon rates are RCV L � 4 � 1023 s�1 (per pulse) and
RCW � 5 � 1019 s�1. Assuming a typical non-resonant ionization cross section �2I =

1 �10�17 cm2 and a radiative decay rate R2 � 1 �108 s�1, the required photon rate to
satisfy the condition �2InL2 > R2 becomes nL2 = 1 � 1025 cm�2 s�1. These photon
intensities can be achieved by focusing the laser beams to a small area. For the CVL
this area becomes a manageable 0:04 cm2, but the CW laser beam would need to
focused down to an area of � 10 � 10�6 cm2. Such a focus is impractical and would
generate other ionization losses due to the tiny interaction volume. Fortunately in
many cases the bottleneck caused by the non-resonant ionization can be alleviated
with a resonant step into an autoionizing state or a Rydeberg state close to the
Ionization Potential (I.P.), gaining approximately two order of magnitude in the
cross section.

In addition to the saturation conditions, e�cient laser ionization requires that the
laser characteristics match the properties of the ion source. For example, the velocity
and hence the residence time of atoms in a hot cavity is a few 100 �s hence the
repetition rate of a pulsed laser needs to be high enough in order to interrogate
every possible atom. Typically the pulsed lasers used in hot cavity laser ion sources
operate at �10 kHz. On the other hand, laser ionization performed in a gas cell
can be performed using medium-repetition rate (�200 Hz) lasers as the atoms move
much more slowly. Additionally, the high pulse energy of the medium-repetition
rate lasers allows the atomic transitions to be saturated more easily than with high
repetition rate lasers. Recently, high- and medium-repetition rate laser based ion
source systems were compared at LISOL [48] in a gas cell. The test indicated that
while the lasers perform similarly in the gas cell, the high repetition rate is required
for e�cient ionization in the gas jet.

Due to the pulsed nature of the lasers used in on-line facilities, the typical funda-
mental linewidth ranges from 1 to 3 GHz. When coupled with pressure and Doppler
broadening introduced by the environment of the ion source, the resulting linewidth
renders the laser in many cases insensitive to the hyper�ne structure. While re-
cent developments have demonstrated that the linewidth of a 10 kHz Ti:sapphire
laser may be reduced to 20 MHz [49], in-source spectroscopy still su�ers from the line
broadening taking place within the source. This broadening reduces the sensitivity of
the method compared to other laser spectroscopic techniques such as high-resolution
collinear laser spectroscopy. This latter method, performed at Jyväskylä, can reach
linewidths corresponding to the natural linewidth of a transition [50]. Recent de-
velopments towards gas jet spectroscopy, including the gas jet shaping presented
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in Chapter 5 of this thesis, aim to drastically reduce the environmental e�ects and
hence enable high resolution RIS close to the radioisotope production site. However,
while RIS may be less sensitive to nuclear e�ects than collinear laser spectroscopy,
the main advantage of the method lies in its e�ciency which allows spectroscopy
on isotopes produced only at a rate of a few per second. Indeed, these two tech-
niques should be viewed as being complementary to each other. The low resolution
RIS method can be used to e�ciently locate (unresolved) hyper�ne structure of
heavy elements, allowing a follow-up experiment to be made with high-resolution
collinear laser spectroscopy. Such work has been demonstrated on copper isotopes at
ISOLDE [51,52]. Furthermore, one may aim to indeed combine these two techniques
and such e�orts are currently being pursued utilizing Collinear Resonant Ionization
Spectroscopy (CRIS), which has been introduced with the aim of coupling the high-
resolution of collinear laser spectroscopy with the e�ciency of RIS [53�55].





3. IGISOL

The IGISOL (Ion Guide Isotope Separator On-Line) facility is world renowned for
producing low-energy ion beams for nuclear ground state studies [56,57]. The facility
is located at the Accelerator Laboratory of the University of Jyväskylä, connected
to the Department of Physics (JYFL). Before the ion guide method was developed,
the standard way of extracting and transporting reaction products from a target was
to use gas jets [58�60]. Based on that work the IGISOL method was commissioned
at Jyväskylä in the early 1980's [61]. Though IGISOLis a versatile system the basic
principles are relatively simple. In normal operation, the primary beam induces
nuclear reactions in a thin target. The resulting reaction products recoil from the
target and stop in a helium bu�er gas volume [57] as presented in Fig. 3.1. The
high �rst ionization potential of helium, �24.6 eV [62], results in a large fraction
of the highly charged recoil ions thermalizing to a 2+ charge state. In practise,
due to impurities in the helium, the products are reset subsequently to a 1+ charge
state. The bu�er gas pressure is typically 300 mbar and this is constantly evacuated
through a �1 mm exit hole. Ions are transported in the gas �ow to a sextupole radio
frequency ion guide, the Sextupole Ion Guide (SPIG) [63].

Upon con�nement in the SPIG the ions drift through with the help of a small electric
�eld gradient before being accelerated �rst to about 10 keV and subsequently to the
full 30 keV energy. This low energy beam is mass separated with a 55� dipole magnet
and delivered to experiments. Due to e�cient di�erential pumping the typical ion
guide pressure of 300 mbar translates to a target chamber pressure of 10�2 mbar,
then to 10�5 mbar in the extraction chamber before reaching a baseline pressure of a
few 10�6 mbar in the main beam line. This drastic pressure drop of many orders of
magnitude over a short distance results in a good beam quality during acceleration
due to minimal ion- residual gas collisions.

For precision measurements a better beam quality is needed than normally available
after mass separation. The raw IGISOL beam energy spread may be up to 100
eV, albeit much less with the SPIG, before being injected into a Radio Frequency
Quadrupole (RFQ) [64] cooler buncher, a linear Paul trap �lled with 1 mbar of
helium bu�er gas. The ions entering the RFQ are accumulated using electrical
potentials while being cooled by collisions with the bu�er gas. The ions are then

41
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released either as a cooled continuous beam or in bunches with superior emittance
(3�-mm-mrad at 40 keV [65] ) and energy spread (� 1eV) compared to the initial
mass separated beam.

) To mass separator

�Primary beam

�SPIG

�Ion guide

Figure 3.1. Illustration of the basic IGISOL principle. An ion guide is �lled with a bu�er

gas at 300 mbar. A primary cyclotron beam (red) induces �ssion reactions

in a tilted uranium target. The �ssion products recoil isotropically from

the target and thermalize to a +1 charge state (blue dots). The gas �ow

takes the ions out of the cell through an exit hole into a sextupole ion guide

(yellow dots).

Since the development of the IGISOL method in the early 1980's the principle has
been used in many laboratories for example in Japan (Institute for Nuclear Study
(INS) [66], Tohoku [67]), Poland (Warsaw Heavy-Ion laboratory [68]) and Belgium
(Louvain-la-Neuve) [69, 70]. The method is compatible with di�erent types of nu-
clear reactions such as �ssion and fusion-evaporation involving either heavy or light
ions. The main advantages over the standard thick target ISOL method is that
products can be released e�ciently with sub-millisecond delay time [71, 72] and
without chemical selectivity, meaning that even the most refractory of elements can
be extracted.

3.1. Experimental tools

The IGISOL facility employs various permanent measurement devices, in addition
to temporary set-ups speci�c only for a certain experiment. The primary tools are a
Penning trap precision mass spectrometer and a collinear laser spectroscopy station
both of which are introduced in the following section.
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�Target chamber
�Ion guide

�SPIG

�Extractor electrode

�Separator magnet

�Electrostatic switchyard

�RFQ cooler + buncher

To collinear station )

�7 T superconducting

magnet

)To post-trap spectroscopy

K-130 beam )

Figure 3.2. IGISOL-3 layout showing the front-end and the experimental area

Figure 3.2 shows the layout of the front-end and the Penning trap set-up of the
discontinued IGISOL 3 facility. A complete description of the IGISOL-3 layout can
be found in Ref. [73].

3.1.1. Penning trap

A Penning trap is an electromagnetic device used to con�ne charged particles in
stable and predictable trajectories [74]. These trajectories, some of which are mass
dependent, can be excited using suitable radio frequency �elds [75]. The mass depen-
dency of the motion of a particle within the trap allows a very precise determination
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of the ion's mass [76]. The mass resolving power of a Penning trap can exceed
1 � 107 and hence enables not only the precision measurement of mass but also the
separation and discovery of nuclear isomeric states [77,78].

After the �rst demonstration of a mass measurement of radioactive isotopes with a
Penning trap at ISOLDE [79, 80], the technique has been taken into use in many
on-line facilities around the world including GSI (Separator for Heavy Ion reac-
tion Products (SHIPTRAP)) [81], TRIUMF (TRIUMF's Ion Trap for Atomic and
Nuclear science (TITAN)) [82], Argonne National Laboratory (ANL) (Canadian Pen-
ning Trap (CPT)) [83], Michigan State University (MSU) National Superconducting
Cyclotron Laboratory (NSCL) (The Low Energy Beam and Ion Trap (LEBIT)) [84]
and IGISOL [85, 86]. For a complete overview of Penning trap operating principles
and facilities the reader is referred to Ref. [87] and the references therein.

~z

~r

Axial motion (!z)

Magnetron motion (!
�

)

Reduced cyclotron motion (!+)

Superposition motion

Figure 3.3. Eigenmotions of an ion in a Penning trap.

The Penning trap con�nes ions in a superposition of a quadrupole electric �eld ~E

and a highly homogeneous magnetic �eld ~B [74]. A strong magnetic �eld con�nes
the ions radially along the magnetic �eld axis and the axial con�nement is achieved
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with the electrical �eld. All the forces acting upon the ion with a charge q can be
described with the Lorentz force

~F = q
�
~r � ~B + ~E

�
: (3.1)

Solving the equation of motion for an ion in a Penning trap results in three fre-
quencies, a harmonically oscillating axial frequency !z, a mass-dependent reduced
cyclotron frequency !+ and a mass-independent magnetron frequency !�. The
individual motions with the resulting superposition motion are presented in Fig.
3.3. In an ideal trap the two latter frequencies sum to a mass-dependent cyclotron
frequency:

!c = !+ + !� =
qB

m
; (3.2)

where q is the charge, m is the mass of the ion and B is the magnetic �eld strength.
The ion motions can be excited using dipole RF �elds oscillating at the eigenfre-
quency and can be converted from one motion to another with quadrupole RF
�elds [88].

The JYFLTRAP Penning trap mass spectrometer is a dual trap system located
within a 7 T superconducting magnet [85]. The two traps, namely puri�cation
and precision trap, are formed with cylindrical electrodes and are separated with a
narrow diaphragm. The puri�cation trap captures the ion bunches from the RFQ in
dilute helium gas which cools the ions. The magnetron motion of the ions is excited
with dipole RF �elds to increase the radius so that it is larger than the diameter of
the diaphragm. After this a mass selective quadrupole excitation is applied at the
reduced cyclotron frequency to center the isotope of interest onto the trap axis [89].
Due to the di�erences in the orbits only the ions of interest can transfer to the
precision trap [90].

In the precision trap the pure ion sample is excited to a larger magnetron radius
followed by a quadrupole excitation to convert this motion to reduced cyclotron
motion. This method increases the radial velocity of the ions which translates to a
reduction in the time of �ight to a multichannel plate detector when the ions are
released from the trap. By determining the excitation frequency which leads to the
shortest time of �ight [91], it becomes possible to determine the mass of the ion.
Comparing the frequency of the isotope of interest to the frequency of a reference
isotope with mass mref

m =
�ref
�

(mref �me) +me; (3.3)
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yields the isotope mass m. Here me is the electron mass.

JYFLTRAP has been used to measure a wide range of masses with high precision.
The complete list of JYFLTRAP mass measurements to date is presented in Ref. [86].
These results have been used, for example, to study the evolution of the N=50 shell
gap energy in the neutron rich region [92]. This particular measurement provided
evidence for a reduction in the shell gap far from stability. Another good example of
the versatility of the trap system is the study of Q values for super allowed � decays.
Such measurements are used to test the unitarity [93] of the Cabibbo-Kobayashi-
Maskawa Matrix (CKM) matrix [94] by deducing a very precise value for the Vud
matrix element [95, 96]. In addition to fundamental physics the trap can be used
to produce ultra-pure samples of an isotope/isomer for selected applications. For
example, the Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO) has
measurement stations around the globe that measure the ratio of an isomer 133mXe
to the ground state 133Xe. As the ratio of these depends on the source in which
they were produced, they can be used to detect nuclear device detonations. The
measurement stations need to be calibrated and standardized with a pure sample of
133mXe which, at the moment, can only be produced using Penning traps [97].

3.1.2. Collinear laser spectroscopy station

Collinear laser spectroscopy is a well established method of probing atoms and ions
in order to extract nuclear ground state properties across the nuclear landscape [98].
The method achieves high precision due to the use of narrow linewidth CW lasers
combined with a highly reduced Doppler broadening of a transition of interest on an
accelerated ensemble of atoms or ions. Such high resolution is su�cient to allow a
measurement of the hyper�ne structure of a transition of a given isotope. From the
hyper�ne spectrum, it is possible to extract nuclear spin, magnetic dipole and electric
quadrupole moments. Additionally, via a measurement of the frequency shift from
one isotope to another, the change in root mean square charge radii can be deduced.
The fundamentals and current status of collinear laser spectroscopic measurements
among other laser spectroscopic tools used to study short-lived isotopes is presented
in a topical review by B. Cheal and K. Flanagan [55].

Collinear laser spectroscopy on ions was �rst independently demonstrated in 1976 by
Wing et al. [99] and Kaufman et al. [100], and was soon after demonstrated by Anton
et al. [101] for fast atomic beams. In the technique an ion or atom beam is overlapped
with a co- or counter-propagating laser beam operating at a locked frequency. The
ion beam is typically accelerated to some tens of keV energies which reduces the
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initial longitudinal energy spread to the natural linewidth of the transition. Rather
than tuning the laser frequency, the ion or atom is Doppler shifted over the atomic
resonance by tuning the total acceleration voltage V . The frequency seen by the ion
or atom is related to the acceleration voltage as

� = �L

�
1 + ��

p
(2�+ �2)

�
; (3.4)

where � is the laser frequency seen by the ion(atom), �L is the locked laser frequency
and � = eV

mc2 where m is the ion's mass and q is the charge [55]. The method of
Doppler tuning the ion or atom beam velocity removes uncertainties associated with
tuning the laser frequency. When on resonance, the �uorescence is detected with
photomultiplier tubes.

Collinear laser spectroscopy stations are currently used in many nuclear physics
laboratories around the world. The technique can be combined with standard isotope
production methods such as the ISOL method at ISOLDE [98, 102] or TRIUMF
[103,104], and the IGISOL method [105,106]. The collinear laser spectroscopy station
at IGISOL was set up in the mid 90's as a collaboration between the University of
Jyväskylä, the University of Manchester and the University of Birmingham. The �rst
measurement of radioactive ions was performed in 1997 on barium [106,107], followed
by the �rst collinear laser spectroscopy measurement on a refractory element in
1998 [108,109]. With the introduction of the RFQ cooler buncher [65] the sensitivity
of the method gained a huge boost [110]. The improvement led to a greatly reduced
energy spread and the possibility to gate the photomultiplier tubes in order to only
accept photons corresponding to the arriving ion bunches. All this paved the way
for a �rst collinear measurement of cooled �ssion fragments at IGISOL [111].

Collinear laser spectroscopy has been used at IGISOL to study the onset of defor-
mation around N=60 [112�115] and ground state properties over the N=28 shell
closure [116]. The current status and recent achievements at IGISOL are docu-
mented in an article by F. Charlwood et al. [117]. Currently, the laser station is
being rebuilt at the new IGISOL-4 facility and will be commissioned in 2012.

Optical ion manipulation

In a typical measurement, collinear laser spectroscopy is performed from the atomic
or ionic ground state to an excited state. However, in some cases this transition
is either too weak, unfavourable for extracting nuclear parameters or beyond the
wavelength capabilities of a CW laser. For example, the nuclear spin cannot be
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determined unambiguously if the transition takes place between states with spins
J = 0 ! J 0 = 1 or J = 1=2 ! J 0 = 1=2 due to insu�cient hyper�ne peaks
available. In the latter case the determination of the quadrupole moment is also
impossible [55,118].

These problems can be solved if the spectroscopy can be performed from another
state with suitable spin and transition strength. In principle this means the use of
metastable states which may be populated only weakly in the ion guide and hence be
otherwise unavailable by default. Using high power pulsed lasers, such as Ti:sapphire
lasers, even weak transitions can be driven e�ciently and as the purpose is not to
do spectroscopy but only to drive a transition the broad linewidth is not an issue as
much as it is an advantage. While in the RFQ cooler buncher, the ion energy spread
matches the broad, few GHz, linewidth of a pulsed Ti:sapphire laser hence increasing
pumping e�ciency. By choosing a suitable transition which subsequently transfers
the population to a metastable state with a large probability (see Fig, 3.4a), the
ground state population can be sometimes be completely depleted, as seen in Fig.
3.4b [114].
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(a) The basic idea of optical pump-
ing. The transition j g:s:i !j 1i
is driven by a pulsed Ti:sapphire
laser. State j 1i decays to a
metastable state j MSi from
which collinear laser spectroscopy
is performed on a transition to
state j 2i.
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Figure 3.4. The idea for optical pumping and an example of the e�ect of optical pumping

on the ground state population of Y+ ions. Data by courtesy of B. Cheal.
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3.1.3. IGISOL-4

The IGISOL facility is undergoing the fourth major upgrade since the conception
of the ion guide method almost 30 years ago, with the move to a new experimental
area next to a recently acquired MCC-30/15 light ion cyclotron. The machine can
deliver 18-30 MeV protons and 9-15 MeV deuterons at beam currents up to 200 �A
and 62 �A, respectively. The utilization of the heavier beams from the existing
K-130 cyclotron will also be possible at the new facility.

Target chamber

MCC-30/15

K-130

O�-line ion source access

Decay spectroscopy

Yield station

Collinear laser spectroscopy

Mass spectrometry and post-trap spectroscopy

Figure 3.5. IGISOL-4 layout presenting the front-end and the experimental hall. The

laser access to the target chamber is marked in blue and laser access for

optical manipulation in cyan.

The new experimental hall presented in Fig. 3.5 enables several improvements to the
general facility including more e�ective beam transportation, better access to the
target area with lasers, installation of o�-line test ion sources, and more sophisticated
and permanent measurement and beam diagnostic set-ups.

Intense light ion beams make possible the use of both fusion and �ssion reactions
providing access to light proton-rich nuclei and an extended range of neutron-rich
nuclei. A new neutron converter target is being designed in order to take full ad-
vantage of the high intensity beam from the light ion cyclotron. This will allow the
production and systematic study of ever more exotic nuclei produced in neutron-
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induced �ssion reactions using the existing trap and laser facilities. The construction
of IGISOL-4 is nearing completion and the �rst on-line beam tests have already been
performed. Continuation of the experimental program at IGISOL is expected to take
place towards the end of 2012.



4. FURIOS laser ion source at IGISOL

The following chapter presents FURIOS, the Fast Universal Resonant laser IOn
Source, a new gas cell designed for in-source laser spectroscopy, initial results ob-
tained under pseudo-on-line conditions and a data analysis software developed to-
wards future high resolution in-source spectroscopy.

The FURIOS laser set-up, the Ti:sapphire laser basic operation and technical details
of wavelength selection and harmonic generation are discussed. Recent results on
the e�ect of the Ti:sapphire crystal temperature on the fundamental and intra-
cavity generated second harmonic output power are presented. Concerning the new
IGISOL 4 facility, the design of the new FURIOS facility and the laser transport
are discussed. In addition, the issues concerning short laser ion pulse detection and
wavelength monitoring are presented.

Following the description of the FURIOS -facility, a new type of ion guide, namely
the �shadow gas cell�, originally designed by the Leuven laser ion source group, [119]
is introduced. The aim for the ion guide is to allow e�cient in-source laser ionization
under on-line conditions. The results obtained with this gas cell include transport
e�ciency determination using an alpha recoil source and ion source commissioning
under o�- and pseudo-on-line conditions using stable nickel. Finally, a new software
for the analysis of hyper�ne structure is presented. A non-linear regression of a Voigt
pro�le on collinear laser spectroscopy data on niobium and a errors-in-variables linear
�t on nickel isotope shift data are presented as a demonstration of the current status
of the analysis software.

4.1. Introduction

In a typical IGISOL experiment where the reaction products are primarily thermal-
ized in a 1+ charge state, the element of interest might form only a small fraction of
the total ensemble of ions. When the ions enter the IGISOL separator magnet, the
magnet selects all ions with a given charge to mass ratio q

m therefore isobaric contam-
ination may still be present in the mass separated beam. Such contamination could
prevent the detection of the isotope of interest, for example, with gamma ray detec-

51
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tion by introducing a high background that masks the gamma rays associated with
the exotic isotope. Furthermore, the RFQ has a limit in the number of ions it can
capture hence the contaminant species may well overwhelm the storage capability
of the device, thus reducing the transmission. Additionally, isobaric contaminants
in the ion beam delivered to the collinear laser spectroscopy station introduce �u-
orescence background (in the form of ion beam -related laser scatter). Impurities
in the cooled and bunched beams delivered to JYFLTRAP may also contribute to
limitations in the capacity of the trap to fully purify beams.

If the majority of the reaction products were to be neutralized in the ion guide
the isobaric contaminant problem could be addressed at the source. Resonant laser
ionization is a mechanism which provides element selectivity in the ionization pro-
cess. By coupling laser ionization with the mass selectivity of the separator magnet,
isotopically pure beams can be delivered to the experiments.
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Figure 4.1. A selected region of the Segré chart showing how the isotopic selectivity is

achieved with the combined use of lasers and a separator magnet. The lasers

provide element selectivity (Ni) and the separator magnet selects according

to mass (dark blue) leading to a selection of a single isotope (red). Other

colours according to Fig. 1.1.

As stated in Chapter one, laser ion sources have become a vital part of the operation
of many of the major on-line facilities. In 2004 a collaborative project was started
with the LARISSA -group at the University of Mainz aimed towards the construction
of a laser ion source [120] at the IGISOL facility. The facility became operational soon
after with the �rst o�-line ions of Tc [121], Bi [122] and Y [123] and it has since been
developed towards resonance laser ionization in a gas cell under on-line conditions
[124]. The latter work used the laser ion source to develop an understanding of the
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competing processes acting in the gas cell. Thus far, the laser ion source has not
been used for its principal purpose - to selectively produce low energy radioactive
ion beams - due to high losses in laser intensity during the complex transport to
the gas cell of IGISOL-3. The new IGISOL-4 facility has involved detailed planning
for the laser ion source in the initial stages, and the author has been principally
involved in all the details related to the design of the new laser ion source to be
commissioned in 2012.

Resonance laser ionization is a selective process that can reach e�ciencies of 10-30
% [18]. In addition, resonance ionization spectroscopy (RIS) has developed into a
formidable tool for the study of exotic, short-lived radioisotopes. Recent results such
as the determination of the magnetic moments of 57;59Cu [125], the investigation of
intermediate and auto-ionizing states in heavy elements [126] and the measurement
of the hyper�ne structure of 229Th [127] are excellent examples of the power of the
RIS method.

This chapter presents additional developments of the FURIOS laser ion source to
those discussed in Article I, published in Eur. Phys. J. A 43 (2012) [128]. Three ma-
jor laser-related developments are presented in the article: intra-cavity second har-
monic generation, narrow-linewidth injection-locked Ti:sapphire laser and grating-
based Ti:sapphire laser. The intra-cavity harmonic generation has led to a huge
increase in the second harmonic output power as well as to greatly improved beam
divergence. The injection-locking technique has been successfully tested at the Uni-
versity of Mainz and has shown to be able to reduce the laser linewidth to �20 MHz.
In the near future, a new injection-locked Ti:sapphire set-up will be constructed
which will allow e�cient high-resolution in source spectroscopy to be performed at
JYFL. Finally, a new grating-based Ti:sapphire laser has been developed, whereby
the high re�ector of a typical Ti:sapphire resonator has been replaced with a gold
coated grating. The lasing wavelength is selected by rotating the grating with re-
spect to the cavity mode which allows, in principle, the whole Ti:sapphire gain band
to be scanned. This laser is invaluable for the development of new ionization schemes
which is demonstrated in the article with samarium.

The second part of the article discusses in-source and in-jet resonance ionization
spectroscopy using pulsed lasers. As the name implies, in-source resonance ionization
spectroscopy is performed within the gas volume of an ion guide whereas in-jet
spectroscopy is performed in the supersonic jet emitted from the ion guide. Though
both of the methods are susceptible to the environment they are performed in,
these e�ects are greatly reduced in the jet. The e�ect of environmental broadening
mechanisms, di�erent laser bandwidths and variations in laser intensity on the width
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of the measured spectral line have been studied using bismuth, silver and nickel,
in the gas cell and expanding gas jet. Power broadening due to laser intensity
was studied on the �rst excitation at 328.1624 nm of atomic silver. These studies
revealed a �3 GHz increase in the linewidth at high laser intensities compared to a
baseline. In-source spectroscopy of bismuth revealed a pressure induced broadening
of �10 MHz/mbar while in-jet spectroscopy of nickel showed a slight decrease of
the linewidth compared to a corresponding in-source measurement. Finally, the
application of a de Laval nozzle led to remarkably collimated gas jets which overcome
a current limitation in the gas cell-based LIST method.

4.2. FURIOS laser system

The FURIOS laser system consists of multiple high repetition rate pulsed lasers.
These include two Nd:YAG lasers (Lee Laser LDP-200MQG) operating at 10 kHz
with optimal output powers of 80 W and 40 W respectively. The 80 W Nd:YAG
is used to pump four Ti:sapphire lasers that form the backbone of FURIOS. The
general layout of the main optical table at the IGISOL-3 facility is presented in Fig.
4.2. The second Nd:YAG is reserved as a backup laser and for the development of
an injection-locked Ti:sapphire laser [49]. A CVL laser with a typical output power
of 30 W is used mainly for non-resonant ionization, however it can be used to pump
a dye laser if needed. In general, the laser system is capable of covering wavelengths
ranging from 205 nm to 1000 nm and thus is able to produce ionization schemes
for many elements in the periodic table. Figure A.1 (in the appendix) shows the
elements that have ionization schemes suitable for Ti:sapphire lasers.

The Ti:sapphire lasers used at FURIOS are based on the original design by the
LARISSA group at the University of Mainz [129] . The laser cavity is arranged in a
Z-shape (see Fig. 4.3) that allows the Ti:sapphire crystal to be pumped from one or
two directions depending on the need [121]. The pump beam is focused into either
the front or backside of the crystal and concave, R= 75 mm, high re�ective mirrors
are placed either of the crystal with 2 cm and 5 cm separation respectively. The
resonator is completed with a high re�ector (R>99.9 %) and an output coupler (R
�80 %). The wavelength selection is achieved with a birefringent �lter and a thin
etalon resulting in a typical output linewidth of about 3 GHz [128,130]. In a typical
experiment the output of one or two of the lasers needs to be delayed using Pockels
cells in order to time synchronize the output pulses to within a few ns.

The resonator can be recon�gured for intra-cavity doubling by replacing the output
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Abstract We present an overview of recent laser ion source developments at the IGISOL facility, Jyväskylä.
Technological advances in the lasers have led to a considerable increase in second harmonic laser power with
the use of intra-cavity second harmonic generation, as well as to narrow linewidth capability by applying
an injection-locking technique to a Ti:sapphire laser. The use of a diffraction grating for frequency selection
in a new laser resonator has dramatically improved the wide range tunability of the laser system, resulting
in an ideal tool for the development of new ionization schemes. The role of different laser bandwidths,
laser intensity and environmental broadening mechanisms on the experimental width of the measured
spectral line have been studied using bismuth, silver and nickel, both in the gas cell and expanding gas jet.
Applications of novel ion guide nozzle design has led to remarkably collimated gas jets which overcome the
current limitations in the gas cell-based laser ion source trap (LIST) method. Detailed planning is under
way to optimize the new laser laboratory and laser transport path in order to fully exploit the unique
opportunities afforded by the new IGISOL-4 facility.

PACS. 29.25.Ni Ion sources: positive and negative – 32.80.Fb Photoionization of atoms and ions – 31.30.Gs
Hyperfine interactions and isotope effects – 42.60.By Design of specific laser systems

1 Introduction

During the last few years a modern laser ion source facility
has been constructed at the IGISOL (Ion Guide Isotope
Separator On-Line) facility, Jyväskylä, Finland, motivated
by the need to improve the selectivity and in some cases
the efficiency of the ion guide technique. Throughout this
period the laser ion source has been continually developed,
often in close collaboration with colleagues from the Uni-
versity of Mainz, Germany, and several milestones have
been achieved en-route towards the expected installation
in the extended JYFL Accelerator Laboratory in 2011.
Much work has been performed for the development of
new resonance ionization schemes of elements of interest
for future study, and in using the laser ion source as a
sensitive tool to probe the complex chemical and plasma-
related processes occurring in the ion guide during the
extraction of chemically active elements in the presence of
the primary cyclotron beam [1, 2].

The Fast Universal Resonant laser IOn Source (FU-
RIOS) consists of a solid state laser system which can
provide an almost universal coverage of ionization schemes
throughout the periodic table [3]. The laser system is cur-
rently under expansion in order to improve the ability
to perform sensitive in-source resonance ionization spec-

troscopy, a key goal towards bringing an additional spec-
troscopic tool to bear on the wealth of exotic nuclei avail-
able at IGISOL. FURIOS consists of four broadband Ti:sa-
pphire lasers pumped by a single 100 W Nd:YAG laser op-
erating at a repetition rate of 10 kHz. Three of the lasers
form the backbone of the laser ion source for on-line op-
eration, all wavelength tunable with etalon and birefrin-
gent filters. The fourth laser is based on a grating con-
cept and is primarily used for developing new ionization
schemes. By utilizing higher harmonic generation, a wave-
length coverage from 205 nm to 990 nm can be accessed.
The FURIOS set-up also includes an atomic beam unit
(ABU) which allows the off-line development of ioniza-
tion schemes and acts as a reference station during on-line
runs. Most recently, an ion-guide quadrupole mass spec-
trometer has been built which will increase the flexibility
of performing resonance ionization spectroscopy without
the need for utilizing the IGISOL target chamber. It is
envisaged that the study of the low-lying isomeric state
of 229Th, populated in the alpha decay of 233U, will be a
first candidate for the new spectrometer system.

In general, two laser ion source development programs
are underway, both of which aim to couple the high repeti-
tion rate laser system to the ion guide for the selective and
efficient production of radioactive isotopes. One method

produces photo-ions within the ion guide volume while
the second, the so-called LIST (Laser Ion Source Trap)
method, within the expanding supersonic gas jet emitted
from the the gas cell. Previous studies at JYFL have shown
that on-line conditions prevent efficient laser ionization in
the ion guide volume due to the high ion-electron pair
density of the buffer gas caused by the passage of the pri-
mary cyclotron beam [2]. Recently, this problem was ad-
dressed by the LISOL (Laser Ion Source On-Line) group of
the University of Leuven with a novel ion guide design [4]
which prevents the recombination of laser ions by spatially
separating the laser ionization zone from the target region
in what has been termed a dual-chamber cell or “shadow
gas cell”. Such an ion guide has been adapted and built
in Jyväskylä to be used in the IGISOL target chamber.
The LIST approach, in which neutral radioactive atoms
are selectively ionized upon exit from the ion guide within
the expanding gas jet, is a relatively new, novel concept,
which aims for ultra-high purification of low-energy ra-
dioactive ion beams (via the repulsion of any non-neutral
fraction from the ion guide) [5]. Recent work in Jyväskylä
has concentrated on addressing the current limitation of
this technique, namely the poor geometrical overlap be-
tween the expanding gas jet and the counter-propagating
laser beams [6]. In this article, we briefly summarize the
successful results obtained with a Laval nozzle, and discuss
the possibility of using the gas jet environment (reduced
gas pressure and temperature) for laser spectroscopy of
short-lived exotic nuclei.

Two laser-related developments are described which
have direct implications for laser ion source activities: im-
provements in laser power and a reduction in the broad-
band laser linewidth. In the former, the available laser
power for second harmonic (SHG) laser light has been
greatly increased by switching from external generation
via a single pass configuration to intra-cavity generation
which uses multiple passes. This modification in higher
harmonic generation should enable the lasers to operate
well beyond the saturation for any given transition. The
second major development, performed in collaboration with
the LARISSA group of the University of Mainz, Germany,
is an injection-locked Ti:sapphire laser with a reduction in
laser linewidth from approximately 5 GHz to a few tens of
MHz. The use of this laser for the study of the ground state
hyperfine structure of 229Th at the University of Mainz
is detailed elsewhere in this Hyperfine Portrait. Recent
funding has been obtained from the Academy of Finland
to construct a similar laser at the University of Jyväskylä
for future efficient high resolution in-source spectroscopy
applications at IGISOL.

2 Laser developments

2.1 Intra-cavity second harmonic generation of a ns
pulsed Ti:sapphire laser

Intra-cavity second harmonic generation (SHG) is a well-
established method used in both continuous wave (cw)
Ti:sapphire and dye laser cavities [7, 8]. The FURIOS
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Figure 1: Schematic drawing of the intra-cavity SHG set-
up. M1 to M4 are cavity mirrors in the standard Z-shaped
resonator configuration. PC, BF and E refer to the Pock-
els cell, birefringent filter and etalon, respectively. BBO
(beta-barium borate doubling crystal) and M5 (dichroic
mirror) are the elements needed for the intra-cavity SHG
process. Colour on-line.

pulsed Ti:sapphire lasers have enabled second and higher
harmonic generation in a single pass configuration outside
the main resonator for efficient off-line use. In an on-line
situation, however, the main goal is to achieve the high-
est possible ionization efficiency, which translates into the
requirement of complete saturation of all resonant transi-
tions in the scheme of interest with a reasonable overhead.
This overhead must compensate for the losses stemming
from laser transport to the ion source. The current laser
transport path (∼ 15 m) from the laser laboratory to the
IGISOL target chamber is non-optimal due to the late
installation of the laser ion source with respect to the
IGISOL facility. Overall distance and complexity of the
path lead to high losses in laser beam intensity that in
the worst case have reached 70 %. This is particularly ev-
ident for the first resonant transitions which are often in
the ultra-violet (UV) region. In general it is not possible
to transport all needed wavelengths (UV to IR) on sin-
gle, ultra-broadband dielectric mirrors (99.5 % reflectivity
from 300 nm to 1100 nm) and the current transport path
involves a rather convoluted process with a loss of about
5 % to 10 % per mirror when operating deep in the UV re-
gion. The future Accelerator facility has involved detailed
planning for the laser laboratory in the initial stage, thus
minimizing the number of mirrors, operating the mirrors
at right angles and reducing the transport path to ∼11 m
. For a thorough discussion on issues related to laser beam
transport we refer to the article by Lassen and collabora-
tors [9].

An efficient conversion of the fundamental infrared Ti:-
sapphire laser output to shorter wavelengths by second-,
third- and fourth harmonic generation (SHG, THG, FHG)
is needed in cases of weak atomic transitions and/or large
interaction volumes with atom-loaded buffer gas cells. In
the external single pass SHG with nonlinear crystals such
as beta-barium borate (BBO) used at IGISOL, conversion
efficiencies of typically 15 % to 25 % have been achieved.
Efficiencies for subsequent THG/FHG are even lower and
typical output powers in the VUV to UV (210 nm to
320 nm) range from 20 mW to 100 mW for a fundamen-

tal Ti:sapphire laser output of 3 W. Limitations of this
method stem from the damage threshold of the crystal
surface, angular acceptance of the SHG process and bire-
fringent walk-off in the crystal. Most of these problems
can be alleviated by the use of a multi-pass setup. One
way to do this is to place the SHG crystal directly into
the Ti:sapphire laser resonator, benefiting from the cavity-
enhanced laser pulse intensity.

Intra-cavity SHG has been adapted for the existing
Ti:sapphire laser system with minimal changes to the cur-
rent cavity design as seen in Fig. 1 (for the standard de-
sign see Fig. 3.2 in [10]). The intra-cavity intensity of
the fundamental wave is enhanced by replacing the out-
put coupler (M1) (reflectivity R = 70 % to 80 %) with a
highly reflective mirror, R=98 %. The higher quality fac-
tor (Q-factor) of the laser resonator increases the fun-
damental wave intensity and cavity lifetime supporting
the SHG process. As the second harmonic is supposed
to leave the cavity without incurring further losses, the
end mirror (M4) is replaced by a dichroic mirror with
high reflectivity for the fundamental wave (>99.9 % for
750 nm to 870 nm) and an anti-reflection coating for the
second harmonic (< 0.25 % for 380 nm to 430 nm). This
makes the cavity almost closed with respect to the funda-
mental light with only a small leakage remaining through
M1 allowing for cavity tuning and wavelength monitoring.
Due to the Z-shaped laser resonator design, the second
harmonic propagates in both directions from the BBO
crystal. Therefore, for an optimal use of the SHG laser
light a second dichroic mirror (M5, reflectivity <0.25 %
for 680 nm to 950 nm, >99.9 % for 360 nm to 435 nm) in-
side the cavity is installed.

The losses in the cavity resulting from the SHG crystal
and the additional mirror are compensated by the higher
reflectivity of the output coupler which leads to a higher
total Q-factor of the cavity. The dependence of the SHG
output on the Nd:YAG pumping power is shown in Fig.
2a. The threshold for lasing action is close to 6 W, which
is almost identical to the normal Ti:sapphire set-up with-
out intra-cavity SHG. A conversion efficiency of ∼10 % has
been determined from the slope of the figure. With this ef-
ficiency, a dramatic improvement in second harmonic out-
put power of up to 2.45 W has been achieved with the
available pumping power (for safety reasons this was not
tested further). This efficiency could be improved even
further by introducing additional focusing into the BBO
crystal however space limitations would require a re-design
of the basic resonator geometry resulting in costly changes
to the current laser system.

The intra-cavity SHG can be useful only if the SHG
pulse can be time synchronized with the pulses from the
other lasers using Pockels cells. If the pulses are too far
apart in time, the power gained from intra-cavity doubling
is lost as the Pockels cells introduce increasing losses with
increasing time delay. Pulse timing was recorded with a
set of fast photodiodes (Roithner LaserTechnik SSO-PD-
Q-0.25-5-SMD). Although the photodiodes were rather in-
sensitive to the frequency doubled laser light, a sufficient
signal was visible at high powers. When using a free run-
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Figure 2: (a) Intra-cavity SHG output power as a function
of Nd:YAG pumping power. The error bars of the SHG
power are within the symbols. (b) Temporal profiles of the
532 nm Nd:YAG pump laser pulse, the intra-cavity SHG
Ti:sapphire pulse and the fundamental infrared pulse from
a standard Ti:sapphire. Colour on-line.

ning cavity the pulse of the SHG output arrived quite
soon after the Nd:YAG pump pulse in comparison to the
normal Ti:sapphire system. This is expected due to the
faster pulse buildup in a resonator with a higher Q-factor.
Figure 2b shows the individual pulse timings of the laser
systems following synchronization. The shorter Full Width
at Half Maximum (FWHM) of the SHG output pulse can
be explained by the square-law intensity dependence of
the SHG process.

Intra-cavity SHG has been applied in the study of two
different elements, samarium and silver. In the case of

samarium, above 1 W of SHG power was extracted from
the cavity and used for the first resonant step. In the study
of silver, both the fundamental infrared leaking through
M1 and the frequency doubled light were extracted from
the laser. These beams were subsequently combined in a
third harmonic generation process. With an IR laser power
of ∼1.6 W and a blue power of ∼320 mW it was possi-
ble to generate approximately 24 mW of 328 nm UV light.
It should be noted that in this case the output coupler
had a 90 % reflectivity as high power was needed for both
the fundamental and the SHG beam. Such examples have
proven the intra-cavity SHG to be a more efficient and
compact tool than the external single pass SHG, requir-
ing only simple mirror changes to the existing resonator
configuration. The method is also inherently safer for the
doubling crystals as the need for hard focusing of funda-
mental laser light is no longer required. Furthermore, in
addition to a greatly improved conversion efficiency, the
intra-cavity SHG benefits third and fourth harmonic gen-
eration due to a much improved beam shape.

2.2 Injection-locked Ti:sapphire laser spectroscopy

The FURIOS solid-state laser system provides sufficient
laser power and flexibility to efficiently ionize a variety of
atomic species. The Ti:sapphire resonator, originally de-
signed by the University of Mainz, has been duplicated
for laser resonant ionization applications at other ISOL
facilities worldwide. The use of lasers in nuclear physics
is however not only limited to the application of a laser
ion source. With high resolution laser spectroscopy, funda-
mental information on the ground-state properties of nu-
clei, including nuclear spin, electromagnetic moments and
changes in the mean-square charge radii along long chains
of isotopes can be extracted in a model-independent man-
ner [11]. For this kind of application, continuous wave laser
systems with a linewidth of a few MHz are used, overlap-
ping in a collinear or anti-collinear geometry [12] with a
fast (tens of keV) atomic or ionic beam. A fluorescence sig-
nal from a strong ground state or metastable state transi-
tion is typically used for detection. The low signal-to-noise
ratio of such a detection method limits the performance
of the spectroscopy and therefore alternative techniques
have been developed including photon-ion/atom coinci-
dence methods and bunched beam spectroscopy utilizing
radio-frequency quadrupole cooler-buncher devices [13].

An alternative to photon counting is ion counting fol-
lowing photo-ionization, as performed regularly with the
FURIOS laser system. However, in order to resolve pos-
sible hyperfine components of an atomic transition a re-
duced laser linewidth would be mandatory in most cases
(the typical laser linewidth of the FURIOS laser system
is ∼5 GHz). Such a laser system would not only allow for
atomic spectroscopy in a collinear beam line, as for exam-
ple illustrated in [14], but for any other source of atoms
whereby the various broadening effects on the atomic tran-
sition are appropriately reduced. In the environment of
the IGISOL gas cell the atomic lines are typically broad-
ened to a few GHz via a combination of collisional and
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Figure 3: Schematic diagram of the injection-locked
Ti:sapphire laser, see text for details. Colour on-line.

Doppler broadening processes. To perform high resolution
resonance ionization spectroscopy in the gas cell infers a
need to reduce the gas pressure to a few mbar. Such a
scenario is however impractical for on-line conditions in
which several hundred mbar of gas pressure is required to
stop and thermalize the nuclear reaction products. Alter-
nate methods have recently been proposed which include
spectroscopy in the environment of the expanding super-
sonic gas jet immediately downstream from the gas cell or
to perform the spectroscopy in a trap.

In order to be able to perform high resolution spec-
troscopy with a pulsed solid state laser system, a novel
laser has been developed which is capable of bridging the
gap between high-resolution spectroscopy and highly-effi
cient photo-ionization, in collaboration with the Univer-
sity of Mainz. The laser design is based on a pulsed Ti:sapp-
hire resonator injection-locked to a narrow-linewidth ex-
tended cavity diode laser (ECDL). A detailed description
of the cavity and its performance can be found in [15].
The general idea is to amplify the narrow-linewidth light
of the ECDL laser (Master laser) in a pulsed resonant
optical amplifier (Slave laser). To achieve the maximum
amplification, the resonator of the slave has to be tuned
to the frequency of the master in a so-called injection-lock
technique. A schematic diagram of the setup is shown in
Fig. 3. The pulsed cavity is formed by an output coupler
with a transmission of typically 20 % (M1), two curved
mirrors (M2 and M3) and a high reflector (M4) mounted
on a piezo actuator (P). The Ti:sapphire crystal is placed
in the focus between mirrors M2 and M3. The cavity is
locked to the diode laser frequency via a standard dither
lock system. The ECDL diode current is modulated by a
frequency generator operating at 60 kHz. The same sig-
nal is fed into a phase-sensitive detector together with a
photodiode signal (PD) of the laser light leakage behind
mirror M3. The resulting feedback signal is fed through a
proportional-integral-derivative (PID) controller into the
piezo actuator, which regulates the cavity length to max-
imize the transmission of the seeding light onto the pho-
todiode and thus to keep the slave in resonance with the
master frequency.
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Figure 4: The resonant ionization scheme for aluminium
(a) and the measured hyperfine structure for 27Al (b). The
spin of the nuclear ground state I=5/2.

In order to demonstrate the suitability of the injection-
locked Ti:sapphire laser for high-resolution spectroscopic
applications, the well-known hyperfine structure of the
stable isotope of aluminum, 27Al, was investigated. A sam-
ple of stable aluminum was evaporated from a furnace and
probed in a crossed-beams geometry with a Quadrupole
Mass Spectrometer (QMS) used as a mass-selective filter.
The strong D2 transition from the 3s23p 2P1/2 atomic

ground state to the 3s23d 2D3/2 excited level at 32 435 cm−1

was chosen as a benchmark test case, exhibiting a rela-
tively small splitting between the hyperfine components
of about 300 MHz. The excitation and ionization scheme
for the RIS experiment is shown in Fig. 4a. The required
laser radiation of 308 nm was achieved by sequential fre-
quency doubling and tripling of the fundamental light
(924 nm) from the injection-locked Ti:Sapphire laser using
standard non-linear optics. The remaining non-converted
second harmonic laser radiation was available for efficient
non-resonant post-ionization as indicated in Fig. 4a. The

Ti:sapphire laser was locked and scanned over the hyper-
fine structure with reference to a frequency-stabilized He-
Ne laser, and the photo-ions were detected as a function
of the laser wavelength. The resulting laser scan over the
hyperfine structure of 27Al is shown in Fig. 4b. The experi-
mentally observed linewidth of ∼145 MHz is dominated by
Doppler broadening, nevertheless the individual hyperfine
components are still well resolved. This width can be com-
pared to a natural linewidth of ∼12 MHz for the transition
used and a laser bandwidth of only 20 MHz.

We note that an average UV power of ∼0.3 mW was
sufficient to obtain the hyperfine components shown in
Fig. 4b. While this experiment has demonstrated the ca-
pabilities of the injection-locked Ti:sapphire laser under
off-line conditions, the possibilities for application of the
system at IGISOL have yet to be exploited. In the immedi-
ate future, new infrastructure funding from the Academy
of Finland will be used to construct a next-generation
narrow-linewidth Ti:sapphire system for permanent use
in the new FURIOS laser ion source facility. The major
improvement to the Mainz laser system will be the replace-
ment of the external cavity diode laser (with a rather nar-
row wavelength tuning range) with a new cw Ti:Sapphire
laser, which will match the wavelength tuning range of the
current pulsed lasers.

2.3 A grating-based Ti:sapphire laser and its
application to the spectroscopy of samarium

On-line, the production of the most exotic isotopes of in-
terest is often overwhelmed by less exotic isobaric species
(in the case of a fission reaction) or by stronger fusion-
evaporation channels when producing very neutron-defici
ent nuclei. It is important to have a high overall efficiency
of the ion source (including subsequent transportation)
however the lack of selectivity in many cases still hinders
current experiments. Although a resonant ionization laser
ion source (RILIS) provides Z selectivity, high laser power
does not necessarily lead to high ionization efficiencies if
the ionization scheme is not optimal. It is therefore imper-
ative that all facilities utilizing a RILIS ion source have
access to off-line ionization scheme development.

The search for ionization schemes in the heavier ele-
ments is hindered by the lack of information about high-
lying intermediate states, autoionizing (AI) and Rydberg
states. In particular, information regarding the relative
ionization strengths of AI states is of high importance for
the establishment of a highly efficient scheme. Approxi-
mately 35 elements are available from Ti:sapphire-based
laser ion sources [16], and databases exist providing in-
formation on energy levels which can be used as a first
step in planning new ionization schemes [17, 18]. Still, for
some elements, the information about Ti:sapphire acces-
sible levels is scarce.

The conventional Ti:sapphire systems in use at IGISOL
and other on-line facilities provide only a limited mode-
hop free wavelength scanning range due to the mode se-
lection with an etalon and birefringent filter combination,
hence making the search for new transitions tedious. An
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Figure 5: (a) A photograph of the grating-based
Ti:sapphire laser and (b) a schematic drawing of the res-
onator cavity. P represents the anamorphic prism pairs
used for beam magnification and G is the motorised grat-
ing.

automated long range scan would require precise synchro-
nized motor control of these two devices. Replacing the
end mirror of the Ti:sapphire cavity with a grating in Lit-
trow configuration enables a continuous wavelength selec-
tion over nearly the whole gain spectrum of a Ti:sapphire
crystal. Wavelength selection is achieved just by tuning
the angle of the grating, as expressed through the rela-
tion:

2dsinθm = mλ, (1)

where θm is the grating angle, d is the fringe spacing and
m is an integer.

A grating-based Ti:sapphire laser has been built in-
house using a Horiba gold-coated grating with 480 lines
per mm, optimized for first order reflection at a wave-
length of 800 nm. Figure 5a shows a photograph of the
laser and a schematic diagram of the resonator can be
seen in Fig. 5b. The effective wavelength resolution of a
grating depends upon the number of lines overlapping with
the incident laser beam. Therefore, two sets of anamorphic

prism pairs are inserted into the cavity in order to ex-
pand the beam waist by a factor of ten such that the laser
beam covers a greater surface area of the grating (∼1.5
cm). Each of the prisms has one uncoated and one anti-
reflection coated surface, with the uncoated surface facing
the laser beam at Brewster’s angle to minimize losses. A
precision rotation stage (DT-65 N from miCos GmbH)
equipped with a stepping motor with a typical angle res-
olution of 0.002◦ is used to tune the grating angle.

A proof-of-principle study using the grating-based Ti:-
sapphire laser has been made on the rare earth metal
samarium (Z=62). Samarium has several stable and ex-
tremely long-lived isotopes, and its nucleus undergoes a
significant shape change from spherical 144Sm (due to the
magic neutron number N=82), to a strongly-deformed
prolate shape at 152Sm. The isotope shifts, as direct in-
dicators of a change in the mean-square charge radii, have
already been measured with high precision using continu-
ous wave lasers [19]. Therefore, a repeat of the measure-
ment would be a benchmark case to test the spectroscopic
capabilities of the FURIOS laser system without the need
for valuable on-line cyclotron beam time.

The search for an appropriate ionization scheme for
samarium started from known transitions from the atomic
ground state to energy levels at 22 914 cm−1 and 23380
cm−1. The first transitions were driven by a Ti:sapphire
laser using the newly developed intra-cavity SHG tech-
nique discussed in Section 2.1. The grating laser was scann-
ed from 34 000 cm−1 to 39 000 cm−1 (740 nm to 880 nm) in
order to find intermediate states by recording the ion count
rate as a function of the wavelength of the laser. Some of
the scans were performed with and without a non-resonant
ionization step performed with a Copper Vapour Laser
(CVL). Figure 6 shows excerpts from two grating-laser
scans from the same first excited state, where it is no-
ticeable that while the majority of the peaks are strongly
enhanced by the CVL, one peak at 34648 cm−1 does not
appear to be affected. This could be a sign of a near-
resonant transition from the intermediate state into an
AI, outweighing the gain from the non-resonant ionization
step driven by the CVL.

Laser scans searching for AI states were performed
from particularly strong intermediate states which at the
same time showed an improvement in ion rate when adding
the CVL, as these were likely to exhibit pronounced AI
structures. An example of an AI scan is shown in Fig. 7.
In the near future, the most efficient ionization schemes
will be used in studies of the isotope shifts of Sm in or-
der to benchmark the capability of FURIOS to perform
in-source resonance ionization spectroscopy.

3 Towards in-source and in-jet laser
spectroscopy

For the majority of analytical studies involving high reso-
lution laser spectroscopy, not only is elemental selectivity
required but also high isotopic selectivity. For this purpose
narrow bandwidth (∼1 MHz) continuous wave (cw) laser
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Figure 6: Two regions scanned by the grating-based Ti:sapphire laser showing a number of intermediate states. A
comparison is made illustrating the benefit to the ion count rate of adding an additional non-resonant ionization step
performed with a CVL laser. On the left panels, a peak at 34 648 cm−1 is not affected by the CVL suggesting the
intermediate transition is in near-resonance with an AI state.

systems are used, delivering only low power yet permit-
ting the resolving of isotope shifts and hyperfine structure
throughout long chains of isotopes. For ensuring the high-
est sensitivity in trace detection, or alternatively high effi-
ciency of an on-line resonance ionization laser ion source,
powerful pulsed lasers often operating in a high repetition
rate mode (∼kHz regime) with small duty cycle losses,
are most suitable to minimize ionization efficiency losses.
Such laser systems need to deliver sufficiently high laser
power in order to saturate each individual excitation step.
Standard broadband pulsed laser systems have spectral
linewidths of a few GHz, therefore isotopic selection is
usually provided via a subsequent mass-selective system,
e.g. the magnetic sector field of a high transmission mass
separator or a quadrupole mass spectrometer.

In-source laser ionization spectroscopy in a buffer gas
cell coupled to an on-line isotope separator allows the
study of short-lived isotopes, and has been demonstrated
recently at the Leuven Isotope Separator On-Line (LISOL)
facility, Louvain-la-Neuve, in a successful measurement of
the magnetic dipole moment of 57Cu [20]. In contrast to

spectroscopy in high-temperature ISOL target-ion source
systems, the buffer gas cell provides higher sensitivity and
accuracy due to a smaller total laser linewidth. Further-
more, it allows laser spectroscopy measurements of short-
lived radioactive isotopes of refractory elements not avail-
able from high-temperature ion sources. The experimen-
tal width of the measured spectral line is a convolution of
several effects which add to the intrinsic laser linewidth,
namely the pressure broadening from collisions with the
buffer gas, the power broadening from the lasers and the
Doppler broadening due to the atomic velocity distribu-
tion. The linewidth of the FURIOS Ti:sapphire laser sys-
tem depends to some extent on the resonator mirrors and
Nd:YAG pump laser power [21], and has been estimated to
be 3 GHz to 6 GHz via the study of atomic spectral lines
of several elements. In Section 2.2 we discussed the de-
velopment of a novel Ti:sapphire laser resonator with the
attractive features necessary to satisfy both high power
and high resolution. Pressure and Doppler broadening ef-
fects are discussed in detail in [10, 22]. In the following
sub-sections we present results on the effect of laser power

Figure 7: A grating-laser scan for AI states in samarium showing two particularly strong peaks and a relatively complex
structure in between. The dotted line indicates the ionization potential of samarium at 45 519 cm−1.

broadening, followed by developments towards in-source
resonance ionization spectroscopy in the IGISOL gas cell
and gas jet. Laser ionization spectroscopy in the expand-
ing gas jet after the gas cell is an extension to our work
on the Laser Ion Source Trap (LIST) method which is
discussed in Section 4.

3.1 Power broadening

In isotope separation applications, both maximum ioniza-
tion efficiency and highest selectivity are desired. However,
this results in a quandary as a higher laser intensity im-
proves the ionization but at the cost of selectivity and
vice-versa, a good selectivity requires low intensity in or-
der to avoid power broadening which implies a sacrifice
of ionization. For a practical discussion on the factors af-
fecting selectivity in resonant multi-photon ionization we
refer the reader to [23].

In practice, in-source spectroscopy is performed with
the laser power adjusted to as low a value as possible while
still allowing sufficient ionization to perform the measure-
ment. One of the candidate elements for in-source spec-
troscopy at the IGISOL facility is silver, with particular
interest in the production and study of the N=Z isotope
94Ag [24]. As part of the laser development programme,
the effect of power broadening has been investigated in
the atomic beam unit via frequency scans of the first res-
onant step (5s 2S1/2 → 5p 2P3/2) in atomic silver using
a UV-UV-field ionization scheme. The laser beam was fo-
cused to a waist of about ∼3 mm2 in order to achieve as
high intensity as possible with the available laser power of
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Figure 8: The FWHM of the resonant 5s 2S1/2 → 5p 2P3/2

transition lineshape in silver as a function of laser inten-
sity.

22 mW. The intensity was changed by rotating a quarter
wave plate on the third harmonic generation unit which
allows the directional stability of the laser to be preserved.
At the lowest laser intensities the oven temperature was in-
creased accordingly in order to compensate for the rapidly
decreasing ion count rate.

The overall resonance line is described by a Voigt pro-
file in which the Gaussian and Lorentzian contributions
arise from the intrinsic laser bandwidth and the power
broadening, respectively. We note that the pressure broad-
ening (Lorentzian contribution) and Doppler broadening
(Gaussian contribution) are negligible as the atomic beam
unit operates in high vacuum (10−6mbar) and ionization is
performed in a crossed-beams geometry. The total FWHM
of the Voigt profile can be approximated numerically [25]:

wtot ≈ 0.5346 · wL +
√

0.2166 · w2
L + w2

G, (2)

where wL and wG are the Lorentzian and the Gaussian
components, respectively. Figure 8 illustrates the overall
atomic resonance linewidth as a function of the laser in-
tensity, using the deduced Gaussian and Lorentzian widths
from the Voigt fitting routine and inputting these into Eq.
2. With an excited state lifetime of ∼7 ns and a resonant
transition wavelength of 328.162 nm (in vacuum), the sat-
uration intensity of the transition used is calculated to be
∼80 mW/cm2.

At intensities below ∼100 mW/cm2, the total transi-
tion linewidth appears to converge albeit the individual
measurements fluctuate. At these intensities the Lorentzian
component of Eq. 2 becomes negligible and an average
linewidth value of 5.3 ± 0.2 GHz can be deduced, dom-
inated by the Gaussian laser linewidth. From a

√
3 de-

pendence of the third harmonic linewidth, the fundamen-
tal laser linewidth is estimated to be ∼3 GHz, in agree-
ment with typical Ti:sapphire linewidths stated elsewhere
[21]. At a laser intensity above ∼200 mW/cm2, the total
atomic transition linewidth starts to increase, reaching ∼8
GHz at an intensity of ∼700 mW/cm2. At high intensities,
the linewidth values tend towards saturation (seen more
clearly when the data is shown on a linear scale). A simi-
lar trend has been seen in a lineshape study by Cavalieri
and Eramo [26], in which the effect of the laser bandwidth
on the power broadening was investigated. The bending
of the experimental curve was reproduced theoretically by
introducing a cutoff parameter in the laser spectrum.

3.2 In-source spectroscopy

A programme of resonance ionization spectroscopy at the
IGISOL facility both in the buffer gas volume of the ion
guide and in the radiofrequency (rf) sextupole commenced
in 2006 with studies of the bismuth atomic system. The
general aim of this work is to measure optical isotope/
isomer shifts in particularly short-lived nuclei, which are
directly proportional to variations in the nuclear mean-
square charge radius. The physics motivation behind the
bismuth atomic system is described fully in [27]. The de-
velopment work included a linewidth resolution study of
the hyperfine structure of stable 209Bi utilizing two differ-
ent ionization schemes, both using a single mode frequency
doubled CW dye laser for the first excitation step with ei-
ther a non-resonant ionization step to the continuum using
355 nm laser light from a frequency tripled 50 Hz Nd:YAG
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Figure 9: Hyperfine structure of 209Bi following resonance
ionization spectroscopy in the ion guide at 50 mbar He
pressure. A CW dye laser was scanned over the upper
hyperfine triplet. The left panel shows results obtained
using a non-resonant 50 Hz ionization step, while the
Ti:Sapphire operating at 10 kHz was used to reach an
auto-ionizing state resulting in the figure on the right.

laser, or excitation to an auto-ionizing level with a 10 kHz
frequency doubled Ti:sapphire laser [28].

Atoms of 209Bi were introduced into the ion guide from
a resistively heated Ta filament (∼7 mg/cm2 thickness),
with bismuth sputtered onto the surface. Laser light en-
tered the ion guide longitudinally through a sapphire win-
dow, ionizing neutral atoms along the axis of the cell. A
helium gas pressure of 50 mbar was maintained through-
out the tests. Following extraction of the photo-ions, guid-
ance through the rf sextupole and injection into the mass
separator, the ions were finally detected on a set of mi-
cro channel plates downstream from the separator focal
plane. The hyperfine spectrum of 209Bi is composed of
six components, separated into two groups of three due
to the large splitting of the J=1/2 upper atomic level of
24.6 GHz. Results from both ionization schemes are shown
in Fig. 9, illustrating scans over the upper three hyperfine
components which have a total splitting of ∼5 GHz. It is
difficult to make direct comparisons between the two spec-
tra as the repetition rates and hence pulse energies of the
ionization lasers are significantly different. The increase
in the count rate in the scan on the right however is most
certainly due to the increase in the ionization probability
when using an auto-ionizing level compared with a non-
resonant transition.

Although the CW laser was successfully used to ob-
tain the spectra shown in Fig. 9, the power available is
not sufficient to probe the atomic yields expected for the
on-line production of exotic nuclei. In later work, the 50 Hz
Nd:YAG laser was used to pump a pulsed dye amplifier
(Spectra Physics) seeded by a single mode CW dye laser
in order to achieve the first resonant transition. How-

ever, the low repetition rate (and thus high energy per
pulse) had the disadvantage of hugely power broaden-
ing the hyperfine structure. Pumping the dye amplifier
cells with the high repetition rate copper vapour laser
(CVL) had an immediate benefit in reducing the resul-
tant linewidth of the atomic structure. With this arrange-
ment it was possible to search for pressure shifts in the
hyperfine centroids and pressure broadening effects. The
former was negligible for a pressure change in helium from
40 mbar to 200 mbar, the latter resulting in a broadening
of approximately 10 MHz/mbar [29]. In a similar manner,
the pressure broadening and pressure shift were studied at
the LISOL facility, Louvain-La-Neuve, for resonant transi-
tions in copper and nickel in argon gas [22]. The resulting
differences between nickel and copper highlights the sen-
sitivity to the electronic transition studied. We also note
that the broadening and shift in the case of bound elec-
trons in states of high principal quantum number exceed
the effects on low-lying bound states by an order of mag-
nitude. This has been studied in Rydberg spectroscopy of
gallium in the IGISOL gas cell for both argon and helium
buffer gas [10].

More recently, laser spectroscopy has been performed
in and around a gas catcher at the LISOL facility, us-
ing the low repetition rate excimer-based laser system to
probe the atomic system of nickel [22]. In that work, even
though the linewidth of the transition is dominated by the
laser bandwidth and power broadening, the isotope shift
of the even-A stable isotopes of nickel was observed by
performing spectroscopy in the expanding gas jet (this en-
vironment will be discussed in the following sub-section).
It was not possible to extract nuclear structure informa-
tion from the data due to the limited contribution to the
isotope shift of the nuclear effects, combined with the low
resolution of the pulsed laser system. Elements with larger
hyperfine parameters (copper and bismuth among them)
are better candidates for in-source spectroscopy. Neverthe-
less, in order to provide a consistency check of the LISOL
data and to benchmark the progress of the IGISOL laser
system, nickel is also a candidate test element for FU-
RIOS.

A resistively heated nickel filament (11 mg/cm2) moun-
ted within the gas volume of an ion guide acted as an
atomic source. In a similar laser ionization geometry to
the previously discussed bismuth work, nickel atoms were
resonantly excited and ionized by a three step scheme
with two resonant and a final non-resonant ionization step.
The first step transition from the 3F4 ground state to the
3G5 intermediate level at 43 090 cm−1 (232.0744 nm) is the
same as the transition used at the LISOL facility. This
radiation was realized with fourth harmonic generation,
while the second transition to the 3H6 state at 56 625 cm−1

was achieved using the fundamental Ti:sapphire radia-
tion at 738.8236 nm. Finally, a non-resonant ionization
step was provided by the CVL. Wavelength scans over the
first step resonant transition were performed for all stable
nickel isotopes (A=58,60,61,62,64) in 50 mbar argon gas,
with mass selection provided by the IGISOL dipole mag-
net. The resulting resonance lines were fitted with Voigt

0 cm-1

56625 cm-1

43090 cm-1

61619 cm -1

738.8236 nm
 (0.237)

232.0744 nm
 (0.790)

3F4

3G5

3H6

Figure 10: Isotope shift of the stable nickel isotopes. The
inset figure shows the relevant partial atomic level dia-
gram. Below the transition wavelengths the log-ft (transi-
tion strength) is listed [17].

profiles and the isotope shifts with respect to 60Ni were
determined from the centroids, as shown in Fig. 10. In or-
der to extract changes in the mean-square charge radius,
the electronic F -factor in the Field Shift and the Specific
Mass Shift have to be known. A relative measurement of
these parameters may be made via the so-called King Plot
method, plotting the isotope shift values in one transition
versus the shifts in a second transition. However, the iso-
tope shifts in this mass range are dominated by the mass
shift component and the limited contribution from the nu-
clear volume effect is small compared to the experimental
resolution. Therefore, the extraction of the changes in the
mean-square charge radius in this mass range is impossible
with the current experimental setup.

3.3 In-jet spectroscopy

The prospect of utilizing the expanding gas jet environ-
ment immediately after the exit hole of a gas cell is highly
attractive for performing laser spectroscopy on short-lived
exotic nuclei. As discussed in preceding sections, for pre-
cise laser-spectroscopic studies the width of the spectral
line should be as close to the natural linewidth as possible.
In addition to the intrinsic laser linewidth and affects of
power broadening, in-source spectroscopy using a buffer
gas cell suffers from the effects of pressure broadening (in
general ∼10 MHz/mbar for a low-lying bound state reso-
nance) and in a hot cavity ion source, Doppler broaden-
ing (typical cavity temperatures may reach 2500 K). Al-
though the resolution for laser spectroscopy in a gas cell
is better than with a hot cavity, the environment still pro-
hibits the natural linewidth of an atomic transition to
be reached. The gas jet environment however limits the
impact of pressure and Doppler broadening effects. The
supersonic adiabatic expansion into vacuum substantially
reduces the Doppler broadening and the gas density is too
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Figure 11: Scan of the first step transition of Ni at
231.1669 nm in the atomic beam unit (top), in the gas
cell (middle) and in the gas jet (bottom). A helium buffer
gas pressure of 50 mbar was used. The solid line represents
the best fit of a Voigt profile.

low to contribute in a meaningful way. We note however
that the velocity distribution in the gas jet must be taken
into account and will convolute with the laser lineshape
to broaden the optical resonance. This effect may be re-
duced by a dedicated optimization of the gas jet, which
has recently been undertaken at JYFL.

The LISOL group of the University of Leuven have per-
formed studies on the impact of the gas jet on the resonant
linewidth of nickel and have compared this with the effect
of pressure conditions inside the gas cell and in a refer-
ence cell under vacuum [22]. The studies have shown that
the gas jet environment is rather comparable to that of
vacuum conditions, whereas the main parameter for de-
termining the resonance linewidth inside the gas cell is
the gas pressure. In addition, using laser Doppler-shift ve-
locimetry in a longitudinal ionization geometry, the group
were able to determine the flow velocity of moving atoms
within the jet in comparison to atoms in the reference
cell. A nickel resonance peak displacement of ∼7 GHz in
helium and ∼2.5 GHz in argon resulted in jet velocities of
1663 m/s and 550 m/s for helium and argon, respectively.

In a similar manner, and using nickel as a source of
atoms, the first proof-of-principle experiments have re-
cently taken place at the IGISOL facility. Figure 11 shows
the resonance of the first step transition of nickel under
three different conditions: (1) inside the atomic beam unit
(vacuum, 10−6mbar); (2) inside the gas cell (helium at 50
mbar); (3) inside the gas jet. A slightly different excita-
tion and ionization scheme was used in this work com-
pared to the in-source spectroscopy of Section 3.2. From
the 3F4 ground state, an excited state at 43259 cm−1 (3F4,
231.1669 nm, log-ft 0.42) was reached with a frequency
quadrupled Ti:sapphire laser, followed by a second res-
onant step at 738.3963 nm (log-ft -0.06) to the 3F4 ex-

cited state at 56802 cm−1. The ionization step was real-
ized non-resonantly with a mixture of the laser radiation
from the first two steps. In the gas jet mode, the lasers
are introduced through the backside of the ion guide and
pass through the exit hole (1.3 mm in diameter) into the
SPIG. In order to suppress unwanted photo-ions created
inside the ion guide a positive dc potential of +160 V
was applied to the repeller electrode of the rf sextupole.
This geometry limits the ionization region where the laser
beams and jet atoms overlap. Although the mass separa-
tor window provides a line-of-sight for lasers to be intro-
duced in a counter-propagating mode, the laser radiation
currently experiences severe losses at the window prohibit-
ing efficient ionization. This is caused by the difficulty of
accessing the window for cleaning. In the future IGISOL
IV facility, access for the laser light will be through a 15
degree electrostatic deflector located before the mass sep-
arator dipole magnet.

The displacement of the resonance centroid acquired
in the jet compared to the gas cell or atomic beam unit
reflects the Doppler shift of the moving atoms while they
are ionized inside the SPIG. A measured displacement of
4.9 GHz with respect to the reference cell translates into
a jet velocity of ∼1128 m/s. This differs from the velocity
of ∼1663 m/s determined by the LISOL group, however
the size and geometry of the rf sextupole guides are dif-
ferent at both facilities. In JYFL, an extra electrode acts
as a repeller for unwanted ions, whereas the LISOL SPIG
rods themselves are biased with respect to the gas cell.
The ionization zone in the JYFL SPIG is further down-
stream and thus the jet velocity is different. A shift is also
apparent in the resonance centroid of the in-source data
with respect to the atomic beam unit, which results in a
frequency displacement of ∼2 GHz. We are not sensitive
to pressure shifts in the helium pressure range tested (50
mbar to 200 mbar) and therefore this shift is currently not
understood. However, the data on the low wavelength side
of the gas cell nickel centroid exhibits a shoulder which is
not accounted for in the Voigt fit. This is most likely due
to photo-ions contributing from in-jet ionization. Finally,
we note that the Lorentzian width from the Voigt fitting
routine is negligible in the atomic beam unit and the to-
tal width, dominated by the Gaussian laser linewidth, is
9.1(3) GHz. The fundamental laser linewidth in this setup
is therefore ∼4.5 GHz, which can be compared to the
LISOL laser linewidth of ∼1.6 GHz [22]. Although the
resonance width of both the gas cell and gas jet profiles
are larger, 10.5(3) GHz and 10.1(3) GHz respectively, the
laser linewidth is dominant and the contribution due to
changes in environmental pressure is masked.

4 Status of the Laser Ion Source Trap (LIST)
project

The Laser Ion Source Trap (LIST) project is a variant
of the Ion Guide Laser Ion Source concept, IGLIS. Origi-
nally, the LIST was proposed to improve the beam qual-
ity from a hot cavity ion source [30] by decoupling the
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Figure 12: Laser wavelength scan over the hyperfine com-
ponents of 209Bi. In the left hand panel the repeller elec-
trode was set to -10 V, in the right hand panel it was set
to +100 V. The different spectra represent ions created in
the gas cell or in the SPIG. Additionally, the total number
of ions is given.

hot production and evaporation regions from the ioniza-
tion volume, thus addressing the problem of an often poor
selectivity due to the surplus of unwanted surface ions.
A recent update on the hot cavity LIST progress can be
found in [31, 32]. Later, the idea of coupling this concept
to a gas cell was suggested [5] and provided the motiva-
tion for the development of the rf sextupole at JYFL [33].
In this approach, the reaction products neutralize within
the gas cell and upon exit they are selectively re-ionized
with counter-propagating lasers within the adiabatically
expanding supersonic gas jet. The photo-ions are captured
by the rf field of the SPIG and are transported to the high
vacuum region of the mass separator by a voltage gradi-
ent. A positive DC voltage applied to the first electrode
of the SPIG acts to repel any non-neutral fraction thus
ensuring the highest possible beam purity is maintained
for subsequent experiments.

The first proof-of-principle of the LIST method was
demonstrated at the IGISOL facility in 2006 during the
in-source spectroscopy studies of the bismuth atomic sys-
tem discussed in Section 3.2 [34]. Due to the low laser
power available from the frequency doubled CW dye laser
coupled with the poor transmission of the dipole separator
window, a 50 Hz Nd:YAG laser was used to pump a pulsed
dye amplifier which was frequency doubled to produce the
required 306.7 nm light for the resonant excitation step.
This laser was transported into the gas cell through the
the rear sapphire window and was focused into the exit
hole region. The final step, realized using non-resonant
355 nm laser light from the same pump laser, was in-
troduced through the mass separator window albeit with
losses due to the poor window transmission. Figure 12
illustrates the ion rate observed on channel plates down-
stream from the mass separator as a function of the reso-

nant step wavelength (depicted in channel number). Both
upper and lower groups of hyperfine components are vis-
ible. The resolution of the upper group can be compared
with the hyperfine structure in the left hand panel of Fig.
9, the difference being due to the power broadening effect
caused by the low repetition rate of the pump laser.

Timing gates were set on the different arrival periods
of the laser ions, triggered by the pump laser, which are
represented by the different spectra in Fig. 12. In the left
hand panel, the repeller electrode was set to -10 V and the
SPIG was allowed to operate in a conventional “ion trans-
port mode”. The spectra show that the number of ions
created in the SPIG is almost equivalent to the number
of laser ions created inside the gas cell. The summation
of both spectra has also been plotted. In the right hand
panel, the repeller electrode has been switched to +100 V.
The ions created in the gas cell are repelled from entering
the SPIG and only those ions created in the SPIG (in the
“LIST mode”) are counted, confirmed by the summation
signal. We note that when the repeller voltage was sim-
ply reversed from -10 V to +10 V the ion signal remains
unaffected, suppression of the ions needed a larger poten-
tial barrier. Secondly, LIST ions were only seen when the
usual 5 mm gap between the gas cell and repeller electrode
was closed, suggesting gas/atom transport to the SPIG is
rather poor.

Later, the proof-of-principle of the LIST method was
demonstrated at the LISOL facility, Louvain-la-Neuve, in
which systematic studies of resonant laser ionization of
atoms within the cold jet were performed in a longitudinal
as well as transverse geometry with respect to the atom
flow [22]. The enhancement of beam purity was investi-
gated in both off-line and on-line conditions, the latter
with 94Rh isotopes produced in fusion-evaporation reac-
tions. Due the LISOL laser system (low repetition rate)
and LIST geometry, the resulting statistics was limited
however the work illustrated that high selectivity is in-
deed achievable. A common limiting factor to both JYFL
and LISOL which currently hinders the applicability of
the LIST technique is the geometrical overlap efficiency
between the expanding gas jet and the laser photons. If
the gas jet can be sufficiently collimated, for example, over
a distance of 10 cm without expansion, a 10 kHz laser rep-
etition rate is sufficient for one atom-photon encounter for
a jet velocity of 1000 m/s.

A detailed gas jet study has been undertaken in JYFL
in order to obtain low divergence, uniform jets over a dis-
tance of several cm. A number of exit nozzle types have
been tested under varying gas cell-to-background pres-
sures, information being obtained by imaging the light
emitted from excited helium or argon gas atoms, from
the detection of radioactive 219Rn recoils and directly via
Pitot probe measurements [6]. Initially it was observed
that a gas jet emitted from a simple exit hole could be
collimated when the background pressure in the expansion
vessel reached approximately 10 % of the ion guide pres-
sure. Although this approach achieved the goal, the pres-
sure conditions required are not ideal for on-line IGISOL
operation due to an increase in the probability of discharge
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Figure 13: Schematic of the prototype Laval nozzle (right) followed by a contour map of the resulting argon gas jet
(left). A series of expansion and compression waves are visible however the jet remains collimated over the 14 cm
imaging region.

between electrodes of the ion guide system. In order to
address this concern a proof-of-concept Laval nozzle was
subsequently manufactured, based on existing designs in
the literature (see Fig. 13b). Such a nozzle is formed with
a carefully shaped contour and has a specific ratio between
the area of the nozzle throat and exit. These features isen-
tropically transform the jet from a high pressure low veloc-
ity region, into a low pressure high velocity region. In an
ideal case all the radial velocity in the jet is transformed
into axial velocity hence removing the primary cause for
the jet expansion. On the other hand, because of the need
for a precisely calculated and manufactured design, the
nozzle works ideally at a fixed pressure ratio. Figure 13a
shows one example of the resultant jet structure visual-
ized as a contour map. The ion guide was operated with
argon at a pressure of 250 mbar resulting in a background
pressure 0.33 mbar, very close to the nozzle design require-
ments. A collimated supersonic jet is seen with a remark-
ably consistent width even as far as 14 cm downstream
from the nozzle. Details related to the structure visible in
the jet can be found in [6].

The advantage of the LIST method compared to the
standard laser ionization within the gas cell (or for that
matter within a hot cavity) lies in the ability to success-
fully suppress all ions produced inside the cell. The sup-
pression voltage required in a hot cavity laser ion source
is rather low, typically a few volts [35]. However, as men-
tioned in the in-jet studies of nickel and the first proof-
of-principle of the LIST technique using bismuth, sup-
pression voltages applied to the repeller electrode in the
JYFL LIST experiments have been of the order of +100
V to +150 V. The LIST coupled to the LISOL gas catcher
used suppression voltages of about 20 V in He and 50 V in
Ar, respectively [22]. One possible consequence of working
with electric voltages in poor vacuum conditions is that
of discharging. The operational conditions of the JYFL
SPIG when working in the LIST mode have occasionally
resulted in discharging when argon gas has been used and
therefore further studies of the repelling conditions have
been performed.

The JYFL SPIG is described in [33] and therefore will
not be discussed here. However, with a relatively large re-
peller electrode aperture (6 mm) and a short distance to

the gas cell (a few mm), the longitudinal electric field gen-
erated by the repeller is not very efficient at suppressing
the ion beam. Moreover, since the axial electric field inside
the SPIG is rather low, the dc potential difference between
the repeller electrode and the rods of the SPIG is relatively
high, a few 100 V. Simulations of the repelling effect have
been performed to study the repelling behaviour as a func-
tion of suppression voltage, carrier gas type and distance
between the ion guide and repeller electrode [36], using
Simion 8.0 simulation software [37] and two additional gas
models. The two carrier gases He and Ar were simulated
at an ion guide pressure of 60 mbar, and the ion of inter-
est was nickel. Additionally, two gap sizes were studied,
1 mm and 1 cm. In parallel, experiments were performed
using resonant laser ionization of nickel, in-source, using
the same parameters as detailed in the simulations.

Figure 14 shows the results of both simulations and
experiments for He and Ar at both gap sizes, indicated by
the symbols and lines in the figure legend. The ion yield is
normalized to the number of ions obtained with a suppres-
sion potential of 0 V. In each case the voltages needed for
a complete suppression of laser-ionized nickel are consid-
erably higher than 1 V which would represent the kinetic
energy of the Ni+ ions without buffer gas collisions. As
expected, the argon buffer gas can more effectively push
the Ni+ ions over the potential barrier than helium, even
though the flow velocity of argon is a factor of two lower
than helium. This is due to both the heavier mass of an
argon atom, and to the larger van der Waals radius result-
ing in a collision cross section approximately 30% higher.
The most significant discrepancy between simulation and
experiment is with the 1 mm gap result, illustrated in
the right hand panel. This can be understood as arising
from a combination of an underestimation of the pressure
downstream of the gas jet as well as an incomplete un-
derstanding of the gas flow velocity vectors [36]. Further
simulations suggets that the ion suppression may be more
effective at lower repelling voltages if it is done perpendic-
ular to the optical axis. Such a transverse ion collector sys-
tem has been successfully used at the LISOL facility in the
dual chamber gas cell, which separates the stopping- and
laser-ionization volumes. This allows an electrical field to
be applied to the ion collector, located behind the exit hole
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Figure 14: Experimental and simulated laser-ionized nickel
ion count rate as a function of repelling voltage for argon
and helium buffer gas with a 1 cm and 1 mm gap between
the ion guide and repeller electrode.

of the gas cell in the laser-ionization volume, in the pres-
ence of the primary beam passing through the stopping
chamber [4]. This concept has been also been developed
for the FURIOS laser ion source and first results from the
dual chamber gas cell will be discussed elsewhere in this
Portrait.

5 Summary and outlook

In summary, we have presented an overview of recent laser
ion source activities immediately prior to the current IGIS-
OL shutdown which commenced in 2010. The laser hard-
ware developments described in this article have improved
the capabilities of the FURIOS laser system for use not
only in the laser ion source, but also as a sensitive and
versatile spectroscopic tool. Intra-cavity second harmonic
generation has led to a greatly increased higher harmonic
laser power which will directly benefit the saturation of
atomic transitions in atom-loaded buffer gas following trans-
portation of the laser radiation over almost 15 m. The
commissioning of a new Ti:sapphire laser based upon the
use of a diffraction grating for frequency selection has dra-
matically improved the wide range tunability of the laser
system resulting in an ideal tool for spectroscopy and
the development of new excitation schemes. In order to
bridge the gap between high-resolution spectroscopy and
highly-efficient photo-ionization, a novel injection-locked
Ti:sapphire laser resonator has been developed in collab-
oration with the University of Mainz. In the current de-
sign the laser radiation from a narrow-linewidth extended
cavity diode laser is amplified in a pulsed resonant opti-
cal amplifier and has resulted in a measured laser band-
width of ∼20 MHz. A benchmark experiment to resolve
the hyperfine components of 27Al has been successfully
performed. In the near future a new injection-locked laser

will be built at t he University of Jyväskylä, improving
the existing design by replacing the diode laser with a cw
Ti:sapphire laser to better match the wavelength tuning
range of the current pulsed laser system.

The application of resonance ionization spectroscopy
within the buffer gas cell has and will continue to be an
important programme of research in the future. With mi-
nor changes to the operation of a laser ion source, sensitive
spectroscopy can be performed in-source on low yields of
short-lived radioactive isotopes and isomers. A study of a
number of elements including silver, nickel and bismuth
has resulted in a more complete understanding as to the
role of different laser bandwidths, environmental broad-
ening mechanisms (Doppler, pressure) and laser power
broadening which all convolute to the experimental width
of the measured spectral line. The prospect of utilizing
the expanding gas jet environment following the ion guide
is highly attractive, Doppler and pressure broadening ef-
fects being substantially reduced. First proof-of-principle
experiments have taken place using nickel as a source of
atoms and a measurement of the Doppler shift of the mov-
ing atoms ionized in the jet has been made and compared
to atoms in the gas cell or reference atomic beam unit op-
erating in vacuum. Although the velocity distribution in
the gas jet must be taken into account this effect may be
reduced by a dedicated optimization of the jet.

Indeed, as part of the Laser Ion Source Trap (LIST)
programme at the IGISOL facility, such jet optimization
is underway. The LIST method offers a novel means with
which to attain ultra-high selectivity in radioactive ion
beam production. The current limitation in comparison
to a more standard ion guide-based laser ion source is a
poor geometrical overlap efficiency between the expanding
gas jet (and thus atoms of interest) and the laser photons.
This limitation has recently been overcome with the ap-
plication of a Laval nozzle to the gas cell. Complications
are associated with the fabrication of such nozzles and
they are designed to work best at only one gas cell-to-
background pressure ratio. Despite these challenges, the
first design applied at IGISOL has resulted in a gas jet
retaining a remarkably collimated structure as far as 14
cm downstream from the nozzle.

Finally, a new era of laser ion source developments
and in-source/in-jet spectroscopic measurements will be-
gin with the completion of the new IGISOL-4 facility. De-
tailed planning for the laser laboratory and laser beam
transport has been undertaken in the initial stage, over-
coming the shortfalls in the old laboratory which resulted
in complications associated with a long, complex trans-
port path to the gas cell. A full exploitation of the gas
jet for spectroscopy as well as the LIST technique will
commence with the addition of a new 15 degree electro-
static bender, allowing direct access of laser radiation to-
wards the ion guide nozzle without the current prohibitive
losses experienced via the mass separator window. On-
going developments in gas cell technology, including the
commissioning of the dual chamber gas cell, and the use
of a novel radiofrequency inductively heated hot cavity
graphite catcher, will exploit the unique opportunities af-

forded by the new facility. The availability of primary
beams from both the K=130 cyclotron and the new MCC
15/30 cyclotron will result in a many-fold increase in the
available beam time for development and exploitation, and
with the expecting increase in intensities the laser ion
source will be a vital tool to provide a complimentary
increase in selectivity.

This work has been supported by the Academy of Finland un-
der the Finnish Center of Excellence Program 2006-2011 (Nu-
clear and Accelerator Based Physics Program at JYFL).
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Figure 4.2. The layout of the optical table for the FURIOS laser ion source during

IGISOL-3.

coupler with a high re�ector to form a closed resonator for the fundamental wave-
length. By adding a BBO crystal within the cavity along with a suitable dichroic
mirror, a signi�cant fraction of the fundamental frequency can be converted to sec-
ond harmonic SH output. An SH output of about 3.7 W has been reached using
this intra-cavity approach. Figure 4.3 shows the schematic representation of the
Ti:sapphire resonator in the intra-cavity con�guration. Figure 4.4 presents recent
data on the performance of two of the lasers, one in standard mode (upper half) and
one in intra-cavity mode (lower half). The left column gives the output power as a
function of input pump power and the right column as a function of the Ti:sapphire
crystal temperature. A Ti:sapphire conversion e�ciency of 27 % can be extracted
from the gradient of the data for the standard mode and a corresponding second
harmonic conversion e�ciency of 3.9 % for the intra-cavity mode. It should be noted
that the results are obtained using a bare cavity with no mode selecting elements
therefore the intra-cavity e�ciency may be lower than normal due to multiple mode
structure. The standard mode utilized a mirror set with 750 nm central wavelength
and the intra-cavity mode utilized a mirror set with 850 nm central wavelength.

In the past, the e�ect of the Ti:sapphire crystal temperature on the output power
was an unknown variable, however it had been seen that if the water cooling malfunc-
tioned the power dropped due to thermal e�ects. Recently, a variable temperature
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�High re�ector
�Etalon
�SHG

�SH High re�ector
�Pockels cell
�Curved mirror

�Partial/High Re�ector
�Birefringent �lter
�Ti:Sa crystal

Figure 4.3. Schematic representation of the Ti:sapphire resonator at FURIOS show-

ing the laser operating with intra-cavity second harmonic generation. The

Ti:sapphire crystal may be pumped from one or both sides.

chiller for Ti:sapphire cooling was installed which allows the crystal to be cooled to
about 14 �C. The data in the upper right plot in Fig. 4.4 shows that the output
power keeps rising steadily below 25 �C at a rate of about 20 mW per centigrade,
however no large gain in output power is observed. Reducing the crystal tempera-
ture reduces thermal lensing e�ects in the crystal and may, in cases where the output
power is limited by thermal e�ects, increase the output capability of a Ti: sapphire
crystal by a factor of 200 at 77 K [53]. The modest temperature dependence of the
output power in this case indicates that that the thermal e�ects are not a limiting
factor for the Ti:sapphire output power. Nevertheless, the e�ect of the crystal tem-
perature on the intra-cavity SH power is more dramatic, with an improvement of
�100 mW with a reduction of � 5 �C.

In addition to the standard resonators the set-up includes a Ti:sapphire laser whereby
the high re�ector and the mode selecting elements have been replaced with a grat-
ing which allows in principle a tuning of the laser wavelength across the entire
Ti:sapphire gain band. The grating-based laser in presented in Article I.
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4.3. Laser ion source design considerations

The FURIOS project was �rst constructed at the existing IGISOL-3 facility thus the
design was limited by the existing physical restrictions. Multiple compromises had
to be made with respect to the laser transportation and laser coupling to the gas
cell. The laser transport path required several mirrors, many of which were placed
at non-optimal angles. In the worst cases, the transport losses for deep UV light
exceeded 80 %.

For the operation of an e�cient and reliable laser ion source the optimization of the
laser transport path is vital [131]. Therefore, during the design of the new IGISOL-
4 -facility [132], the laser ion source had a high priority. The �exibility in design
allowed the laser laboratory to be placed in an optimal location with respect to the
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Figure 4.5. CAD design of the laser combining system. Two set-ups have been made to

couple the lasers into the IGISOL target chamber from the front and from

the back.

target chamber and the IGISOL cave to be constructed in a manner that allowed
a simple and optimal positioning of the laser transport mirrors. Furthermore, the
laser optical path was designed to allow all beams to be transported separately to
the target area where they would be combined and focused into the target chamber.
This allows the mirror coatings to be chosen speci�cally for the wavelength being
transported.

The design of the new FURIOS laser ion source station for IGISOL-4 was done
using 3D mechanical design program (Autodesk Inventor). Figure B.1 (in Appendix)
shows the entire IGISOL-4 upper level as a 3D illustration and Fig. 4.5 presents a
typical mirror set-up used to combine the individual lasers and to couple them into
the IGISOL target chamber.
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4.3.1. Detecting laser ion pulses

I.P. 61106:45 cm�1
Rydberg states

6d 2D5=2 54213:60 cm�1

5p 2P3=2 30472:71 cm�1

[Kr]4d105s 2
S1=2 0 cm�1

328.1624 nm (-0.050)

328.1624 nm 421.2142 nm (-0.381)

511 nm

(a) Silver ionization scheme

I.P. 61619:149 cm
�1

3H6 56624:668 cm
�1

3G5 43089:636 cm
�1

3F4 0 cm
�1

232.0744 nm (+0.790)

738.8236 nm (+0.237)

511 nm

(b) Nickel ionization scheme

Figure 4.6. Resonant ionization schemes for silver and nickel. The transition strength

is given where known. The non-resonant 511 nm light is produced with a

CVL laser. In the case of silver, each of the lasers are able to ionize from

the 6d2D5=2 state.

The resonant laser ionization process produces short, �40 ns, ion pulses at a 10 kHz
ionization rate. At FURIOS and at IGISOL two types of ion detectors are used, an
electron multiplier tube and a micro-channel plate, both of which operate on the
principle of secondary electron emission that leads to electron multiplication.

At FURIOS, the o�-line calibration and development of laser excitation and ioniza-
tion schemes have been performed with the Atomic Beam Unit (ABU). A detailed
description of the ABU can be found in [133] but the basic operational principle can
be summarized as follows: an atomic vapour from a resistively heated oven enters
the laser interaction region where the atoms of interest are resonantly excited and
ionized in a crossed-beams geometry. An electrostatic lens system extracts the ions
and guides them to an Electron Multiplier Tube (EMT) (ETP Electron Multipliers,
model 14150H) which outputs a fast pulse for each ion hitting the detector. The
signal from the EMT is fed to a fast ampli�er unit (ORTEC 820), followed by a
coincidence unit triggered by a gate from the Nd:YAG pump laser. Finally, count-
ing only the ions in coincidence with the gate leads to a considerable reduction of
background signal produced, for example, by the interference from the Q-switches
of the pulsed laser system.
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Several ion counting measurements in the ABU have resulted in the observation of
count rate saturation at the laser repetition rate, i.e. 10 kHz. This e�ect has also
been noticed in tests with the hot cavity laser ion source at IGISOL in a perpen-
dicular laser ionization geometry [134], and has been attributed to the ion pulses
being counted as a single event. The maximum count rate of the EMT is about
125 MHz due to an 8 ns baseline width of the EMT signal [135]. The lower limit of
the ion pulse duration is set by the laser pulse width which is, for the case of the
Ti:sapphire lasers, � 40 ns, and for the non-resonant ionization with the CVL, � 20
ns. Although the ion pulses are created every 10 kHz, the instantaneous count rate
can exceed the count rate limit of the EMT if more than a few tens of ions hit the
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detector during the pulse duration. In such cases the individual ions are no longer
counted separately.

The apparent saturation of the ion count rate limits the ability to extract information
from the scans such as transition saturation intensities, broadening of the linewidth
and in the worst case scenario, peak centroids due to a �at-top behaviour. The
e�ects of the detector saturation were studied in detail using laser ionization of nickel
and silver. The silver ionization is realised with three-step UV-blue-CVL resonant
ionization scheme (two resonant excitation steps and a non-resonant ionization step)
described in [134]. The scheme allows ionization, albeit ine�ciently, using only the
�rst UV transition due to a suitable Rydberg state close to the ionization potential
which matches the energy used in the �rst resonant step [136]. The nickel ionization
scheme includes a 232.0744 nm UV transition followed by a resonant 738.832 nm
step and �nally a CVL-induced non-resonant ionization process. Both schemes are
presented in Fig. 4.6.

The e�ect on the silver ion count rate as a function of ABU oven current is shown
in Fig. 4.7, which illustrates separately the contributions from the di�erent possible
laser excitation and ionization steps. A rapid increase in count rate is seen as the
additional excitation steps are added, leading to saturation at approximately the
repetition rate of the laser system. On the other hand Fig. 4.8 shows the count rate
behaviour as a function of the laser intensity for a UV+UV+non-resonant ioniza-
tion scheme. The ionization takes place via Rydberg states close to the ionization
potential by a non-resonant mechanism.

The electric �eld within the ionization region of the ABU is about 25 V/mm. How-
ever, the critical �eld Ec for �eld ionization can be calculated to be about 52 V/mm
using the formula [137] Ec = 3:21 � 108=n4[ V/cm], where n = 28 is the principal
quantum number for the state in question. Hence, �eld ionization can be excluded as
an ionization mechanism. The (undetermined) non-resonant ionization mechanism
leads to a very large spread (25 �s) in the ion arrival time hence enabling the EMT
to count all the ions. A similar situation has been observed in gallium [133] where
an � 11 �s arrival time spread was observed. In this work, when the ion count rate
was increased beyond 10 kHz and the other lasers were introduced, the rate dropped
back to the saturation level seen in Fig. 4.7.

In addition to the ion counting mode, the EMT allows the measurement of the anode
current after the discrete-dynode stage. Fig. 4.9 illustrates a direct comparison of
the anode current with the ion count rate for laser ionization of nickel. Saturation
of the count rate is clearly seen, whereas the anode current shows no such e�ect.
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to reach the high ion count rates with this ionization scheme, the ABU was

heated to much higher temperatures than in the measurements shown in

Fig. 4.7.

Further tests in the future will be performed to check the reliability of the current
readout method. Finally, we note that laser wavelength scans in the gas cell do
not su�er from this e�ect as the time spread of the ion bunch is inherently relaxed.
Meanwhile, for measurements performed in the vacuum environment of the ABU,
the ion count rate for laser scans should be kept well below the saturation limit in
order to avoid any arti�cial broadening.
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Figure 4.9. A comparison of the �rst resonant step laser wavelength scans for nickel

recorded by ion counting and by measurement of the EMT anode current.

The scans were performed in the atomic beam unit.

4.3.2. Wavelength calibration

For precise in-source laser spectroscopic studies the laser wavelength scanning and
ion detection must be under reliable control. With the current Ti:sapphire system,
high resolution wavelength selection over a scan region is performed by tilting the
angle of the etalon using a computer-controlled precision rotation stage (operated
by a PI m-232 linear actuator). During the scan, both the motor position and the
wavelength readout are recorded along with the ion count rate. The accuracy of
the wavemeter is modest, approximately �0.0001 nm , while the motor position is
known accurately and can be very �nely tuned with an actuator step size of 100 nm,
less than the sensitivity of the wave meter.

Recording the motor position can be useful for smoothing out the �uctuations or
discontinuities sometimes seen in the ion count rate versus wavelength scans. This
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Figure 4.10. Laser scans performed in the ABU on nickel (left panels) and silver (right

panels). The top panels illustrate the wavelength versus motor position,

whereas the bottom panels show the ion count rate versus motor position

and wavelength, respectively. Details of discontinuities in the structure are

explained in the text. The fundamental wavelength is shown.

is done in practice by �tting a quadratic polynomial to a motor position versus
wavelength dataset, which converts the precise motor position to a wavelength. The
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exact cause of the discontinuities is not yet known. In many cases the discontinuity
can be shifted to a location where it does not interfere with the data collection.
Additionally, preliminary data utilizing the new IGISOL wavelength readout system,
presented later, indicates a drastic reduction in the magnitude of the discontinuities
in some cases. Other features, for example asymmetries in the resonance structure,
may often indicate the presence of other states. Examples of both are presented in
Fig. 4.10.

The data on the left panel are from scans performed on the nickel ground state
transition at 232.0744 nm whereas the data on the right are from the silver ground
state transition at 328.1624 nm. In the count rate versus wavelength spectrum of
nickel (bottom left), a large discontinuity is visible at 928.296 nm which is not seen
in the count rate versus motor position (centre left). Similarly, a break in the data
is seen close to 984.502 nm in the silver count rate versus wavelength data (bottom
right) which is not seen in the motor position data (centre right). As the silver
ionization scheme utilizes a high-lying Rydberg state, an asymmetry is visible in
the silver data both in the motor position as well as the wavelength scan at around
984.49 nm. The separation of the asymmetry peak and the main peak is of the
order of 10 GHz, hence it is not caused by the hyper�ne structure of silver [138].
Thus this represents the 328.1624 nm �rst resonant step laser directly populating
the Rydberg states around 60945.434 cm�1 via the �rst excited state prior to non-
resonant ionization. A more detailed study of this asymmetry would require a laser
scan over the Rydberg state using a second laser.

In IGISOL-3 the wavelength readout was realised by using a glass plate to probe
�4 % of the Ti:sapphire output. This secondary beam was further split in order
to transport �96 % to a fast photodiode used to monitor the timing while the
remainder was coupled into an optical �bre connected to a wavemeter. Each laser
had a similar set of glass plates, and mechanical shutters were used to couple the
di�erent lasers to the single �bre.

Although this system worked reasonably well, it was cumbersome to use and prone
to accidental misalignment. In order to increase the reliability, a new readout device
was developed based on an existing Mainz design. Each laser is coupled into a speci�c
�bre which in turn is connected to a commercial �bre switcher (Sercalo SW1x4-62N-
07-17) that enables computer controlled �bre selection. Before reaching the switcher,
the optical �bres are split in two using a 50:50 �bre splitter (Sercalo FUSED-12-
IRVIS-62.5/125-50/50-FCPC-1-1) which enables parallel access to a convenient laser
pulse timing measurement. The general idea of the �bre switching and timing unit
for a single Ti:sapphire is presented in Fig. 4.11 and the full schematics can be found
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in the Appendix in Fig. B.2 along with a photograph of the unit in Fig. B.3.
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Figure 4.11. General idea for the new wavelength readout
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4.4. Shadow gas cell

Though standard ion guides can be utilized for resonance laser ionization under
o�-line conditions, their performance deteriorates under on-line conditions due to
recombination e�ects [139]. The reason for this was linked to the direct line of sight
between the primary beam and the ionization region which allowed laser ions to
survive only if they were created near the nozzle region. A solution for the problem
was presented by the LISOL group in a novel gas cell design with separated stopping
and ionization regions [119] (see Fig. 4.13). These two chambers are connected via a
10 mm channel in such a way that the primary beam has no direct line of sight into
the ionization chamber. While the gas cell can be used in a standard ion guide mode,
in the primary mode of operation the reaction products are allowed to neutralize
and are subsequently resonantly re-ionized in the ionization chamber. The targets
in the shadow gas cell are mounted on a inset placed within the stopping chamber
typically resulting in a stopping volume of � 28 cm3 while the ionization chamber
volume ranges from �3 to 4 cm3.

Figure 4.12. A photo of the shadow gas cell.

Besides the ion guide geometry, the so-called shadow gas cell utilises a set of elec-
trodes inside the ionization region. This ion collector is used to suppress the non-
neutral fraction in order to improve the selectivity of the resonance ionization pro-
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cess. Furthermore, the ionization chamber can be �tted with an additional extension
after the ion collector which enables transversal ionization next to the exit nozzle. A
similar ion guide has been recently constructed at IGISOL (see Figs. 4.12 and 4.13)
based on the LISOL design. The performance of the ion guide has been tested at
IGISOL-4 with nickel atoms evaporated from a hot �lament, an � -recoil source and
in the presence of a 30 MeV 4He2+ primary beam that was used to simulate on-line
conditions.

Exit hole Ion collector Target inset and stopping chamber

Ionization chamber

Figure 4.13. A technical view of the gas cell. Laser (blue) enter the shadow gas cell in a

longitudinal geometry. The yellow line represents the primary beam axis.

4.4.1. Alpha recoil source

The e�ciency of an ion guide is a fundamentally important parameter that is needed
in the estimation of the production yield of radioactive isotopes. A standard method
of determining ion guide e�ciencies at IGISOL under a low plasma density is to use
a radioactive 223Ra � -recoil source (T1=2=11.4 d). The radioactive decay chain
for 223Ra is shown in Fig. 4.14. As 223Ra �-decays, either the daughter 219Rn
(T1=2 = 3:96 s) or the � -particle recoils from the source. A 223Ra source placed
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Figure 4.14. The decay chain for 223 Ra.

within an ion guide can be used to study the e�ciency �ig by comparing the activity
of the source (As(

223Ra)) to the extracted daughter activity (As(
219Rn)):

�ig =
As(

219Rn)
As(223Ra)

: (4.1)

The original activity of the source may be calculated as follows:

As(
223Ra) =

N
�
223Ra�

�
b.r. (223Ra�)� 
� T

; (4.2)

where N
�
223Ra�

�
is the measured number of � -counts, b.r.

�
223Ra�

�
is the branch-

ing ratio of the �-channel, T is the measurement time and 
 is the solid angle. The
activity As(

223Ra) corresponds directly to the number of 219Rn recoils N(219Rn).

Similarly, the activity of the source can be determined using the decay of the
daughter,219Rn. By counting the decays (N

�
219Rn�

�
) in a channel (b.r.

�
219Rn�

�
)

and using Eq. 4.2, gives the source activity As(
219Rn).

The activity of the 223Ra source was measured using a 300 mm2 silicon detector
placed 292 mm from the source (solid angle 
=2:80(1) � 10�4). The source intensity
was determined from the Ra2 peak shown in Fig. 4.16. All peaks in Fig. 4.16
were �tted simultaneously with a function that combines a Gaussian pro�le with an
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Figure 4.15. The � decay spectrum for the 223 Ra decay chain with energies and branch-

ing ratios. The spectrum was collected for 3000 s.

exponential term to account for the low energy tail of the peak:

f(x) =

(
I � e

�x
2

�
2(x�x0)+�x

s2

�
: x < x0 ��x

I � e�
1
2 �(

x�x0
s )

2

: x > x0 ��x
; (4.3)

where I is the peak intensity, �x is the distance between the Gaussian peak maxi-
mum x0 and the boundary of the Gaussian and exponential, and s is the standard
deviation of the Gaussian. If one uses a Gaussian function alone to extract the peak
intensity, an underestimation of counts at the low energy side would be observed.
The general form of such a peak shape function is from Ref. [140] while the explicit
equation used in the �tting is from the PhD. thesis of M. Ranjan [141], in which the
� -recoil source was used in the determination of the e�ciency of a cryogenic gas
catcher.
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Figure 4.16. The �-decay spectrum for 223Ra. The spectrum was �tted with Eq. 4.3

and the peak used for calibration is shown in green (Ra2). The notation

follows that given in Fig. 4.15.

The peak �tting was done in Mathematica 8.0 [142], where a sum function was
created from Eq. 4.3 to account for the four most intense decay channels in the
spectrum. The peak intensity I was replaced with I = b:r � I 0, to allow the peaks
to be �tted with a shared intensity I 0 multiplied by the branching ratio of the decay
channel (b:r:). By further assuming that the peak shape parameters �x and s were
identical for � -lines from the decay of the same isotope, the number of �t parameters
could be reduced to 7.

Using �2 -minimization to �t the sum function to the spectrum allowed the area of
the Ra2 -peak to be determined by numerically integrating Eq. 4.3, hence yielding
N
�
223Ra�

�
needed for the activity determination. Finally, Eq. 4.2 yielded the source
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activity as

As(
223Ra) =

4223:86

0:526� 2:8 ��7 �3000 s
= 9560 Bq: (4.4)

with an error of about 4.2 %.

Following the activity determination the source was installed into the shadow gas
cell and the measurement was repeated utilizing the �-decay of the 219Rn recoils.
The recoils were detected after the ions had been extracted from the ion guide,
accelerated to 30 keV and implanted directly onto the surface of a silicon detector
before the mass separator. Figure 4.17 presents the � -decay spectrum for 219Rn.
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Figure 4.17. An example of an � -decay spectrum for 219Ra measured with the recoil

source at position B1 in the shadow gas cell with the target inset (see Fig.

4.18). The peak �t used for the e�ciency determination is shown in yellow.

The notation of the peak labels follows that given in Fig. 4.15.

As with the activity determination, the spectrum was �tted simultaneously such
that peak shape parameters and intensities were shared on an element basis leading
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to a total of 15 �t parameters. The integral over the Rn1 peak then yielded the
number of events (N

�
219Rn�

�
) in the decay hence enabling the determination of the

activity As(
219Rn) using the known branching ratio of 79.4 %, and a silicon detector

acceptance of 0.5. The total e�ciency of the ion guide can then be determined with
Eq. 4.1.

The e�ciency of the ion guide was probed at di�erent source locations, depicted
in Fig. 4.18. The ionization chamber of the shadow gas cell was studied in three
locations, A1, A2 and A3, along the axis, and the reaction chamber in two locations,
B1 and B2, perpendicular to the primary beam axis. Additionally, the e�ciency in
B2 was measured without the target inset.

A1

A2

A3

B1
B2

Figure 4.18. The source locations within the ion guide used for the e�ciency determi-

nation. Distance from the exit hole: A1�=30 mm, A2�=27 mm and A3�=19

mm. Distance from the chamber wall: B1�=10 mm and B�=20 mm.

As seen in Table 4.1, the e�ciency of the shadow gas cell depends strongly in which
chamber the source was located. The e�ciencies in the ionization chamber are
between 10 - 20 %, however the transport e�ciency from the stopping chamber
drops by a factor of approximately ten, as long as the source is far from the chamber
wall.
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Table 4.1. Transport e�ciencies �ig for the shadow gas cell measured in positions de-

picted in Fig. 4.18.

Source position �ig[%]

A1 11.4 � 0.2
A2 16.1 � 0.3
A3 17.1 � 0.3
B1 2.3 � 0.1

B1 [No Inset] 0.9 �0.03
B2 0.1 � 0.01

Ions created close to the chamber walls (B2) su�er from a low gas �ow velocity and
di�usion losses. Another notable di�erence results from the target inset. With the
inset, the e�ciency at B1 is 2.3 % but when the inset is removed, the e�ciency
drops to 0.8 %. A reason for the di�erence in e�ciency with and without the target
inset may be found in the gas �ow simulations performed by T. Sonoda. Examples
of simulations are shown in Fig. 4.19, where a clear region of turbulence is seen in
the centre of the stopping chamber without the inset. The reduction in gas �ow
from this chamber supports the experimental data which shows a drop in the gas
cell e�ciency.

4.4.2. Pseudo on-line run

The shadow gas cell allows for e�cient laser ionization under on-line conditions as
has been seen at LISOL. In order to test this at IGISOL, a resistively heated nickel
�lament was placed within the gas cell to act as a source of nickel atoms. A 30
MeV 4He2+ primary beam from the K-130 cyclotron passed through the stopping
chamber to create a plasma. The gas cell was �tted with a 0.5 mm exit nozzle
in order to increase the evacuation time thus to encourage the ions created within
the stopping chamber to neutralize. During the optimization of the mass separator
while the primary beam was on, it was observed that resonantly ionized nickel was
being extracted from the ion guide even when the �lament was not heated. This was
traced to the nickel windows used in the gas cell. Nickel atoms/ions were ejected
from the window by the passage of the primary beam hence e�ectively creating a
quasi-on-line condition. Fig. 4.20 presents laser wavelength scans performed on �rst
excitation transition at 232.0744 nm. The two most abundant isotopes of nickel are
shown, 58Ni (74 %) and 60Ni (26 %), following detection of the ions after selection
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(a) Gas �ow within the shadow gas cell
without the target inset. Figure cour-
tesy of T. Sonoda.

(b) Gas �ow within the shadow gas with a
target inset. Figure from Kudryavtsev
et al. [119].

Figure 4.19. Gas �ow within the shadow gas cell with and without the target inset.

Though the target inset shown on the rigth is di�erent from that used at

IGISOL, the simulations support the experimental results.

with the dipole magnet. This measurement can be considered as a proof of concept
for resonance ionization in a gas cell under on-line conditions.

Following continuous heating of the �lament, Fig. 4.21a shows the ion signal time
pro�le when laser ionization takes place in helium gas at 180 mbar. The lasers
are introduced through the quartz window along the extraction axis of the gas cell.
Mechanical shutters (discussed in Ref. [123]) allow the laser radiation to be switched
on at t=400 ms and o� at t=1000 ms. An exponential growth curve �tted to the
58Ni+ data results in a value of �=35.6(1). This characteristic saturation time
re�ects the combination of the survival time of Ni+ against losses due to molecular
formation and extraction from the ion guide. Using the conductance of a 0.5 mm exit
hole for helium (122 cm3/s), the saturation time can be converted into an e�ective
volume for laser ionization of �4.4 cm3. We note that the volume of the ionization
chamber of the shadow gas cell is �4 cm3 hence the saturation time is dominated
by ion extraction and the e�ect of molecular formation is negligible. The opposite
scenario, when molecular formation dominates, is presented in [123].

Figure 4.21b represents the 58Ni+ time pro�le under pseudo on-line condition. The
�lament was turned o� and nickel atoms were knocked from the window by the
primary He beam. Additionally, the transversal ionization extension was added to
the ion guide in order to increase the ionization volume after the ion collectors. The
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Figure 4.20. Wavelength scans for the ground state transition for 58;60Ni. The nickel

atoms were ejected from the gas cell entrance window due to the passage

of the 4He2+ primary beam.

lasers were o� and therefore the time pro�le corresponds to the ions that survive
neutralization within the gas cell. The primary beam was turned on at t=200 ms
and o� at t=1000 ms. There is a delay of �16 ms before the �rst ions exit the gas
cell, rising to a peak �90 ms after beam has been turned on. The peaks visible in
the �gure have been discussed extensively in the context of laser ionization studies
of yttrium [124] where a di�erent gas cell geometry was used. A complex process
of competing ion creation and loss mechanisms, and/or a plasma generated electric
�eld are possible explanations for the features seen in the 58Ni+ time pro�le.

An important feature of the dual chamber gas cell is the ion collector. As highlighted
earlier, the ability to collect non-neutralised ions that come from the stopping cham-
ber is a useful method to dramatically improve the selectivity. Although the so-called



4.4. Shadow gas cell 77

0 0:5 1 1:5

0

2

4

�10
4

Time [ms]

C
o
u
n
ts

p
er

se
co
n
d 58Ni+

�=35.6(1) ms

(a) Rise time � of the laser ion signal from
the SGC when pulsing the lasers.

0 0:5 1 1:5

0

2

4

�10
4

Beam on

Beam o�

Time [s]
C
o
u
n
ts

p
er

se
co
n
d

58
Ni

+

(b) Ion signal under the primary He beam
pulsing.

Figure 4.21. Time evolution of the signal extracted from the SGC under laser and pri-

mary beam pulsing

LIST approach, discussed in Chapter �ve, can be used to improve the selectivity,
Article I illustrates the relatively high ion suppression voltages required. The de-
sign of the dual chamber allows the use of electric �elds for ion puri�cation in the
laser-ionization chamber, and has been successfully demonstrated at LISOL [119].

As seen in Fig. 4.18, the ion collectors sit just behind the exit hole of the ion
guide. However, the transversal laser ionization extension may be added such that
the electrodes are located further upstream, collecting the ions from the stopping
chamber without a�ecting the laser-produced ions.

The ion collector was �rst tested in combination with the nickel �lament and utilizing
the extension. Fig. 4.22 presents the e�ect of applying bias voltage pulses on
the collector in the presence of continuous longitudinal laser ionization of �lament
produced ions. Voltage pulse of di�erent polarity with equal amplitude was applied
to the opposite electrodes. The pulse was applied from t=400 ms to t=1000 ms, and
the given percentage illustrates the collected ion fraction with respect to the lasers
blocked.

Figure 4.23 presents the e�ect of the ion collector in the presence of the primary
beam 4He2+ and the heated nickel �lament. The primary beam is turned on at
t=100 ms and o� at t=700 ms. The lasers are turned on at t=500 ms and o� at
t=1.2 s. The total cycle time was 1.8 s. The mass separator was tuned to A/q=60 in
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Figure 4.22. The e�ect of the ion collector voltage on the count rate. The non-zero signal

during ion-collector o� is due to lasers ionization after the ion collector.

order to select 60Ni+. The solid blue line illustrates the ion signal with the collector
o�, the red line with the collector on.

First, it can be seen that the e�ect of the primary beam without the lasers is rather
small (500 counts per second) with a delay of �25 ms before the �rst ions reach
the exit hole. This background is completely suppressed after the ion collector is
turned on. When the lasers are turned on at t=500 ms the 60Ni+ signal increases
rapidly. The e�ect of the primary beam can be seen more clearly when it is turned
o� at t=700 ms. The ion count rate slowly reduces from an equilibrium value of
26000 s�1 to 21000 s�1, resulting from the removal of a production mechanism for
nickel atoms, either from the ejection of the window material or decomposition of
molecules. A similar e�ect has been reported for yttrium in Ref. [124], albeit the
time-scales were rather di�erent re�ecting the di�erent ion guide geometries used
in this work. During the laser on period the ion collector has a limited e�ect as
a considerable nickel fraction is laser ionized in the extension volume downstream
from the collector. The shadow gas cell clearly works as intended as the primary
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beam is screened from the ionization region of the gas cell.
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Figure 4.23. Combined beam on-o� and laser on-o� spectrum for mass separated 60Ni

measured in helium bu�er gas. The nickel atoms were constantly evap-

orated from the hot �lament. The 30 Hz �uctuation in the spectrum is

arti�cial noise from the electronics.

4.5. Development of analysis software for FURIOS

Reliable data analysis is imperative for the extraction of unambiguous nuclear struc-
ture information from experiments. This section brie�y introduces a computer pro-
gram developed for the analysis of optical spectroscopy data, to be used in combi-
nation with the future high resolution laser system under development at FURIOS.

The program has been written in C++/C/Qt due the need for fast code, better
Qt - C++ integration and tool kit availability. The program utilizes Gnu Scienti�c
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library (GLS) for data �tting and to provide mathematical functions. A small part
of the code is presented in Appendix D.1 demonstrating the Lorentzian lineshape
�tter. The full code is available at http://gitorious.org/hfs/hfs under GNU
General Public License (GPL) license.

4.5.1. Hyper�ne spectrum analysis

The program has been developed for analysis of hyper�ne spectra. It analyzes the
data by �tting a calculated spectrum pro�le to the experimental data using the
Levenberg-Marquardt algorithm (LMA). The �t procedure yields the A and B hy-
per�ne factors related to the peak spacing which contain the relevant nuclear struc-
ture information. The program can �t standard Gaussian and Lorentzian line shapes
as well as an analytical approximation of the Voigt pro�le [143, 144] presented by
Mclean et al. [145].

The following describes in simple terms the general procedure for the calculation
of the hyper�ne spectrum. Firstly, the allowed hyper�ne transition frequencies are
calculated using [146]:

�� = A
C

2|{z}
�

+B
(3C(C + 1)� 4I(I + 1)J(J + 1))

(8I(2I � 1)J(2J � 1)| {z }
�

(4.5)

in which I is the nuclear spin, J is the spin of the atomic state, A and B are the
hyper�ne structure parameters and C = (F (F + 1) � I(I + 1) � J(J + 1)), where
F is the spin of the hyper�ne level. Eq. 4.5 is calculated for all allowed F -state
transitions which follow the selection rule �F = 1; 0 for which Flower 6= 0. The
F -states for the lower and upper J-state are calculated as j (J � I) j< F < (J + I)

if the J states ful�l the condition �J = 0; 1 and Jlower;upper 6= 0. Furthermore, the
program calculates the relative transition intensities for the allowed transitions. The
details of the mathematics involved are presented in Ref. [147].

Figure 4.24 presents the main user interface showing an example of calculated and
experimental data for 93Nb (I = 9=2) obtained using collinear laser spectroscopy
at IGISOL. The spectroscopy was performed on the 290.9 nm 2357 cm�1 5s5F1
! 36732 cm�1 5p5F1 line [114]. The table in the bottom displays the individual
hyper�ne transitions in rows and the columns display the F -spin, and the � and �

terms of Eq. 4.5 for both the upper and lower F -state. In addition the transition
intensities are calculated both for isotropic �uorescence distribution and at a 90�

http://gitorious.org/hfs/hfs
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angle for each transition. In this example, a Voigt spectral lineshape was used with
a Lorentzian width of 20 MHz, a Gaussian width of 20 MHz, an arbitrary intensity
of 5000 and an o�set of -1020 MHz as the initial values.

Figure 4.24. The main user interface for the program showing the calculated (red) and

measured spectrum (black) for 93Nb. Experimental spectrum courtesy of

B. Cheal.

Adjusting the A and B hyper�ne parameters to match the experimental spectrum
provides the initial values for the minimization routine that uses the LMA. With
suitable input values the �tting routine converges to a �2 minimum by varying the
given parameters, namely A and B for both upper and lower states, the center
of gravity X0, the y-o�set Y , the Lorentzian and Gaussian widths of the line wl

and wg, and the intensity. The C++ implementation of the Voigt function is pre-
sented in Appendix D.2. Figure 4.25 shows the minimization interface with a �t
of experimental data of the 93Nb spectrum. During the minimization procedure all
parameters were kept free.

The values for upper level Au = 1198:0(1) MHz and Bu = 59:5(4) MHz parameters
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Figure 4.25. The �tting tab of the program showing the experimental data (black) and

the resulting �t to the data (red).
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can be compared to those of Cheal et al. in Ref. [114]. In that work Au=1197.5(2)
MHz and Bu= 52.9(8) MHz. Though the Au -parameter extracted here is in close
agreement, the Bu -parameter di�ers considerably. The discrepancy may arise from
the program being unable to properly account for a split spectrum, or from the
�tting procedure in which all the parameters were kept free. In the work of Cheal
et al. the lower state values were constrained to match the atomic ratios observed
in 93Nb. This feature is currently unavailable in the analysis program.

4.5.2. Linear regression

Figure 4.26. The King plot tab of the program displaying the unmodi�ed data from

Article I and data by Steudel et al. [148] plotted and �tted with general

Deming regression of an straight line using the York method.

The King plot method [149] is a tool for extracting nuclear information from isotope
shift data. The measured isotope shift is a combination of a �eld shift and a mass
shift which are a result of the �nite mass and the non-zero volume of the nucleus
respectively. If the mass shift is known for one transition, the King plot method can
relate it to the mass shift of an other transition. In order to analyze isotope shift
data where both variables have associated errors, a standard linear �t is no longer
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su�cient to extract reliable data. In order to take into the account errors correctly, a
so-called errors in variables method needs to be used. The program utilizes Deming
regression and speci�cally a method by York et al for a general-errors-in-variables
regression of straight lines [150].

Fig. 4.26 presents the King plot module of the program and the nickel isotope
shift data measured at IGISOL (Article I) plotted against the data by Steudel [148]
obtained from Ni I. The resulting �t parameters are presented in Table 4.2 along
with a standard linear regression for comparison. Though the values given by the
two �t procedures di�er only slightly, the errors utilizing the variables method have
been correctly taken into account.

Table 4.2. Comparison between standard linear regression and errors in variables regres-

sion.

y=A+B*x

Errors in variables Linear regression
A: 0.922059 �0.0116294 A: 0.91926 � 0.0119
B: 24.9811 �7.48881 B: 24.51744 �8.50808



5. In-gas-jet laser ionization - the LIST approach

Resonance laser ionization spectroscopy is feasible in a gas cell however the bu�er
gas in the ion guide can a�ect the line shapes and transition centroids of atomic
transitions via pressure broadening and pressure shift. Such detrimental e�ects to
the spectral resolution limits the successful study of the atomic properties of elements
with small hyper�ne splitting and/or high sensitivity to atomic collisions. A novel
approach to addresses such limitations is in-gas-jet laser ionization.

Recently, a method was proposed which could allow for very high selectivity and
beam quality from an hot cavity ion source [151]. The method decouples the dif-
fusion and ionization regions of the source by utilizing a multipole ion trap. The
high selectivity is achieved by repelling all non-resonant ions while allowing neu-
tral species into the ionization region. The neutral atoms are resonantly ionized by
counter propagating laser beams and subsequently trapped in the potential created
by the multipole structure. The method, namely Laser Ion Source Trap (LIST)
approach, has since been adapted to ion guides [152�154]. The approach has been
demonstrated at both IGISOL [128] and LISOL [154] facilities, however its e�ciency
requires considerable improvement. This chapter presents development work to-
wards increasing the e�ciency of the LIST method via the shaping of a supersonic
jet emitted from an ion guide.

An exploratory study of gas jets was made at IGISOL in the 1990's by Rasi et
al. In that work the gas jets were visualized by exciting metastable states in the
bu�er gas with electric discharge [155]. In this thesis the visual observation, digital
photography and subsequent computer analysis [156] of the afterglow from the re-
laxation of excited states in argon or helium atoms [157] is used to study the e�ect
of di�erent parameters on the jet shape. Although the method can yield detailed
information of gas intensity distribution, it presents only a qualitative picture. For
more quantitative information, Raman spectroscopy may be used to directly map
the temperature and density in supersonic �ow [158].

In this work the measurements were performed in a test and development platform,
part of which is illustrated in Fig. 5.1. The results have been published in Article
II, �Gas jet studies towards an optimization of the IGISOL LIST method� [159]. In

85
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Figure 5.1. Schematic representation of the test set-up for the gas jet development.

the article, gas jets emitted from an ion guide were studied as a function of nozzle
type and gas cell-to-background pressure ratio in order to obtain a low divergent,
uniform jet over a distance of several cm. For a simple exit hole or converging-
diverging nozzle, the jet diameter was found to be insensitive to the nozzle shape
and inlet pressure. Sonic jets with a FWHM below 6 mm were achieved with a back-
ground pressure larger than 1 mbar in the expansion chamber. The measurements
were supported by the detection of radioactive 219Rn recoils from an alpha recoil
source mounted within the gas cell. A de Laval nozzle was found to produce a well-
collimated supersonic jet at low background pressures with a FWHM of � 6 mm
over a distance of 14 cm. Direct Pitot probe measurements revealed a non-uniform
pressure distribution in the gas jet axis of the Laval nozzle, supporting the visual
observations. Additionally, computational �uid dynamics gas �ow simulations were
initiated to guide the future development of the gas jet nozzles.

The measurements and nozzle development presented in the article and in the fol-
lowing section were motivated by the requirement of a good geometrical overlap
between atoms and counter-propagating laser beams in the gas cell-based Laser Ion
Source Trap (LIST) project. The requirement arises from the gas jet velocity, laser
repetition rate and laser spot size. Assuming a supersonic jet with a velocity of 1000
m/s and a laser repetition rate of 10 kHz, the atoms in the gas jet should travel 10
cm along the laser beam to be able to interact with the lasers at least once. Addi-
tionally, the small laser spot area needed to achieve saturation intensity imposes a
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limit for the gas jet diameter.

5.1. Development of new nozzles for the LIST method

5.1.1. Carrier gas jet

As Fig. 9 in article II shows, the simple exit holes typically used at IGISOL are
indistinguishable in terms of the gas jet geometry over a wide range of ion guide to
background pressure ratios. Although the exit holes were able to produce small well-
collimated gas jets, this only occurred when the background pressure in the vacuum
chamber was high. At IGISOL this situation is unacceptable due to the presence of
the RF and (DC) electric �elds of SPIG which, if operated under high background
pressure, would lead to discharging [160]. Additionally, the high pressure load in the
target chamber would lead to poor pressure in the extraction region. The resulting
energy spread of the IGISOL beam is highly sensitive to the background pressure in
which the ions are accelerated.

Converging-diverging nozzle

Inner nozzle

Carrier gas supply

Figure 5.2. The principle of a carrier gas jet. A carrier gas (blue) is emitted from

a converging-diverging nozzle. The bu�er gas containing the thermalized

reaction products (pink) is injected into the supersonic jet via a smaller

nozzle within the converging-diverging nozzle.
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Therefore, an alternative solution for the gas jet shaping was needed. Initially it
was proposed to use a similar nozzle construction that has been investigated as a
possible source for gaseous targets in storage rings [161, 162]. In a carrier gas jet
nozzle, a simple converging-diverging nozzle with a relatively large throat is �tted
with a smaller nozzle in a manner that resembles a common aerospike nozzle [163].
The bu�er gas containing the thermalized reaction products is emitted from the the
inner nozzle into a supersonic jet formed by the main converging-diverging nozzle. In
order to examine the feasibility of such a design a simple test nozzle was constructed
seen in Fig. 5.2. Although the nozzle was able to provide rudimentary jet shaping,
the background pressure did not improve due to increased gas load from the carrier
jet. Furthermore, the achieved shaping was not optimal as seen in Fig. 5.3 hence
the concept was discarded. Nevertheless, the carrier gas jet idea is intriguing and
may be utilized with the hot cavity catcher described in Chapter 6.

5.1.2. de Laval nozzle

A de Laval nozzle is a converging-diverging nozzle widely used in aerospace applica-
tions and in aerodynamic research. It can be used to produce uniform low-divergent
�ows at pressure ratios far larger than simple converging nozzles. The key to pro-
viding a highly uniform, low divergent expansion at low background pressure is to
carefully design the contour of the nozzle such that the �ow after the exit has a
constant Mach number and hence constant density and temperature. The de Laval
nozzle achieves this by forcing the gas to expand in a controlled manner, so that
upon exiting the nozzle the radial velocity component is minimized. The design
of the convergent region is less critical to the performance of the nozzle, although
in general the convergent section should have a relatively large radius of curvature
near the throat region (�ve times the throat radius) [164]. However, the shape of
the divergent section has to be precisely calculated and manufactured in order to
minimize the thickness of the boundary layer [165].

In order to study the concept, a de Laval nozzle was designed with a throat di-
ameter of 1.45 mm so that the �ow through the nozzle would be similar to the
existing IGISOL designs (see Fig. 5.4). Rather than precisely calculating the nozzle
contour, the design presented here was based on existing shapes found in the litera-
ture [165,166] with constraints placed by the manufacturing capabilities of the JYFL
workshop. The nozzle exit diameter of 6 mm yields an area ratio (exit/throat) of
17.2 which corresponds to a Mach number of �6.2 and to a pressure ratio of about
0.0014 utilizing Eqs. 2 and 3 in Article II . For example, for an ion guide pressure
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Figure 5.3. An argon jet produced with a helium carrier jet. The shape of the jet was

highly dependent on the pressure in both the in guide and in the carrier.

The asymmetry in the jet arises from a slight misalignment of the inner

nozzle with respect to the converging diverging nozzle.
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Figure 5.4. A CAD drawing of the de Laval nozzle used for gas jet shaping. Units are

in mm.

of 250 mbar the background pressure in the target chamber should be �0.35 mbar
in order to satisfy the design condition.

The general features of the supersonic jet from a de Laval nozzle were studied by
visualizing the jet using discharge excitation as seen in Fig. 13 of Article II. Addi-
tionally, a Pitot probe was used for a more direct measurement of the jet properties.
The Pitot probe is in principle a thin needle with a hole in the tip. The probe mea-
sures the total pressure in the jet which is a sum of the static pressure within the
expansion vessel and the impact pressure caused by the jet. The impact pressure is
extremely sensitive to the Mach number M within the jet. By inserting the probe
into the jet, a standing shockwave is induced in the �ow. Assuming that the slowing
down of the �ow downstream from the shock wave is isentropic, the static pressure
ps and impact pressure pi are linked to the Mach number through the Rayleigh-Pitot
relationship presented in Article II and in Ref. [167]. Once the Mach number along
the jet is known, the pressure in the jet P , the jet velocity V and the jet temperature
T can be calculated using equations:
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where Pin is the static pressure for M = 0, in otherwords the ion guide pressure,
Tin is the ion guide temperature and Vmax is the thermodynamic limit for the gas
velocity at M = 1. Fig. 14 of Article II illustrates the impact pressure along the
jet axis, whereas Fig. 5.5 in this chapter shows the evolution of the Mach number,
velocity, and temperature along the jet axis. The design Mach number for the de
Laval nozzle was 6.2 meaning that under optimal pressure regimes the �ow after the
nozzle would retain this Mach number. However, as can be seen in Fig. 5.5 the
measured Mach number ranges from �4 to �10 corresponding to the shock features
within the jet. This is a clear indication that the pressure ratio between the ion
guide and the expansion does not match the nozzle design condition. Additionally,
as the nozzle contour was not precisely calculated, e�ects such a jet detachment could
have disturbed the �ow. Nevertheless, the bottom row in Fig. 5.5 demonstrates the
bene�ts of such a nozzle. The temperature of the jet is very low, only a few tens
of Kelvin, which when combined with the low pressure in the jet, forms a highly
attractive environment for laser spectroscopy.

Recently, a second de Laval nozzle was manufactured with an exit diameter of 6 mm
and throat diameter of 0.5 mm, leading to an area ratio of 144 and design pressure
ratio of 4 �10�5 . This is two orders of magnitude lower than the pressure ratio of the
previous nozzle which means for an ion guide pressure of 300 mbar, the background
pressure in the target chamber would only need to be 1 � 10�2 mbar. These pressure
regimes are close to the typical IGISOL operating conditions.

It should be noted that neither this new nozzle nor the one presented in Article
II have calculated diverging contours. The new de Laval nozzle was built to test
whether a small throat could be manufactured. Figure 5.6 presents a photograph of
a jet emitted from the nozzle under near optimal operating conditions.
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Figure 5.6. A photograph of the slightly underexpanded gas jet of argon emitted from

the new de Laval nozzle. Using the 1 cm by 1 cm checker board in the

background, the jet length can be estimated to be �9 cm with a width of

�6 mm if one disregards the halo around the shock structure.





6. Hot cavity catcher laser ion source

6.1. Motivation - the production of 94Ag

The radioactive neutron de�cient silver isotopes around theN=Z region have been of
considerable interest for several years. The isotope N=Z 94Ag, has been identi�ed as
having a spin trap isomer with the highest spin, (21+), ever observed for �-decaying
nuclei. The isomer's long half-life of 0.39(4) s [168], high excitation energy [169] and
high spin [170] are matched by an unparalleled selection of decay modes including,
among others, � decay [170] and one-proton [171] decay. However, the most exotic
form of decay that is claimed to exist in 94mAg(21+) is two-proton emission which,
if con�rmed, would make this isomer unprecedented in the entire known Segré chart.
In general, the two proton emission channel, predicted by Goldansky in 1960 [172],
is a very rare decay channel and has so far only been reliably observed either in a
few extremely short-lived nuclei: 6Be [173], 12O [174], 19Mg [175] and 16Ne [176] or
in isolated cases, namely: 45Fe [177, 178] and 54Zn [179]. A overview of the recent
status of two-proton decay is presented in Ref. [180].

Recently, the existence of the two-proton decay mode was questioned [181] due to a
lack of states in 92Rh that were used as evidence for the decay. Furthermore, mass
measurements of 92Rh and 94Pd, the respective two-proton and � -decay daughters
of 94Ag, have been performed which, when combined with the original spectroscopic
decay data, lead to a contradiction. The energy of the isomer di�ers by approxi-
mately 1.4 MeV if deduced using the original one-proton compared to the original
two-proton decay data [182]. Additionally, an experiment performed at Lawrence
Berkeley National Laboratory (LBNL) aiming to con�rm the two-proton decay failed
to observe the evidence for the decay channel [183]. Lastly, it was proposed by
Mukha et al. that the unexpectedly large probability for the enhanced two-proton
decay could be due to a strongly deformed prolate shape of 94Ag [169]. However,
large-scale shell model calculations performed by Kaneko et al. [184] do not support
such an observation. Only a direct measurement of the nuclear quadrupole moment
of the isomer can clarify this discrepancy. All this has led to an intense discussion
about the existence of the decay channel [185,186] and to possible misidenti�cation
of such a channel due to the de�ciencies of the measurement set-up [187].
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To solve the conundrum, direct mass measurements of 93Pd, 94Ag and 94mAg(21+)
are needed which will allow unambiguous determination of the energy of isomer. In
addition to performing high precision mass measurements, in-source resonance ion-
ization spectroscopy will be performed on 94Ag which will provide model-independent
information on the change of the mean-square charge radii and, furthermore, by mea-
suring the hyper�ne structure of the isomeric states the spectroscopic quadrupole
moment and thus the shape of the isomer can be resolved.

6.2. Laser spectroscopy of silver

An e�cient laser ionization scheme for silver has been characterized and tested [134].
However, the scheme still has a possible bottleneck which is the �nal non-resonant
transition into the continuum performed with a copper vapour laser (CVL). Near
future experiments will look into the possibility to access auto-ionizing states from
the second resonant level in the scheme. Most recently, a comparison was performed
at IGISOL-4 between CVL, Nd:YAG and a Ti:sapphire operating at � 800 nm
in order to study the non-resonant ionization e�ciency. It was observed that the
Ti:sapphire laser was able to provide considerably higher counts rates despite the
much lower power compared to the other lasers. It is thought that this may be due
to the distance over the ionization potential reached with the di�erent wavelengths

In addition to the interest in the silver nucleus, the silver atom has attracted much
attention due to a very narrow 4d105s2S1=2 !4d95s2 2D5=2 transition that could
be used as an optical frequency standard [188]. Atomic studies have also yielded a
wealth of information on the ground state transitions. For example, the hyper�ne
splitting in 107;109Ag [189�191] and the isotope shifts [138] for the 328.1624 nm
transition utilized in the RIS scheme at IGISOL are described in literature and
provide a good reference point for future in-source laser spectroscopy. Figure 6.1
presents the 328.1624 nm ground state transitions from Fig. 4.6a in detail including
the hyper�ne levels and their splitting for 109Ag.

Resonance laser ionization spectroscopy of silver has been demonstrated at several
on-line facilities using both Ti:sapphire and dye lasers. Due to broad hyper�ne
splitting in silver nuclei with nuclear spins 9/2 or 7/2 [192], it has been possible
to resolve the hyper�ne structure using broadband Ti:sapphire lasers or dye lasers
with hot cavities. Moreover, resonance laser ionization using Ti:sapphire lasers has
been demonstrated to be able to to separate nuclear isomers from their ground state
as was proved at the TRILIS ion source, TRIUMF, for 105;105mAg [193]. These
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4d105p2P3=2

F=1

F=2

[Kr]4d1052S1=2

F=0
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328.1624 nm

74 MHz

1977 MHz

Figure 6.1. Hyper�ne levels and their splitting for the 4d105s2S1=2 !5p25s2 2P3=2 tran-

sition used in the silver ionization scheme [138].

achievements demonstrate the potential of the solid state laser -based resonance
ionization spectroscopy and the con�dence that resonance ionization spectroscopy
can be used to extract relevant nuclear data on neutron-de�cient silver isotopes in
the near future.

6.3. Development of a radioactive beam of 94Ag

There will always be developments which are tailored towards a speci�c physics goal,
and the work in this chapter details the on-going e�orts towards the production of
the exotic silver isotope N=Z 94Ag.

A program has been initiated [134,194] at IGISOL to selectively and e�ciently pro-
duce a low-energy ion beam of neutron de�cient silver isotopes including 94Ag using
heavy-ion fusion-evaporation reactions. To e�ectively stop the fusion evaporation
recoils, two approaches are being investigated. First, the shadow gas cell will be
utilized at IGISOL-4 in a manner similar to the work performed at Leuven. Second,
a hot cavity catcher device will be utilized. The advantage of the latter method lies
in the fast release time of several ms and an extraction e�ciency of up to 40 %,
achievable with a FEBIAD-type ion source [195].

In this chapter, a catcher design based on thermal ionizer and the FEBIAD Catcher-
Ion-Source Systems (CISSs) by R. Kirchner [196] is introduced along with relevant
results. Secondly, a derivative of the this catcher is introduced. The inductively
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heated hot cavity catcher was designed to replace the complex electron bombardment
heating system used in the �rst hot cavity catcher. Unlike the �rst catcher device,
which was acquired from GSI, Darmstadt, the inductively heated catcher was build
in-house in collaboration with the JYFL ECR group.

6.3.1. Catcher design
G-G ( 6 : 1 )
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Figure 6.2. A schematic drawing of the crucible of the inductively heated hot cavity

catcher. Relevant dimensions are in mm.

Hot cavity catcher structure and material considerations are discussed in detail in
articles by R. Kirchner [195,196]. These articles, along with the existing hot cavity
catcher borrowed from GSI, were used as the basis for the design of the inductively
heated hot cavity catcher. The general crucible design is presented in Fig. 6.2.
Despite the di�erences in the heating mechanisms, the general idea of the hot cavity
catcher is independent of the method of crucible heating(see Fig.6.3).

The �rst hot cavity catcher iteration and the initial tests for the production of
radioactive silver are presented in Article III titled �A hot cavity catcher ion source
at IGISOL� [134]. The article presents the �rst resonance ionization of metallic
silver at IGISOL utilizing a hot cavity catcher. It was observed that while the mass
resolving power of the separator was comparable (� 470) to SPIG-coupled ion guides,
the observed atomic linewidth was greatly Doppler broadened. It was also shown
that the laser ionization process can be fully saturated, including the �nal non-
resonant ionization step when a pump laser is used to directly ionize the atoms into
the continuum. The maximum temperature achieved with the catcher was about
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Figure 6.3. The operational principle and important features of the hot cavity catcher

used at IGISOL. A primary beam (red) induces fusion-evaporation in the

target and the resulting products recoil out towards the catcher (orange).

Both the primary beam and the reaction products enter the hot cavity via a

thin window and implant into the graphite catcher. Via intense heating, the

reaction products di�use out from the catcher and e�use through the exit

hole.

1700 �C. However, the electron bombardment heating mechanism was unstable at
high temperatures which led to the catcher melting on multiple occasions. Despite
the di�culties concerning the heating system, the work presented in Article III
demonstrates the feasibility of a hot cavity catcher laser ion source at IGISOL.



100 6. Hot cavity catcher laser ion source

6.4. Inductively heated hot cavity catcher

During the testing of the hot cavity catcher discussed in Article III it became appar-
ent that an alternative heating mechanism was needed. The electron bombardment
heating utilized in the catcher resulted in a usable temperature limit of �1700�C,
above which the temperature became very unstable leading typically to a runaway
e�ect in the bombardment current. Even well below the �1700�C limit the heating
mechanism exhibited unwanted instability.

487 MeV 107Ag24+

Lasers

Silver beam

�Heating coil�12.5 �m Nickel degrader foil

Figure 6.4. Test set-up for the inductively heated hot cavity catcher. The extraction

electrode is behind the gate valve seen in the background. During an ex-

periment, the extraction electrode sits � 30 mm from the catcher. The hot

cavity catcher is located within the heating coil.

In parallel to this work, new ovens are required for the ECR ion source at JYFL,
motivated by the request of the user community for the development of new metal-
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lic beams of refractory elements such as titanium. In collaboration with the JYFL
ECR group, a novel radio frequency inductively -heated hot cavity catcher has re-
cently been developed for the IGISOL facility. The hot cavity catcher test set-up
is presented in Fig. 6.4. A cover heat shield, not shown, is added during normal
operation. The associated electronics, illustrated in Fig. 6.5, were adapted to �t the
existing catcher dimensions and the IGISOL target chamber.

�Driver stage�Inverter stage

�To RF coil of the crucible

Figure 6.5. A photograph of the RF inductive heating power supply showing the driver

and recti�er stages. The supply, including the RF coil, is water cooled.

Article IV(Preliminary template) presents the inductively heated hot cavity catcher
including the motivation and the principle design for the device. The RF electronics
that supply the power for inductive heating are addressed in detail. The main
achievement has been an on-line proof of principle test of the hot cavity catcher.
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While the previous catcher was commissioned with metallic silver with promising
results, the inductively heated source has been commissioned using a stable silver
beam from the K-130 cyclotron. A 487 MeV of 107Ag21+ from the K-130 cyclotron
was implanted into the graphite catcher at depths corresponding to the simulated
[197] implantation depths of the 94Ag fusion-evaporation products [194]. Following
inductive heating to temperatures of typically 1700�C, the implanted silver atoms
di�used out from the graphite. Upon e�using from the catcher cavity the silver atoms
were resonantly ionized by perpendicular laser beams. The ions were accelerated by
the -10 keV extractor �eld, mass separated and detected in the focal plane using a set
of microchannel plates. The silver ions were identi�ed by scanning the �rst step laser
over the resonance. The total evacuation times for di�erent implantation depths and
temperatures were measured by pulsing the primary beam and measuring the signal
rise time. The evacuation time varied from about 2.5 ms to about 7 ms depending
on the catcher temperature and the implantation depth.

The inductively heated hot cavity catcher will be installed at IGISOL-4 in the near
future. The aim is �rst to revisit the tests performed at IGISOL-3 in order to con-
�rm the three main observations: a fast extraction of silver (�4-5 ms at 1400 �C );
poor e�ciency due to the resonance ionization geometry; and a strikingly poor mass
resolving power of �30 for the mass separator. The reason for the latter observation
has been traced to the inductive heating RF �eld using ion-optical simulations. As
a solution, a new hot cavity catcher platform has been constructed that enables the
use of a transfer tube to shield the silver ions from the RF coils. Furthermore, the
IGISOL-4 frontend has been designed to allow a counter-propagating resonance ion-
ization geometry to be utilized. This will greatly increased the ionization e�ciency.
Combining these future developments with the fast release time of silver, the induc-
tively heated hot cavity catcher will be ready for the on-line production of neutron
de�cient silver isotopes in the near future.



7. Summary and outlook

This Ph.D. thesis includes a variety of development and experimental projects which
can be generally grouped under three subjects: FURIOS improvements, LIST opti-
mization and the development of the hot cavity catcher laser ion source.

The FURIOS facility at IGISOL-3 su�ered heavily from a poor laser transport path
and inconvenient coupling into the IGISOL ion guides which at worst led to �80%
losses in laser intensity. Additionally, the LIST method was very ine�cient due to
an inaccessible window in the separator magnet needed for the counter-propagating
ionization geometry. Due to these de�ciencies operating the laser ion source under
on-line conditions for the production and study of radioactive nuclei would have
been impractical. In order to overcome the restrictions of IGISOL-3, the laser ion
source facility was completely redesigned during preparation for the move to the
IGISOL-4 facility. This allowed the laser transport paths to be optimized along
with the coupling into the IGISOL target chamber.

Developments in the laser technology have led to a considerable increase in the avail-
able laser power. At IGISOL-3 the fundamental output power from the Ti:sapphire
lasers was of the order of 3 to 4 W. Work in this thesis has led to an improvement of
the power up to �6 W. A dramatic, factor of �7, increase in second harmonic power
has been a direct result from the development of intra-cavity second harmonic gen-
eration. These improvements, coupled with the optimized laser transport path, will
enable the FURIOS laser ion source to become a key part of the IGISOL-4 facility
for the e�cient and selective production of low energy radioactive ion beams.

The studies performed in the thesis have led to improvements in the ion detection
and wavelength monitoring, hence to a better understanding of systematic uncer-
tainties for in-source spectroscopy. The FURIOS laser system has demonstrated
sensitivity to the isotope shift in stable nickel, although with large uncertainties due
to the broad laser linewidth. The development of an injection-locked Ti:sapphire
laser with a linewidth of �20 MHz is underway which will enable high resolution in-
source spectroscopy at IGISOL. In anticipation of this narrow linewidth capability,
a hyper�ne spectrum analysis software program has been written.

Resonance laser ionization in a gas cell at IGISOL-3 has su�ered from primary
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beam-induced recombination e�ects which limits the accessible neutral fraction un-
der on-line conditions. The problem was recently solved by the LISOL group in
Louvain-la-Neuve, Belgium, by partitioning the ion guide into separate stopping
and ionization chambers. A similar shadow gas cell has been constructed at IGISOL
and commissioned successfully under pseudo-on-line conditions. Laser ionization of
nickel has been performed on atoms created from the knockout of window material
during the passing of a primary 4He2+ beam. This is an important milestone towards
the on-line laser ion source operation at IGISOL. Furthermore, the e�ciency of the
shadow gas cell has been determined using 219Rn recoils. E�ciencies of �2 % were
obtained from the stopping chamber, �11 to 17 % from the ionization chamber.

The application of the laser ion source trap (LIST) method is currently limited due to
a poor e�ciency resulting from a small geometrical overlap of the laser beam and gas
jet. This thesis has studied methods of gas jet shaping, successfully being realized
using a de Laval nozzle. This type of nozzle utilizes a shaped contour to produced
a narrow (��6 mm) collimated gas jet visibly exceeding 14 cm. The jet structure
was studied via computer analysis of photographs of �uorescence emitted during
the de-excitation of excited states in argon populated via electric discharge. The
reliability of the visualization method is supported by the detection of radioactive
219Rn recoils within the jet and computational �uid dynamic simulations.

The supersonic jet produced by the de Laval nozzle is a highly attractive environment
for laser spectroscopy. Direct Pitot probe measurements have demonstrated very
low, 10 -50 K, temperatures within the jet in addition to a very low pressure. These
jet characteristics greatly reduce the e�ect of the environmental broadening on the
atomic lines compared to in-source spectroscopy.

In-jet spectroscopy of nickel has been performed with a standard exit hole. A clear
shift of the transition centroid was observed corresponding to a jet velocity of �1128
m/s. Additionally, the lower temperature and pressure within the jet reduced the
observed linewidth by � 400 MHz, which is dominated by the laser linewidth.

The hot cavity catcher laser ion source is a completely new type recoil stopper at
IGISOL, motivated by the wish to produce a beam of N=Z 94Ag. Initially, a hot
cavity catcher based on FEBIAD and thermal ionizer designs was acquired from
GSI and adapted for use at IGISOL. The catcher was demonstrated under o�-line
conditions by evaporating and resonantly ionizing metallic silver.

The electron bombardment mechanism allowed the �rst hot cavity catcher to reach
temperatures up to 1700 �C however, the stability deteriorated leading to melting
of the catcher. This motivated the development of an inductive heating system



105

in collaboration with the JYFL ECR group. The RF inductively heated hot cavity
catcher exceeded temperatures of 2000 �C and is able to maintain high temperatures
for extended periods. Commissioning was demonstrated in an experiment which
involved the implantation of a 487 MeV beam of 107Ag+21. The extraction time for
the implanted silver ions was less than 10 ms for catcher temperatures less than 1200
�C.

Two limitations were found during the on-line commissioning of the inductively
heated hot cavity catcher laser ion source. Firstly, the laser ion source e�ciency is
limited due to the perpendicular ionization geometry available at IGISOL-3. Sec-
ondly, adjacent pulses of laser produced ions experienced a di�erent potential due
to the oscillating RF phase, resulting in an increase in the energy spread and beam
emittance. This was observed in measurements of the mass resolving power and has
been supported with simulations.

The hot cavity catcher platform has been recently redesigned to be used at IGISOL-
4 to overcome the limitations. Upgrades include the access to e�cient counter-
propagating laser ionization geometry, and shielding of the ionization region from
the RF coils. The catcher will be installed at IGISOL-4 in the near future with the
�rst goal to con�rm the results obtained at IGISOL-3.
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A. Elements ionized with resonant Ti:sapphire
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Figure A.1. Periodic table of elements presenting the elements with a Ti:sapphire -

compatible ionization scheme (red). Data from the RILIS database [198],

�Status Report on EURONS Project-No. 506065 JRA-08 LASER � and from

Ref's. [199] and [200]

111





B. Laser facility design drawings

IGISOL 2nd. �oor � CVL cabin �Ti:sapphire cabin �

Laser transport to gas cell � Laser transport to LIST mode �

Figure B.1. CAD design of the new FURIOS station at IGISOL 4. The coloured arrows

indicate the paths for the lasers. The concrete blocks are radiation shielding

requirements.
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Figure B.3. A photo of the new �bre switcher.





C. Hot cavity catcher
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Figure C.1. All the parts in the hot cavity catcher based on the thermal ionizer design.

117





D. Hyper�ne structure and isotope shift analysis

code

D.1. Lorentzian �tter

//Function that set-ups a fitter to fit

//a multipeak function of Lorentzian

//line shape to a given dataset.

//The fitter needs to be given the number of

//data points n, and a struct constantData

//that contains among others the number of peaks

// and all the other constant data

//needed to calculate the spectrum profile

//The solver that calculates the fitfunction utilizes

// Gnu Scientific Librarys Levenberg-Marquardt

// minimisation routine. The routine needs

// a function to calculate the profile f,

// the derivatives of the profile against all

// the fit parameters f.df and

// a function f.fdf. that calls both of these functions.

// Due to GSL being a c-based library, the functions

// f, df and fdf cannot be directly called from C++

// class but they need a wrapper function.

void lorentzianFitter::setSolver(){

//the number of variables in a lorentzian multipeak

// fitting is.

// This does not depend on the number of peaks as all

// the fit parameters apply for each peak

// and some of the constants, namely Ic the alphas

// and the betas, are different for each peak.

// In the future versions, the number of fit

// may vary if the fitting conditions are loosened
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120 D. Hyper�ne structure and isotope shift analysis code

p=8;

//number of datapoints

n =constantData.n;

//setup a covariant matrix for the results according to

//the number of variables

covar = gsl_matrix_alloc (p, p);

//setup the fitfunction

//set the function that calculates the lorentzian profile

f.f = &lorentzianFitFunctions_calllorentzian_f;

//set the function which calculates the derivatives

f.df = &lorentzianFitFunctions_calllorentzian_fd;

//set a function to call the lorentzian function

// + its derivatives

f.fdf = &lorentzianFitFunctions_calllorentzian_fdf;

//set the number of datapoints to the fitter

f.n = n;

//set the number of parameters to be fitted

f.p = p;

//set the struct constant data as the container for

// the constants and other data

f.params = &constantData;

//setup the solver

//set the initial values and the number of fit parameters

// into and GSL type array

x = gsl_vector_view_array (initialValues, p);

//set the solver alogrithm to Levenberg-Marquardt

T = gsl_multifit_fdfsolver_lmsder;

//allocate the solver according to the parameters

s = gsl_multifit_fdfsolver_alloc (T, n, p);

/set the solver allocation, the functions, and the

// initial values to the solver

gsl_multifit_fdfsolver_set (s, &f, &x.vector); /

}

//Function to iterate the solver. It needs to know the

//maximum number of iterations and the relative and

//absolute errors to work. Moreover the solver s needs
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//to be allocated and set-up before this function runs.

void lorentzianFitter::iterateSolver(){

iter=0;

//iterate while the iteration converges,

//and the maximum number of iterations

//"iterations" is not reached or until the relative

//and the absolute errors ,epsabs, epsrel are

//reached.

returnSolverState(iter, s);

do{

iter++;

//Check fitter status for the iterations

status = gsl_multifit_fdfsolver_iterate (s);

if (status){

break;

}

//Check status for convergence

status =

gsl_multifit_test_delta (s->dx, s->x,epsabs, epsrel);

}

//Evaluate status to see if need to continiue

while (status == GSL_CONTINUE &&iter < iterations);

//Fill the covariant matrix J with the fit results

gsl_multifit_covar (s->J, 0, covar);

//Call an another member function that

// outputs the results

returnSolverState(iter, s);

}

D.2. Voigt �t function

//The function calculates the center of gravity X0

//double xcz_fVal= x-offset, double Al_fVal= lower A,

// double Bl_fVal=lowerB,

//double Au_fVal=upper A, double Bu_fVal=upper B,

//double all_fVal= lower alpha (constant),

// double bel_fVal=lower beta (constant),
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//double alu_fVal= upper alpha (constant),

//double beu_fVal= upper beta (constant)

double voigtFitFunctions::hfsCenterOfGravity(double xcz_fVal,

double Al_fVal, double Bl_fVal, double Au_fVal, double Bu_fVal,

double all_fVal, double bel_fVal, double alu_fVal, double beu_fVal){

double cent=xcz_fVal+alu_fVal*Au_fVal+beu_fVal*Bu_fVal-

all_fVal*Al_fVal-bel_fVal*Bl_fVal;

return cent;

}

//The function calculates a point in a Voigt profile for a

// single peak

//double lorentzianAmplitude= amplitude of the peak,

//double peakPosition = peak centroid,

//double lorentzianFWHM=wl, double gaussianFWHM=wg,

//double x= the point wheret the function is evaluated,

//double yOffset=Y

double voigtFitFunctions::voigtFunction(double lorentzianAmplitude,

double peakPosition, double lorentzianFWHM, double gaussianFWHM,

double x, double yOffset){

int i;

double A[4],B[4],C[4],D[4],V=0;

double t=sqrt(M_LN2);

static double sqrtln2=sqrt(M_LN2);

static double sqrtpi=sqrt(M_PI);

double X=(x-peakPosition)*2*sqrtln2/gaussianFWHM;

double Y=lorentzianFWHM*sqrtln2/gaussianFWHM;

A[0]=-1.2150; B[0]= 1.2359;

A[1]=-1.3509; B[1]= 0.3786;

A[2]=-1.2150; B[2]=-1.2359;

A[3]=-1.3509; B[3]=-0.3786;

C[0]=-0.3085; D[0]= 0.0210;

C[1]= 0.5906; D[1]=-1.1858;

C[2]=-0.3085; D[2]=-0.0210;

C[3]= 0.5906; D[3]= 1.1858;

for(i=0;i <= 3;i++){

V+=(C[i]*(Y-A[i])+D[i]*(X-B[i]))/

(pow((Y-A[i]),2)+pow((X-B[i]),2));
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}

return (yOffset+(lorentzianFWHM*lorentzianAmplitude*

sqrtpi*sqrtln2/gaussianFWHM)*V);

}
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