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Previous Knowledge (Stone 2005) RILIS scheme for Ga (eff ~ 21%)

Isotope " ulm) - asw | il
67 3/2 +1.8507(3)  0.195(5)st (NO Sign)
68 1 0.01175(5)  0.0277(14) st SSL (532 nm)
69 3/2 +2.01659(5) +0.17(3) st 2D
70 1" - - 3/2
32 2.56227(2) +0.106(3 294.3 nm
71 _ +2.56227(2) +0.106(3) st 5874 nm
72 3 0.13224(2)  +0.52(1) st
- 2
73 3/2 P,
74 (3) 2p
75 3/2 i i 112
76 2,3) - - HRS @ 50 kV
77 3/2" ] ] ISCOOL @ 49.916 kV ; RF 360KHz, amplitude 420Vp-p
78 ®) - - v masses (transmission ~ 70% in continuous)
79 (3/2) - - Bunching: Acc times 10-50 ms, bunch width 20-25 us
80 (3) i i

...and no IS, apart from Av®"



Experimental apparatus: The COLLAPS laser

Ti:Sapphire Absorption/fEmission Spectra
1.0 B
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Relathrg Intensity
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Wawvelength (Manometers)

/ Stabilization Prism

M2
SHG Crystal
Uv

Verdi L1 M2 - Out-coupling Mirror Unidirectional Ring Cavity
M1 - In-coupling Mirror
27/ P1
P3
Coherent 899 (P(w)~ 1W ) Wavetrain Delta cavity

P(2w) ~ 0.3- 1.5 mW

External temperature controlled etalon for short term drifts
*Wavelength was monitored with wavemeter (acc ~ 3MHz )



"Classical" collinear techniQue with LIF

1) Single charged ions
2) Laser
) Deflector plates
) Retardation plates
) Charge exchange cell
) Photomultiplier tubes
) Brewster window

3
4
)
6
7

The "laser" scan _ =B

A% VO\/ >
The laser is fixed to vy and the -8
ions are Doppler tuned as a func- J M ot
tion of V' applied on retardation B=1/l— ©
plate. The technique is limited (Ua+M,e™)

by continuous laser scatter.

> Typical flux of 10° atoms/s is
needed

I
E=—mv"
2_ yA

SE=m v, 0v, =cte



Bunched-ream techniQue

N Cool, trap and release the ions 3) Only count when the Bunch arrives
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The results ( of S shifts) ”g“g’

Gallium atomic structure

S

1/2

PBIE
PHE

Natural line ~ 25 MHz

Ga yields (T. Stora)

UcC37?7s - |UC375 - | UC259 - RILIS | UC183 - RILIS
surface(Nb) | RILIS 2000/2030C [1,2] | (Nb) 2100/2100C
[2,3]

73Ga(/{uC) - 1.8e9

74Ga (/ u C) 3.0e6 9.0e8 3.9¢7 2.8¢7

75Ga (/ u C) - 2.4e8 2.1¢7 (on target)

78Ga (/ u C) Se7 (extrap) 3.9e6

79Ga (/ u C) 3e7 (extrap) 2.6e6

80Ga (/u C) 5e6 (extrap) 3.5¢5

83Ga(/uC) 1.1-1.7e5 4.5e3 (on converter)

Fluorescence counts per channel
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The results-odds PS4 o P> -
- 50 - ! ! ! i -_
Gallium atomic structure . fgg i |
SHE = 0

1000 - —
1 so0f UL .
8000 -
.
71 4000 ]
PSIE : 06 A ]
1 200 | .
sz ; 4688 B i
A~ SE M\ 200 - Jgh_ .
Natural line ~ 25 MHz g 0 — 4o —
% 2 [ Ga ] ]mg i | i

Hyperfine structure: £=/+J ﬂ: Ga .y ]
(& | e

Energy of a hyperfine multiplet: lgg G i
C _(BCIH)CH)~1 (1 +1) N JtD=5F 7 199 P
WAz s SRS e e . 18 L)
+ + 25 -
h ! 150 s A00 = i
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Spectra fitted simultaneously using the ROOT £ramework

22 free parameters in X* hyperspace

Fluorescence counts

409

408.75

408.5

661 data points

408

407.75 —

F 1) 7 . N
1 1

-1000 0 1000 40725 _
Frequency (MHz) 407 -

a) measured on the 403 nm transition
b) measured on the 417 nm transition sosask

Good agreement with published values N

Isotope  Source  Spin Ap, A/ﬁ Ap,, Bp, ,

67Ga  Thiswork 3/2  1225.8(23)  980.3(16)  176.3(11) 73.0(33)
Ref. [1]  3/2 1228.86582(45) 175.09736(15)  71.95750(55)

[1] V. J. Ehlers, et al. Phys. Rev., 176 (1968).

406.75 —

406.5




Qs : @00d aareement with previous measurementt

69
Ga

9000 —

8000 —

7000 —

5000

Fluorescence counts

4000

3000

2000

6000 —

2

x=172 +

3000 2000 1000 0 1000 2000
Frequency (MHz)
Isotope ~ Source  Spin A p , Ag, n Ap, Bp,,
Ga  This work 3/2 1070.9(5) 191.9(2) 61.7(7)
Ref. [1] 3/2 1339 1069 190.8 62.5
Ref. [2] 3/2 1339(2) 1075(3)

[1] Appl. Phys. B, 77:809-815, 2003.
[2] Physica, 98C:235-241, 1980



'Ga : Qur &old standard

» Fitted separately\ T

"Ga (403 nm)

1370

Ga (417 nm)

|36‘5 T T T T T T T T T T T T T T I‘;{.’}S __ a} I __
N a} T i B -
= — —
1361.5 |- 4 13807 C— 1 III III I ]
i I I , 1 = 13551 I—
> = 3 ] 1350 | —
2 BT 7 I ¥ I } - ]
B - 7 I345 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 ]
I354'5 B }: ] T T T 1 T T T T T T T T T T T T T T T T T
- - 246 - b)
1351 |- — N i I
1 1 1 I! 1 1 1 1 1 1 1 1 1 1 L Gi?‘ 244 —_— I I
1705 T T T T T T T T T T T T T T =T B I I I EX + I 1
L b) ] 242 |- l I |
1702.5 |- . . 240 _
| I I I I I :|: J i I N I N N S IS —
:" 1700 | }' ] 48 i {I:}I | — T L 1 L T T T T 1 1 i
i + ] 44 - I ]
1697.5 |~ I s T X t I I ]
= - a - :[ I -
1695 = LS 6 * I B
44 45 4.54?43 29 5n 5| 5? 53 54 55 56 57 58 59 60 ,,’.)'_ N
Run number 20 2122 23 24 25 26 27 28 zlq .“1'{: I1 .*1'1 .“1'3 34 35 36 37 38 39 40 41 32
Run number
Isotope Source Spin Ap, As, ), Ap,, Bp,,
lGa  Thiswork 3/2 1701.7(2)¢ 1358.04(19)> 242.9(1)¢ 39.05(33)¢ AS, 19
=559|(2)
Ref. [1] 3/2 1701 1358 242.4 394 > :
Ref. [2]  3/2 1364(3) 312

“Weighted average based on 403nm calibration runs
bWeighted average based on 403nm and 417nm calibration runs
“Weighted average based on 417nm calibration runs

[1] Appl. Phys. B, 77:809-815, 2003.
[2] Physica, 98C:235-241, 1980



A "hard" case: PGa .

Fluorescence counts

Other exp. evidence
e (Courtesy of Bill Walters)
73 17/2+ 2943 17/2+ 2046
13/2+[2718 17/2+ 2721
Ga 746 659 906 859
700 B a) ' I ' I ' I ! ] ondiary 122412084 waeloonr ans
600 — =1.3 - %‘7% " 1521':+ 1815 57:;
500 [— . s w b orzzlisos
400 — — DA 7721398 o/2+ 1235 i 4
- i .;5{,%:}‘13% s 1/2-1113 ) 5/2-1167 1116
300 B ] 32- 872 g sm_/z: % 7;2_% ;;; 7/2-| 882 873
200 7 52-578 4 g1 7/22' Ta 2606 g —9%

B - = 5/2- 432 474
" : g e EENe B 50
? 1 | | I I I 32 0 32- 0., 3."2 04 g62 2-3p. 023 32- 0

-1000 -500 0 500 1000 “Ga_  "'Ga_ ' "Ga Ga,  "Ga
3N 38 31 40 K1l 42 31 44 K1l 46
200
<o Theory correctly reproduces the 2 level decrease
79 77 75
100 Ga Ga Ga
E
1.5¢ RS
50
2= 22 912
— 2 :
ﬂ ﬂ z{ 72
-600 -400 -200 0 200 400 600 ]
Frequency (MHz) ~ Az
2 sz
g A7) T 57
a) measured on the 403 nm transition o B e
b) measured on the 417 nm transition 152)
(7/27)
o N 152) 32 (3i2)° 52
- . % fg =52 | — 31
Isotope  Source  Spin Ap,, Asy ), Apy ), of 524y 2 oy L w2 @) L2, 3, ]
Ga  Thiswork 1/2 412.8(13) 328.6(12) 60.1(12) expt.  SM | expt. SM | expt.  SM

Ref. [1]  3/2

Shell model calculation using g, p
[1] Nuc. Phy.9 108 (1958) orbitals PRC 78, 044320 (2008)

and fs/2

1/2? p3/2’




> TGa : Change in shape

Ga
100 T T . ] T I T
"Ga ‘0 - a) x=1.08 -
400 | ' ' \ ' ‘ | 60 B 7
a) x=0.93 _ |
40 — —
300 N £ 90 - _
gm_ | 2 200
= = 1s0
100 — —
100
| ! | ! \ ! | ! | 50
2000 1000 0 1000 2000
Frequency (MHz) 0 | 1 I I I 1 I L |
N -2000 -1000 0 1000 2000
a) measured on the 403 nm transition Frequency (MHz)
b) measured on the 417 nm transition
Isotope  Source Spin A p P Ag, 1 Ap, P
>Ga  This work 3/2 973.5(13) 174.3(6)C —102. 9(18
Ref. [1] (3/2)
Ref. [2] (1/2,3/2)
Isotope  Source Spin Ap , As, Ap, Bp, [1] Z. Phys. A, 267 359, 1974.

”7Ga  Thiswork 3/2  1341.7(22) 1070.5(15) 191.7(7@@ [2] PRC, 18, 86,1978.
Ref. [3]  (3/2) [3] Physica Scripta, 34 614, 1986




Qa : The hardest (I=3/2 or S/2.7) Nuc. Phys. A 368, 210,1981

79
| = 3/2 Ga | = 5/2
200 — — 200 —————————
2) g=111, 1 9 X=111_ -
150 [— | 150 — |
100 [— ] — 100 —

@ 50T 50 e
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SR S N . T R
3 2000 -1000 0 1000 22000 -1000 0 1000

=

S 100 —— — 100

§
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Z 50 30

60 60

40 40

20 20

—?000 -500 0 500 1000 —?000 -500 0 500 1000
Frequency (MHz)

a) measured on the 403 nm transition
b) measured on the 417 nm transition



Qa : The hardest (I=3/2 or S/2.7)

| =3/2 "Ga | = 5/2
200 | | | I | 200 | | } | | I T
 a) x=1.11 c) x=111_ -
150 [— u 150 —
B = T T \ | T T T T i
=327
100 sl A 527 h —
s 50 — K | L) = 12 &?"—
= ' . .I.
§ - Z56 T E T T - I
o -2000 -1 < I [ I 1 1000
L]
= . i
1 o
s [ ;s - ‘
o 80 - | —
| | | | ! | | | ! | | | | —
66 67 638 69 70 71 72 73 74 75 76 17 718 719 80 |
Atomic number (A)

.. ST e
L

L | A R B B
—?000 -500 0 500 1000 —?000 -500 0 500 1000
Frequency (MHz)

a) measured on the 403 nm transition
b) measured on the 417 nm transition



PGQa, | = 3/2 or S5/27 One more thing to try:

Look at the relative intensities for the hyperfine peaks. Ideal case:

[ ‘ V2
T T-N R -y

S_
g F J

J

But, experimentally things were not ideal

Peak Racah (I =3/2) Racah(I=5/2) "'Ga(I=3/2) Ga(=3/2,5/2)

N1 1 (2-2) 0.8 (3-3') 1.00(2) 1.00(8)
403nm N2 1 (2-1" 1 (3-2') 1.00(2) 0.90(8)
N3 1 (1-2" 1 (2-3")  0.96(2) 0.92(8)
N4 0.2 (1-1" 0.28 (2-2')  0.29(1) 0.24(4)

N1 1 (3-2) 1 (4-3") 1.00(2) 1.00(8)

N2 035 (2-2" 0.43 (3-3')  0.54(1) 0.49(5)
417 nm N3 0.07 (1-2" 0.12 (2-3") 0.17(3)

N4 035 (2-1") 034 (3-2)  0.54(1) 0.55(6)

N5 0.35 (1-1") 0.43 (2-2')  0.48(1) 0.53(1)/0.49(13)

N6 0.14 (0-1") 0.33 (1-2')  0.22(1) 0.1(1)/0.13(13)

Fluctuations in laser power and beam intensity are the main causes



Evolution of the rel. intensity of each |=3/2 HF pesak in the run

Relative intensity
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( "Ga as reference)

Moments
A o_- 8 5
H—————H ., sT ref
Areﬁlreﬁ ref
3.5 T [ T T T | I 0.4 | T T T T
i m experiment (I = 3/2) 7 0 I ml=5/2? I 1
n (1£7/2)"8 (2p3/2)°3 3 w[=3/2 =
3 / . (lf7/2)"8(1fp5/2)’*2 1p3/2| | L .
L Schmidt =p,, - 02 n
— | 0.1 _
Z, =)
E! S T -
= — o oL |
L5~ Schmidt = £, Clesne] 0.1= N
| | 02 -
= 7 = -
- (;7 (:9 7I I 7‘3 7'5 717 7'9 - 65 67 69 71 73 75 77 79
Atomic number Atomic number
Configuration mixing Maximum of deformation at N=44
\
8 3
(me_) (2'P3/2_3 > A. Arima and H. Horie . Prog. Theor. Phys. (Japan) 12, n 4(1954)

(e N8, Y 2p

3/2
_

The first configuration is favored because Q is +ve...but how about *""Ga?



The results-even

Gallium atomic structure
S

1/2

PBIE

PHE
Natural line ~ 25 MHz

Hyperfine structure: £ =/+J

Energy of a hyperfine multiplet:
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Fluorescence counts

68
Ga

400
300
200

100

300
250
200
150
100

R1V el

0 o
-400 -200 0 200 400
Frequency (MHz)

Fixed A Sm, A PH2 and A PS/2
(u and QS known) and ratios

But too small to get the signs!

70

Ga
g 50 T | T ‘ T
2 LD
= 40+ -
30— —
20— —
0w o e o . N
0_ L 1 ."l 1 | | | 1- i I
-3000 -2000 -1000 0 1000 2000 3000
Frequency (MHz)
Isotope ~ Source  Spin  Ap, P As, Ap, n Bp, n
OGa Thiswork 1  562.5(6) 448.5(6) 76.9(28) 28.9(90)

Confirmation of 1=1

AS,
=583(2)
AP

3/




NN

500

) s i
-] -] -]
= = -]

Fluorescence counts

=
-]

Run #001 Run

(]

-
| | |

#002 Run #003

Relative frequency (MHz)

Run #0004 Run #005 Run #006 Run #007

200

1000

=150 =

RN =
LU o

400 -

200 =

BP_ (MHz) = 252(20) 248(13) 236(11) 241(7) 243(27) 239(4) 235(4)
Isotope  Source  Spin Ap, / As, ) \ Ap,), Bp,
2Ga  Thiswork 3 —43.7(4) -35.53) ) —6.35(5)° 235(4)
Ref. [1] 3 —43.90076(15) —6.25698(11) 193.67365(80)

“This value was fixed to the ratio of As , 10 Ap,

[1] Phys. Rev.176, 25, 1968




Another "hard"

Fluorescence counts

1500

1000

500

100

650

] 640 — _
"< 630 - —
I I I I I I
b) |
2.45¢
B 620 — 0.8¢ —
N G 610 ! ! ! | ! !
-600 -400 -200 0 200 400 600 800 1 2 3 4 5 6 7 8
Frequency (MHz) Spin
a) measured on the 403 nm translitlion X2 jUSt favors |=4
b) measured on the 417 nm transition
Isotope Source Spin Ap, As,, Ap, /Bp3 IN
"Ga  Thiswork 3 10.3(4) 12.99 1.85%( 189.6(86)
This work 4 8.2(3) 10.3¢ 1.474\ 226.9(73)
Ref. [1]  (3.4)
Ref. [2] (4,5)

“This value was fixed to the ratio of Ay, , to Ap , and Ay, , to Ap, ,

[1] Physica, 25, 694,1959
[2] Nuc. Phys. 36,425 , 1962



76 78

Ga Ga

200 I , , . , w I . I 300
a) xi: 0.9 250
200
150 - — 150
100

100 —

200

Fluorescence counts
Fluorescence counts

150
50

100

50

Frequency (MHz)

Frequency (MHz)

Isotope ~ Source  Spin A p, n Ag, 1 Ap, n BPB/2
®Ga  This work 2 —374.6(15) —66.4(6) 117.2(29)

Ref. [1]  (37) [1] Nuc. Phys. A, 177, 401, 1971
Ref. [2] (21) [2] Physica Scripta, 34, 614, 1986

Spin  Ag, ,/Ap,,  X*

[sotope Source Spin Ap, Ag, Ap,, Bp,

BGa  Thiswork 2 —607.6(9) —4849(8) —86.9(5) 119.7(24) - 2 558(3) 43751
Ref. [12]  (3) 3 521(3) 470.67

4 5.08(3) 508.62

[1] Phys. Rev. C, 22(5), 2178,1980
[2] Phys. Rev. C, 22(6), 2547,1980




Summary of moments

Previous work (Stone 2005) This work

A p(nm) Q,(b) I p(nm) Q,(b)

67 3/2 [ +1.8507(3) 0.195(5) 3/2 [+1.8483(22)] +0.1981(91) (sign confirmed)

68 1 0.01175(5) 0.0277(14) 1 — —

69 3/2 [+2.01659(5) +0.17(3) 3/2 [ +2.0211(9)] +0.1675(24)

70 1 — — 1 +0.5644(4) +0.078(24)

71  3/2 +2.56227(2) +0.106(3) 3/2 — —

72\ 3 | —0.13224(2) +0.52(1) 3 —0.13396(5) +0.63(1))
“All” in good | 73 32 = - 1/2  +0.2070(50) -
agreement 74 (3) — - 4 +0.041349(17)

75 32 — — 3/2 [+1.8370(23)] / —0.2793(55)

76 (2,3) — — 2 —0.9410(34) | [+0.3181(83)]

77\ 3/2 — — 3/2 [£2.020121)] \  —0.209(7)

78 (3) — - 2 —1.22(1)  [$£0325(7)]

79/ 3/2 — - 3/2  +1.0485(16) +0.15(1)

——— AME2003+JYFLTRAP |
JYFLTRAP 50%/100%
ISOLTRAP
8S,, = 100 KeV

40l I45II“50l“l55““60”“65“”70””
PRL 101, 052502 (2008) Neutron number




Improving the understanding of this region,
but some puzzles still remain unsolved

33

32

31

30

29

Change in parity for Ge and Ga at N=40

34 35 36 37 38 39 40 42 43 44 45 46 47 48 49
As67 || As 68 || As 69 As76 || As77 || As78 || As79 || Aasso || AsB2
435 & 1516 = 159 m 1.07d ILER o0.7 m 9m 15.2 5 333s
B2 34 542- 2- 32- 2- 32 1+ arz-
ECB* ECg* ECE* B B B B B B
Ge 67 Ge 68 Ge 75 H Gea 77 Ge 78 Ga 79
189 m 270.8d B2ZEm 113k BE m 189 =
112 0+ 04 32 N2+ 0+ (142}
ECE*  |[EC B i3
Ga 67 Ga73 || Ga74 || Ga75 || Ga76 || Ga77 || Ga78 || Ga79
326d 48h 8.1 m 126 5 3265 13.2¢s 51ls 2Bs
3/2- 172- [d-} 32 204} 3/2- Zi%) [3F2-)
£ : - B : B Bn
Zn 70 Zn 72 Zn T3 Zn 74 Zn 75 Zn 76 Zn 77 Zn 78 Zn 79
SE13 v 2.4m 465 h 235=% 5.6 5 102 5.7s 21s 1l4s 995 ms
0+ 0+ {12} 0+ (7i2+} 0+ 17/24] 0+ (2+]
B - i3 3 B 13 En
L Cu 69 Cu 70 Cu 7l Cu 72 Cu 73 Cu 74 Cu 75 Cu 76 Cu 77
2B m 455 19.55 16.6 ER ] 13 s 1.is 0.64 = 469 ms
32~ 1+ 3y2- 3/2- 2- 32- 3+ 5/~ {512~}
3 B i3 - 13 B 3
<V 2p,, 1., and 2p vg,, orbital gets filled .
3s S . 1/2
T 3/2
4k w 2d T 5/2 . . 72 74
. 7/2 * Increase in deformation for ="Ga
e : 74-75 76-77
19 g » Change of sign of Q between “"~Ga and *"'Ga
s~‘ o D . d f t' b t 78-79G
. 9/2 rop In detormation petween a
- - e 1/2
3 A w { S 3/2



Next thinags to re done

* Isotope shifts and systematic errors 7 &
« Simulate spectra to understand optical pumping issues ("*"*"°Ga)
« Off-line tests in December in order to further investigate the ion bunches

For the future (> 2009):

» There are 8 shifts available to continue the n-rich program
A proposal for the neutron deficient Ga will be submitted

Theoretical support is needed to understand the features presented
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Summary of hyperfine coefficients and spins

A I Apy, As) Apy) Bp, E'W’uz 512 E'foa.-z 512
(MHz) (MHz) (MHz) (MHz) (MHz) (MHz)

67 3/2 12258(23) 980.3(16) 176.3(11)  73.0(33)

68 1 1.6 9.3 1.7 10.8 e

69 3/2 - 1070.9(5)  191.9(2)  61.7(7)
70 1 562.5(6)  448.5(6)  76.9(28)  28.9(90)
71 3/2 1701.7(2) 1358.04(19) 242.9(1)  39.05(33)

72 3 —43.7(4)  —355(3) —6.35 235(4)
73 1/2  412.8(13)  328.6(12)  60.1(12) —~
KN
74 4 8.2(3) 10.3 1.47 226.9(73) P‘ﬁg‘éaess
75 3/2 - 973.5(13)  174.3(6) —102.9(18)
76 2 - —-374.6(15) —66.4(6) 117.2(29)
77 3/2 1341.7(22) 1070.5(15)  19L.7(7) —77.1(25) <
78 2 —607.6(9) —4849(8) —86.9(5) 119.7(24)
79 3/2 695.8(15)  556.1(12)  100.1(12)  55.3(42)
Published values
A A(P1/2) A(S1/2) A(P3/2) B(P3/2) IS(A—69) Ref
67 1228.86582(45) 175.09736(15)  71.95750(55) Phys Rev 1 176 (1968)
1339 1069 190.8 62.5 Appl. Phys. B 77, 809-815 (2003)
69 1339(2) 1075(3) Physica 98C (1980) 235-241
7 17001 1358 242 .4 39.4 Appl. Phys. B 77, 809-815 (2003)
1364(3) -39.6(3.5) Physica 98C (1980) 235-241

72 -43.90076(15) -6.25698(11)  193.67365(80) Phys Rev 1 176 (1968)




Ga vyields (Thierry Stora)

UC375 — | UC375 — | UC259 — RILIS | UC183 - RILIS
surface(Nb) | RILIS 2000/2030C [1,2] | (Nb) 2100/2100C
[2,3]
73Ga (/ u C) - 1.8€9
74Ga (/ u C) 3.0e6 9.0e8 3.9¢e7 2.8e7
75Ga (/ u C) - 2.4e8 2.1e7 (on target)
78Ga (/ u C) - Se7 (extrap) 3.9e6
79Ga (/ u C) - 3e7 (extrap) 2.6e6
80Ga (/ u C) - 5e6 (extrap) 3.5e5
83Ga (/u C) - 1.1-1.7e5 4.5e3 (on converter)
R Sroz. S 575ue /7 dgaztzlg
Q E
[1] U. Koester, et al.; AIP Conf. Proc. 798 (2005) 315. E C
[2] http://www.cern.ch/isolde, 2008. & appll:
a E —0—
[3] U. Koester; Eur. Phys. J. A 15 (2002) 255. 5 T e, o
w L
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Problem with optical pumping ( < 0.4 mW)

Spectra fitted with fixed relative intensities Ty F=2
71 _ :
| Gal(l_3/2), not bunchlng ey 1 3GHz
2-1 2-2 1-2 FWHM - F1
o 75MHz | HFS B
ol - 403 nm
SOOOZ 1 -1 E F=2
3000 |- QJ\ / knJL . o N A . 1.7GHz
2000 _— __ 4p 2P1/2
- Natural line : 25MHz - F1
' 15(|)00 | 20(|)00 F=2
5000 . , : : 3-2 : ‘ :
I FWHM - 4s 281/2 1.3GHz
4000 |- 70MHz -
i | HFS F=1
3000 |— 2-1 2-2 - 417 nm
11 (MHz)
2000 0-1 1 . ?Z 766
| 4p 2|:)3/2 F_'I 445
1000 ' ' ' ' : ' : - : : ' =~ 203
69000 70000 71000 72000 73000 74000 75000 F=O
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