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(Bad) facts about francium

Mass no. Half-life
(A)

202 0345 Fr has no stable isotopes

203 0.55s

205 3.85s - - . -

206 e The longest lifetime is 22min

207 14.8 s

e 50s There Is at most a tea spoon of

. francium in the whole Earth at

. - any given time

223 21.8 min

224 3.3 min ] ] _
= continuos production and trapping

225 40min for further studies is necessary

226 48 s

227 2.47 min

228 39s 210 .

230 191's F]." - 3-2 miim

232 5s



Facts about francium

-First spectroscopy measurements at CERN (ISOLDE):

S. Liberman et al., C. R. Acad. Sci. Ser. B 286, 253 (1978).
Francium is produced by spallation reactions in Th or U Carbide

targets bombarded with protons: 10° Fr/s.

-Francium Magneto-Optical Trap (MOT):

J.E. Simsarian et al., PRL 76, 003522 (1996). (STONY-BROOK)
S.N. Atutov et al., JOSA B 20, 953 (2003). (LEGNARO)

Nuclear fusion-evaporation reactions in a Au target: 100 Fr/s.

Z.-T. Lu et al., PRL 79, 994 (1997). (Boulder/Berkeley)
Radioactive source: Francium produced in the decay chain
229Th—225Ra—225Ac—221Fr = 10% Fr/s.




(Interesting) facts about francium

spectroscopically poorly known
simple electronic structure
several isotopes suitable for trapping
enhanced relativistic effects

enhanced P and T violations

Parity Violation for the 7S - 8S transition:
test of neutral weak interactions
Parity Violation for the ground state hyperfine atomic

transition: measurement of Nuclear Anapole Moment
(TRIUMF/ISAC, production rate 10%°Fr/s, trap number 107 Fr)

Search for permanent Electric Dipole Moment:
test of Time reversal violation and SUSY
(RNCP @Sendal, trap number 108 Fr)
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The TRAPRAD experlment )

;‘mu MeV10S beam A\ /\

100 MeV LINAC beam
- 10 MeV reaction products
Ay MeV P -
12001 oy slowing in target
transport as ion :
ev ‘/"»stop in neutralizer Fr prOd uction
meV 197 18 215-x
\/ ﬁor in trap cell Au++°0 - xn+ Fr

ltrapping in MOT

\/ !

— Frt* (and Rb*) ions

neV further cooling in MOT to <TmK
iralizer tra nSpO I‘t

{1000 K at 3 keV

11

'!'L[.
magneto-opticalltrap (MOT)

Eur Phys J ST 150 389 (2007)



The laser setup

Ti:Sa laser pumped by Ar+ laser

covering of both Fr (718 nm) and Rb (780 nm) D2 line
for trapping transition

diode lasers for repumping

active stabilisation

iInterferometric
wavelength measurement



The trapping and repumping transitions

F=15/2

A
f15MHz l 617/MHz

21.02ns FE13/2

-p 9smHz 4 F=13i2
a2 [ S00MH 20.45ns 2 BIBO0GHz
-402MHz z 7P 6.15095GHz
F=11/2 w4
-3.31205GHz
-T99MHz 397MHz E=11/2

F=9/2

Free running

- - - . )
417433 357G Hz Trapping transition dIOdE_ |aser
718.1841nm 417412.486GHz 366870.676GHz
13924 07cm 718.2163nm S17.16lnm  penymping transition
13923.883cm™ 15257 48cm 366698 698GHz
. 817 0987
Ti:Sa lasern pumped 12238 425
by Ar-H laser
F=13.|'21IL i F=13%7? —{+—
21.58530GHz El.SEIEJEEHzI
Y o
Sy 3 46 76815GHz Sy 46.76815GHz
-25.1825GHz -25.18285GH:z
F=11/2 ¢ Y Pz




The MOT celilz




The MOT cell
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1 cionied backoroune

LIt fluctuations

. y background subtraction

ReEAR RN niform image

. we locate a dark region behind the MOT

CCD Detection of the MOT



Calibration power-number of atoms

f
G20MHz

S a— ety
N 0 0 A A 0
6GHz e 0 | b B
C : = ™ 11/2 / O w‘b 0 [] (’Y (’T \
main i : i : repump . 44*‘ 0 We U “ U
Rl : St Bl o 5 1 wy 00
e R 0 C* 0 0 w O
47GHz A 7£5|;2 £
i \ 0 "0 0 0 w)
= 11/2
. 00 0 0 0 0 \
hyp: trap laser detuning -5y /
f 00 0 0 0 0
Rb: 1pW 1400 atoms r_ 00 ~ 0 0 0
Fr: 1pW 1900 atoms 0000 7% 0 0
00 0 0 v 0
noise level less than30atoms \ (o 0 0 0 0 o )



Tests on Rb MOT
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Tests on Rb MOT
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Francium trapping

220 atoms

560 atoms

1100 atoms

) b

450 atoms

930 atoms




...We wanted more...

accumulation in the cold yttrium and fast release
by suddenly switching on the heating of neutraliser

+ Experimmental data
— Fit curve

~

)

-
I

)
o
R

2
e
s

Number of trapped atoms

=
|
Y
o,
i
o

50 100 50
Time (s) g
up to 10000 atoms !!



Number of trapped atoms

300

200

100

Fr 209, 211

Frequency scan of 209Fr trap

150 200 250 300

time (s)

Frequency scan of 211Fr trap

Number ol\trapped atoms

200 220 240 260 280 300 320

time (s)



Estimate of trapping efficiency

ve 2 3000em /s, vy, = 1.7 104cm/s,Rb =1lem, [ = 12em,

r=125em,C'~ 0.1.5'_1,1 ~ 105atom-i/s,R = Tem., y ~ 10000

trapping S Nt
efficiency 77 — I’T
i




Experimentalists’ life

Francium collaborator
10 days of beam time per year maximum



Melting the target.....

....means to start since the beginning!
(and fight with radioprotectors)
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Precision measurements

We compare the frequency of 2 lasers transmitted by a confocal FP cavity

(finesse 200, FSR 2 GH2)

Frequency meter / & Eﬁjffyiﬁ]
RF Spectrum analyzer i . V) : i
P ! } vy =— | N;- 1=1.2
| ™
Beat Signal "Lt il
A
Secondary freq. standard v' Y = vo n(v2) —v1 n(n) = 75 (N2 — Np)
>
/| n(vo) c
: v =v (N> — N
R Beam splitter, 2 n(v1) 1+ 4d (1) (N2 1)
Secondary freq. standard v
> =
=

... Measuring the beat signal with a frequency meter
(accuracy better than 300 kHz)



Precision measurements

Secondary frequency standard: Rb 5S - 5D

s 2 photon transition

(@ 778 nm) measured with 8 kHz accuracy

Reference
laser

uc (3

/

Isolator

3/

581/2

Lock-in detection - stabilization

/s CELL

...........

Lens |-/ / Lens

PMT



Precision measurements

Secondary frequency standard: Rb 5S - 5D

s 2 photon transition

(@ 778 nm) measured with 8 kHz accuracy

TRAP

PZT

Y

LASER

FABRY
PEROT

SERVO

DET

MODUL

XFER
LASER

211

Number of atoms
(@)
(@)

SCAN

A

Rb

_

0 5 10 15 20
REF

e Scan frequency (MHz)
Preliminary measurements:

SERVO

-

Isotope 209 210 211
Trapping freq. (GHz) | 417415.0914(90) | 417412.4493(90) | 417412.6303(90)
Repumping freq. (GHz) 366897.43(5) 366898.70(5) 366895.57(5)

Accuracy:
m 5 MHZz . .
Calibration Published in

3 1 iy :2 hﬂlﬂ

;atf)ry ieroF (rjnaxur?a_ . MHE Opt. Lett. 34,
erractive Iindex ot ailr m

TOTAL w 9 MHz 833,2003
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i

\

MOT dynamics

N; = LN, — CN; — BN? — AN, N; — T, N,

Ny = =(L + W)N, + CN; + BN{ + ANy N; — TNy + f

= LN, —CN; B | 43}(712
= CN;,—LN,—-WN, +1 T 4o 7

collision rate




Tests neutrallser

from calculated implantation
- depth of 49 A diffusion
[ru coefficient is determined

Ny ] ]JN 1] ]
il - (ﬁ -L Nt + ol
i i

ionic beam on

Fluorescence signal variation (a.u.)

| | | 1
0 50 100 150 200 250 300
Time (s)




Diffusion time measurements

fit function comes from diffusion equation in the neutraliser

¢ Experimental data
— Fit curve

n
o
I

B
-
I

o
-
|

Characteristic release time (s)
= =
I I

e

I I I I
960 980 1000 1020
Temperature (K)

parameters of fit

from calculated

limplantation depth

of 51 A diffusion

coefficient of Fr
Is determined

for the first time



Diffusion time measurements

t
= i
=l +
= i i
il ! !
L : E
iy H i
o ! H
(58] - -—
€ ] ] ] ] ]
i) i i i i i
X ! ! ! ! !
R S S S S -
I:l.[:l T : 1 : T : T : T : 1
QED 1000 10210 100 1080 08B

Temperature (K}

FIG. 8. (Color online) Calculated release fraction vs temperature
for isotope 210 (black curve) and 209 {(blue curve), according to the
Arrhenius law and E; and 7jp00 given from our fit. Dashed curves
zive the uncertainty interval.

Neutralizer behaves pretty well!



) TraplMAQ. vi

gs

Images to ava.

Trap IMAQ completed. Press DONE to continue

. ‘ START

Images Analysis
9 6000

Dark Noise

9 200

Monikar

akoms

160184 4% Signed 16-bit image -14 (96, 116)

READ FREQUENCY

Iy sh‘iﬂ

Last Read Frequency
0

ELCOHDY

beam time of november

B TrapIMag.vi

NMOT

Room temperature neutralizer trap!

120

100

60 Y off
. T

{2012/11/20 02:17:35

Fr MOT
Fr': 480 Hz @ SiD, T =534°C

Manual tuning

Y
decreasing

Y off

TISO MHz Sweep v on

]
60 BD IDD 120 140 160 IBD 2UD 220 240 260 280 SDD 320 340 360 380 4DU 420 440 460 480 SDD 520 540 SE-D 580 614

t(s)

Images, Background and configuration file will be saved in:

% CDocuments and SettingstcodiDocumentiImmagini Frdatalimages\ 20121 120015554

|
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Detection setup (Rubidium)




Normalized trapped atoms number

Detection results (Rb)

300 -200 -100 O 100 200 °

Probe laser detuning (MHz)

5P3/2
F=4
F=2 A 63 MHz
— 29 MHz
F=1 5P1/2
362 MH'Z'i
T(trap) R(repump)
P(probe)
' F=3
58”2 3036 MHz
— F=2

F=3
F=2



Normalized trapped atoms number

Detection results (Rb)

2.4 -
2.2-

0.6-

5.0

4.5

4.0

3.5

Arbitrary units (x10)

3.0

25—/F/——mm——m 77—

-300 -200 -100 O

Probe laser detuning (MHz)

100 200

300 -200 -100 O

100 200 .
Probe laser detuning (MHz)

F=4 5P3/2
F=3 _A 121 MHz
F=2 A 63 MHz
— 29 MHz
F=1 5P1/2
362MAz A O
R(repump) + F=2
T(trap)
P(probe)
F=3
3036 MH
581/2 / ‘
—— F=2




Detection results (Rb)

g
o

-
(o]
[

-
N
L

-
N
M I

-
o
L .

o
oo
[

Normalized trapped atoms number
N

0.6 —

Probe laser detuning (MHz)

200 160 120 80 -40 O 40

80

112

oP oP
3/2
- 312
F=3 121 MHz
E=o i 63 MHz :4
Fer 29 MHz _.
R(repump)
T (trap)
P(probe)
F=3
99 / 3036 MHz
F=2

_n_l'l_rl_lll'l

=N W M



Normalized trapped atoms number

Detection results (Rb)

F=3

282 MHz

105 | T T TR RN TR RN SR R T E=4
i F=3

1.00 - F=2 1 5P3/2
| F=1

0.954 R(repump)

0.90

0.85

0.80
| 5s, |

0.754 1/2 F=2

20 45 40 5 0 5 10 15
Probe laser detuning (MHz)



Normalized trapped atoms number

Detection results (Rb)

1.5

0.20
0.18 4
0.16
0.14 1
0.124
0.10
0.08 4
0.06
0.04
0.02

0,00 ——F—7——F—T 77—
-20 10 0 10 20 30 40 50 el

Probe laser detuning (MHz)
1 1 1 1 | 1 1 1 1 1 1 1 |

Arbitrary units

1.4
1.3
1.2
1.1-
1.0 -
0.9-
0.8
0.7
0.6-
0.5-
0.4
0.3

-20

10 O 10 20 30 40 50
Probe laser detuning (MHz)

T TIT 7T
| |
n

- Nw

5S

282 MHz

1/2

R(repump)




Detection results (Rb)

T 186 MH
’ . Z
5D3/2 Fg A 12.0 MHz
F=1 / 7.0 MHz
P (probe)
E 12 - . 1 . 1 \ 1 . 1 . 1 \ 1
F=4 g 10l
F=3 A = T i
F=2 ! 5P3/2 g A
F=1 % 0.8 -
T(trap) R(repump) E. 0.6 -
g ]
s 0.4-
N i
TEu 0.2-
lo- i
z 0-0 ! ] ! ] ! 1 ! ] ! 1 ! ]
F=3 -30 -20 -10 0 10 20 30
581/2 Foo PUblIShed in Probe laser detuning (MHz)
Meas. Sci. Technol. 24,
015201 2012



Detection results (Rb)

(beam time aOf

58 — 1 F=3
=
0.0
¢ | F=2 -30

Probe laser detuning (MHz)
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max

Rb desorption from OTS coated pyrex

Initial desorbing rate R (Hz)

[a—

=
n

(=]

— Linear fit
» Experimental data

0 20 30
Desorbing light intensity (mW/ sz)

- Experimental data
— Saturating curve fit
— Square root fit

10 20 30
Desorbing light intensity (mW/cmz)

Rb DL
Desorbing
Light BE Cell
=
S R@®
Rb IF
\\ PD
) —
{ == '] 1 3
SEETEEEEEL

- Alorns

IFIl[:-I]IH .
—_— v 2.1 x 10

(I 1!
prhioton

r .F — 532nm R
( [l f — 660nm
= —
2 15 -
—
7]
1 — —
0.5 H _
L \
0= \
1 | 1 | 1 \\\hL }
0 500 1000 1500 2000 2500
Time (s)

THE JOURNAL OF CHEMICAL PHYSICS 127, 1 2007




MOT

Rb MOT loading from OTS

1x10°
9x10*
8x10*
7x10*
6x10*
5x10*
4x10*
3x10*
2x10*

1x10*
()

. | I | L | L
12012-11-18 22:36:05 Rb MOT

480 mW @ 532 nm
onto cell walls
TY=408°C

OFF
ON

ON

OFF

ON

OFF

0 50

I
100 150

T
200

t(s)

T
250

I
300

I
350

Trap Population [atoms]

QetUvo

4e+006

3e+006

2e+006

1e+006

-1e+006

Number of Frame



Rb MOT loading from Yttrium!

1){1()5 1 ] 1 ] 1 | 1 | 1 | 1 | 1 | 1 |

T =412°C, Flash sopra Y (solito)
NO MOT @ t=0s

MCT

0 20 40 60 80 100 120 140 160
t(s)

No MOT at the beginning
Very long restoring time



Rb MOT loading from Yttrium!

4.5X105 M 1 N 1 M 1 N 1 N 1 N 1 N 1 N 1
. ] T _=475°C, Flash sopra Y (solito)
4.0x10° 1 Y
3.5x10° - =
3.0x10° -
2.5x10° - R
-
g i
Z  20x10° 1 =
15x105—- -_ 10x1o7|.|.|.|.|.|.|.|.|.|.|
“ ] 2012/10/29 17:15:27
1.0x10° 4 = ] Flash onto Y surface
. - 4 T =458°C i
5.0x10* - = -0X
0.0 Jeer" N
—7tr r r - r . r -~ 1~ r°r - 1r - T
0 20 40 80 80 100 120 140 160 180 6.0x10° - N
t(s) 5
=
=z
4.0x10° -
2.0x10° -

0.0

71 1T 1T °"17T ' 17T "7 "1 T 1T 1.7
0 10 20 30 40 50 60 70 80 90 100 110
t(s)

MOT at the beginning
Very long restoring time



Rb MOT loading from Yttrium!

N MOT

| L ] 1 | 1 ] 1 | L |

7)(106— 2012—11—18 230701 480 mW B
532 nm onto Y surface
6x10° - TY=408°C i
5%10° -
4x10° -
3x10° -
50 mW
2x10° -
1x10° -
0- ' | : | ' | : | : | :
0 1000 2000 3000 4000 5000 6000
t(s)

“Millennia” laser used as a desorption light



Rb MOT loading from Yttrium!?

40

12012-11-18 23:07:01
35 532 nm onto Y surface
| T =408°C

25 - i
20 - i

15 - -

0
IN I’tl!OTIN MOT

10 - n i

0- & v —

| | | | |
0 100 200 300 400 500
P_..(mW)

532

“Millennia” laser used as a desorption light



Fr LIAD MOT loading from Yttrium!!!

1 | 1 R
140 - 2012/11/21 02:02:33 i
Fr MOT loading by flash onto Y

120 - Fr 340 Hz @ SiD, Y off i

100 - =

80 - =

NMOT

40 - -

20 - -

T L
-20 0 20 40 60 80 100 120 140

beam time tg)f november
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New spectroscopic measurements

FRANCIUM ENERGY LEVELS ¢ yet
21p . 24P -25P . observed

__________________ 1pap S gy eI, ODserved
% iomization
1.30-1.33umM R, \ 15-16P, lonization
12P,
1.212-1.216-1.233um
304nm

19-1.220um
95”2 ' ?Dm
744 nn 7D
833nm
BSm‘
1.334 N 6D__ Not yet

60, observed

615 nm

75 LiJ

12




New spectroscopic measurements

ENERGY LEVEL DETERMINATION
LIFETIMES MEASUREMENTS
COLLISIONAL STUDIES

DIMER FORMATION (??)
RELATIVISTIC EFFECTS CONTROLS




New spectroscopic measurements

= Rb REF LASER 778
57/ —— | 2pheot i nm
robust =
|:| PM
RF SERVO

Stablllzathn ‘ LOCK

FAST
" FREQ.
DET
Of t h e T| . S a (<1GHz) —»l\ COUNTER
RF AMP K
SERVO < RF SYNTESIZ
A LOCK  [¢
- 10 MHz
1-1000 MHz
A
= \ XFER LASER 778 MOD 3 kHz
— \ 4 nm
B SERVO _|
| LOCK
= 7‘. \, DET
— I AY L
% PZT INTERFER.
_>__ -
- 500 Hz \\ A
A
SERVO WAVE METER
LOCK AOM
MOD (500 Hz)
¢ 110 MHz
Ti-Sa 718 nm
> e iy pTRAP
7 d




Atomic parity violation

RELEVANT ELECTRON - HADRON PROCESSES

y

p is the momentum transfer
(inversely proportional to the Bohr radius)

p~m,ac



Atomic parity violation

Different transition probabilities for two mirror - image experiments

The amplitude A,, contains a part that is odd under space reflection
and gives rise to a left - right asymmetry A, by interference with A__.

_ odd |2
PL/R_ |AemiAW




Atomic parity violation

Completely hopeless? No!
There are 2 factors of enhancement:

A. The so - called Z3law

* For valence electrons belonging to penetrating orbitals, the orbitals are
deformed in the vicinity of the nucleus, where electrons “see” a
Coulomb potential generated by a charge Ze. The orbital radius is
given by a,/Z, in such a way that p? is enhanced by Z2.

° The various nucleons add for their contributions coherently: the
number of nucleons grows as Z




Atomic parity violation

B. The second source comes from the possibility of exciting highly
forbidden transitions like nS,, - (n+1)S,, in alkalis. The electromagnetic

selection rules strictly forbid the electric dipole transition; dipole magnetic
transitions M, are allowed by the symmetry, not by the change in radial

number.

5 Hp
C

The weak interaction associated with the boson exchange breaks this rule

and gives rise to a parity violating electric dipole amplitude E®Y).

M~ 4X10

PV —11
E," ~10 “eaq,

I EYV /My = 0.5 = 104




Atomic parity violation

A possible experimental approach:

l.
2.
3

&

N

el

Capture Fr atoms mm a MOT

Accumulate and cool 1n the MOT
Transfer to a second trap (purely optical)
Establish a “coordinate system” by dc electric field.,
dc magnetic field, k vector of the exciting laser
Excite 7S to 8S using a build up cavity and detect
using the 7S to 7P transition.

Reverse the coordinate axis.

Change 1sotope.



Towards APV measurement

& = —aB —ifd N E + M{G AK —iIm(BfV)&

1%yprecision with 3 weeks measurements

8S  56ns
by using 10° atoms

preliminary measure
of the ratios
a/3, /M, M,/Mht:
In the MOT cloud
to “calibrate” APV



Expected signal to noise ratio

= Fr production rate in Legnaro: up to 100 ions/s.

= Trapping efficiency ~ 1072 = N = 10000 atoms in 1 mm3 (0.01 mm?3)
(optical dipole trap).

© Laser intensity: 100 mW/mm2, enhanced by a factor ( = 1000 with
a Fabry-Perot cavity (cf. Boulder) = P/S = 10 kW /cm?2.

= Fluorescence detection efficiency: n ~ 10%.

o §/N =GB!

it 1P
———nNvt= 0,009t 1 for t = 3 hours
g™ 1= L] )

How can we improve S/N 7

= Higher laser power, BUT: — heating due to photon scattering

— photoionization from 85 and 7P.

= Higher Frt Rate: > 4. 109 ions/s at the ISOLDE facility.

= S/N = 0.55 [t(s)

w | In 9 hours we can get S/IN = 100




Conclusions
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