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& _Production of spin polarization Wy
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Nuclear spin :
Unique quantity which determine the direction of an nucleus

Spin-polarized nuclel :
Sensitive and effective tool for the study of,
not only nuclear physics but also many fields of sciences
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Production of spin polarization Mg

Based on two ways in principle

Selection of the m-quantum number

»

= Selection of reaction angle
in the nuclear reactions
- Projectile fragment reaction
- Pick-up / Knock out reaction

« Selection of atomic substate
with magnetic field gradient
- Stern-Gerlach method

Control of the m-quantum number

- Transfer angular momenta
from surrounding electrons
- (Direct) Optical Pumping (OP)
- Spin Exchange OP
- Dynamical Nuclear polarization

- Boltzmann distribution
- Low Temp. Nuclear Orientation
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Two ways |

Selection of the m-quantum number

B w

Advantage/Disadvantage
for low-yield exotic RIs

© Large polarization
—

©) Easy to use

@ Need slow/stopped RIs

® Depend on elements

Production of spin polarization Mg

n principle

Control of the m-quantum number

BB B
BB

= Transfer angular momenta
from surrounding electrons
- (Direct) Optical Pumping (OP)

- Spin Exchange OP
- Dynamical Nuclear polarization

 Boltzmann distribution

(Only alkali-like)

-

- Low Temp. Nuclear Orientation
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NS‘yNA Laser spectroscopy of atoms in He I1 -
“OROCHI”

Optical RI-atom Observation in Condensed Helium as lon-catcher

lon beam o Rl beam Sepgratqr \
) (O (i.e. BigRIPS in RIKEN)
O% >50 MeV/u
Towget Radiowave
or
Accelerator Microwave

(i.e. SRC in RIKEN)

Laser v
Zeeman splitting [ ng%K

} Hyperfine splitting I
\/Laser Induced
\1/ Fluorescence
Nucle] (LIF)
A
— A= _
Interaction between J | Interaction between

nuclear moments N ' . o — atomic spin mg and
and electrons e external magnetic field




& Advantage in He II -

EEEEEE We use He II to trap the atoms efficiently,
also to reduce the b.g. photons.

Atomic absorption spectra in He II % Iw?age?;yb%”: d_esnheifthd

n vacuum He I

D1 spectra of 133Cs in He |l
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Owing to the slow diffusion of atoms in He II:
- Measurement of double resonance spectroscopy

Expected spectrum
In the case of Zeeman splitting in alkali atoms 3

28U stip: dplibk pesOpEIEEE u
m = +3/2
. o=
P R :
o’ °'+ / rf frequency |
D1 Line / Magnetic field

S —.—d_.“‘ ((((( LIF Intensity...

m = -1/2 ri Tf/%nance Decreased gradually

[ [l x1-P, }




3} Setup for off-line development -

Introducing atoms in He Il by laser sputtering

Stable isotopes of Rb, Cs, and so on

= il

A/4 microwave antenna

Pumping Laser
(cw Ti:Sapphire)

Dissociation Laser
(femtosec. Pulsed
Ti:Sapphire) §|

rf coil

|

I
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I «—Quartz cell
I
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N {—— "= Helmholtz coil

Hell

I Superfluid-fountain




& Optical pumping in He IT
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Produce the polarization on stable isotopes in He 11
m = +3/2 : :
-———-- Polarization : -90% (Cs), -40%(RDb)
P . /
12 U:/}/ : o+,
0 X ( )
o ‘o Polarization switched (in the case of Cs atoms
Sz _*L 800 5 ; 7I "“ : :
m=-1/2 m=+1/2 : i
Polarization: Increased | E7L [y ~UM™suJ oy o o0
7p]
LIF intensity: Decreased | i | : 5
3 500/~ Linearly - doflo e s
“C’ polarized | | |
D it
< b e A ~ L
= 3005 5 5 Circularly
200:_ ................... oLho polarized ...
1001 — > €<— """"""""""""" """"""""""
.. i5ms ... ..joms i, L
Time (ms)

T. Furukawa et al., Phys. Rev. Lett. 96, 095301 (2006)
T. Furukawa et al., Physica E 43, 843 (2011)



"}j Nuclear spin er
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Atomic sublevel structure </__ b
: ~ Zeeman
’ IHyperfme — o
—(\ splitting _ splittings
<~ I
Zeeman resonance of Rb isotopes Hyperfine resonance of 35Rb
Magnetic field B = 4.0(1) Gauss 370000 3044
1mm— i E RMS 0.2847
c a : ?MBS" 42:3'“1 € 36000 2/ndr 2456.00342 / 2025
2 9500F 85Rb 2 [ ndf 148196 / 1379 5 h.fs. 3044.1189 +0.00015 K
P E1.8203(2) MHz 85Rb-Zeoman 182025 - 0.24 8 35000 T ORI e
% BD‘EIEI:_ i ik ) E%Eﬂn G;f%i;ﬁ? %34uou_bg-?:onsl 29590.7539 +5.6155 I\
C 8so0f ISSRb = 2.6(1) 8TRD-FWHM 51.3113 + 1.6676 ug-a:saoaz l \
g - 5/2 B.G.—cuu:t SE;BTDS.; 182?22 = E f \
3 % ' ! ! 32000 d
S _E i\ 87Rp 2.7357(6) MHz -
s 7S00E i | f\i 31000F :
= - | | | -
§ muuw MM i | i 30000
ssool” . Ig;rp = 1.55(5) it e T A
= —3/2 2900030436 30438 3044 30442 30444
C 1 L1 11 L1 M- F MH
6000500 1800 2000 2200 2400 2600 2800 3000 icrowave Frequency (MHz)
Radiowave Frequency (kHz) @
85Rb
(" Avpp,= grmpB/h R # (a)
2.8 MHz) X B (Gauss) This work (from A,.)) | 1.357 83 (7)
2r1+1)
g Nuclear spin y Evaluated (from A, um) 1.358 071(1)
Literature value (NMR) 1.353 3515

T. F., Hyperfine Interactions 196, 191 (2009)
T. F. Doctoral thesis, Osaka Univ. (2007)



4'y Optical pumping of Ag and Au in He IT -
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Laser ' <
&

Laser InduceM

Fluorescence
(LIF)

Slow diffusion of atom
(~a few mm/s)

————  —— 0

Possible to excite same atoms repeatedly
before atoms escape with “pulsed laser”

Easy to prepare wide variety of laser wavelength
Including ultra violet region
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Atomic spin polarization

X Optical pumping of Ag and Au in He IT -

o : Circular polarization degree of laser

Pz og=1[1-= IPOI XlOO(%) lhor : LIFintensity from polarized atoms
unpol lunpor : LIF intensity from un-polarized atoms

Sweeping external magnetic field

B =0 : No conservation of atomic spin polarization

|
W
o O

unpol

Achieved polarization
-85% (both Ag and Au, premininary)

900F

500F

T T N T T N N A
100 [ S S —

LIF intensity (cps)

Incomplete polarization
Imperfect circular polarization

External magnetic field (Gauss)



j Sublevel structure measurement of Au -
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Zeeman resonance Hyperfine resonance
BO(Gauss): Observed with o- pumping laser

2. 3(3) 3.1(4) 3.9(5) 4.7(6) 5.4(7)

- 2.7269(4) 5

6119.554(8) MHz
. 2.2271(6)
1.7256(5) | 3.2356(5) -

I
———

3.7474(5)

LIF Intensity (arb.unit)
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RF frequency (MHz) MW frequency (MHz)
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= Setup for on-line experiment -
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The experiment with 8-87Rb (< 60 MeV/u) from RIKEN RIPS beam line

He II Cryostat

84-83'Rb beam from RIPS
1045 pps = 0.01pnA
Energy: controlled with Al energy degraders
— | : \

\  aam

Lensl
= ! 3 Slit
- SN | - Lens2

Photo-detection system |

Filters

- Large Fresnel lens x 3
- Interference filter x 2 Lens3
- Cooled Photomultiplier tube

| MR | pviT




= Zeeman resonance spectra -
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Beam intensity : up to 1.0 x 10% pps
— Secondary beam #*Rb; \ Secondary beam 2¢Rb;
] - . 4
‘= 8000 Applied RF field: 1.0 MHz \ Applied RF field: 1.8MHz 2600
> " - i
: Rb, I"=2"
= / -\
- : 85 — -
--.{E- 7500 i / Rb, = 5/2 - \ BGRb iz -18400
W I N ’ _
= N /
U - i
L . I : | . 1 - 1 .
—
N Applied RF field: 1.5MHz Applied RF field: 1.8MHz{12500
| - / 11500
30000 - n
28000 - B 10500

1 2 3 4 1 2 3 4
Magnetic Field (Gauss) Magnetic Field (Gauss)



K
NISHINA
- Secondary beam #*Rb; Secondary beam #Rb; |
‘= 8000 Applied RF field: 1.0 MHz Applied RF field: 1.8MHz 8600
=S 84 = ]
S e _ _
o 7500( /85Rb, r=5/2 - 18400
[72]
5 N - 8200
3 7000 i
Q
w
4
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32000 ) asRb,/.'"= 5/2- SRb, F=3/2 |
| a / 11500
30000 - L
- 10500
28000 - -

1 2 3 4

Magnetic Field (Gauss) Magnetic Field (Gauss)

=)

upB 84Rb

. 1
— - = 84
v 2 MRb
85Rb
86Rp
87Rb

Isotopes

X.F.Yang et al., submitted to PRA (2014).

N
*¥ __Zeeman resonance spectra W

L Fitting with Bell-Bloom equa@

1+ (aBy/v2)*
“1+ (aBy/y2)*+aB? /y1v,

Ijp =1, (1—Py)

Optical pumping in longitudinal and
transverse external magnetic field

\(BO and B, respectively). /

*C. Thibault, et al., PRC 23 (1981) 2720.
Nuclear spin value

P,(Bo,B,) =P

This work Literature value*
1.9(1) 2-
6.2(2) 6-
2.5(1) 5/2-
1.9(2) 2-
1.53(6) 3/2-



=K Summary & Future -
“OROCHI ”

Optical Radioisotope-atom Observation in Condensed Helium as lon-catcher

» To perform the optical pumping with various elements of low yield RlIs,
we have developed the new laser spectroscopy method “OROCHI”, which
is based on the optical pumping of atoms in superfluid helium (He II).

* Not only the alkali Rb and Cs atoms, we have successfully performed
the optical pumping and following double resonance spectroscopy to
Ag and Au isotopes owing to characteristic properties of atoms in He II.

- We have also successfully demonstrated the feasibility with energetic
RI beams. Zeeman and hyperfine resonances from 848’Rb (up to 104pps )
have been observed, respectively.

» Further improvements of our instruments, i.e. the efficiency of photo-
detection system are going on. After them, we will perform this OROCHI
to exotic nuclei, such as neutron deficient 1"°Au and ?“Ag isotopes.
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o Atomic Spectrain HeII ™

TOKYD METROPOLITAN UNIVERSITY

*Need more energy — blue shifted abs. spectrum

*Different atom-He distance — broadened spectra

excitedl

absorption

relaxation

CITISS 100

Energy potential

deform
_’ .
Atom-He distance

Fig. 11. Schematic configuration coordinate diagram
for the ground (I) and the first excited state (II) of an
l radiate atom trapped in a bubble in liquid helium. The absorp-

ton-emission cycle is accompanied by a change of the
Edeform B

defect size due to the different equilibrium radii for both
states I/11. Since the optical transitions are much faster
(10~ '% 5} than the vibrational relaxation of the bubble
(10~ 5) absorption and emission are vertical in this
scheme (Franck Conden principle). Energy dissipation
into the liquid during the relaxation of the bubble is the
reason for the considerable wavelength shift between
excitation and emission.
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o Long spin relaxation of 1°Cs in He IT -

Long relaxation time of atoms in He Il
1) Spinless , 2) Small polarizability, 3) Low temperature

T 224(19)5

I e e e B e

Long relaxatlon tlme (Cs atomlc spln)

|Ililllilllilllilllilllillli||
02 0 200 400 600 800 1000 1200 1400

[m:\
T. Furukawa et al., Phys. Rev. Lett. 96, 095301 (2006)




"}/ Slow diffusion of atoms in He IT -

EEEEEE

previous method

................ Count. rate 108 cps ~10 ms

— atom! denS|ty ~1010 atoms/ cm3 B. Tabbert ef al,
: J. Low Temp. Phys. 109, 653 (1997)

1

“trap” the atoms
for a long time

|

Applicable to
many experiment

L L .
0 500 1000 1500
Time (Mms)



o¥ __ Hyperfine interactions
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Nuclear structure Laser spectroscopy

+—>

Nuclear spins Zeeman splittings
Electromagnetic moments Hyperfine structures

- w i ‘r
]«T ) Hyperfine interactio
e

External
magnetic
field B

ns w I

Interaction between
nuclear moments
and electrons

Interaction between
atomic spin mg and
external magnetic field
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: Optical apparatus
SHilA Jpil ratus
PMT
Acousto-Optical
Monochromator
Deflector i [ shutter
. . L T~ Lens
Pumping laser Dissociation laser —
(cw Ti:Sapphire) (femtosec. Pulsed
Ti:Sapphire) Aparture
Aparture Lens
==|== Cryostat elmholtz coil
Electro-optical Sample
Modulator Laser dump
LenC ‘I\/Iirror
. >
Mirror
Lens

Sputtering laser
Quartz cell (pulsed Nd:YAG)
Optical window Lens



Ti:Sapphire Laser
The=18K mw loop antenna 780 nm, 100 mW

Optical
window

Kapton foil

Optical
(50 pm)

window

Helmholtz Coil RF coil
By: up to 10 Gauss v:up to 3 MHz
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& 0 Jtlmlzabon of beam stop position -

Beam counting pIstiiniIIator
(thickness:100 pm)

‘E w7

Al degrader system

Laser(®2 mm power:100 mWw)

- 2 sets of Al degraders
- Available from O um to 800 pum
with 12.5 um step.




&X' _Optimization of beam stop position -

EEEEEE

Normalized photon counting

sighal (arb. Unit)

DIII|III|III|III|III|'IqI'|III|III|III|III|III|II

Coc b
100 200 300 400 500 600 700
Degrader thickness (um)
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& HFS measurement of ¥’Rb -

EEEEEE

HFS resonance of 8’Rb injected into He Il

x10° 251/2(1
= 44.45_ vhfS V.
2 = ¢- pumping
o ~
= M2 - Beam Intensity:
5 = 8.5 x 103 particles / sec.
c -
O 44.08 - Data acquisiting time:
= within 36 min.
= 4385 - Applied magnetic field :
6363 6864 6865 2:2(1)G

Frequency (MHz)



™ New laser system
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Perform optical pumping

with high rep. pulsed laser M. Hayasaka et al.,
To be presented

in Saturday afternoon.

— More intense & tunable
: [ML.04]
pulsed Ti:Sa laser system

~Expected performance~

- Wavelength : 690 — 950 nm (fundamental) Rb, Cs, Fr, ....
350 - 470 nm (2nd harmonics) In,

- Repetition : 1-10 kHz

- Qutput power : 200 MW @ 780 nm, 3 kHz rep.
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R 1K N — a
5ok - spect
g 7400: RI (total) . O. 1 TOKYD METROPOLITAN UMIVERBITY
c —
37300 pps |
£ 7200F Isomer ratio: 5 -
o - 0 i
2 71 00: /0 ........................ 6566 67 6 6 JOM 2 B M ] Stable Ilne 858 8 e s Q09 92 9 94 Q59 o7 o8 9 0C
! 70005 | -l (frc ;. 147 Y155
H R ) ‘147153’15
Dl el In e | “:
6900:“ [ ‘-LI L| UI_Ll J \-[JIJ |-| |—|-|]L Fj 145 T4 i
6800_ H H 128 1344881 136 137(138( 138 140] 141| 142] 143( 144 145 146] 147 148 149
— "
— svmu a 17 121 133 155 157 a0 [ 141 [ 14c I 145
6700 ; 11 -y
E | | 134] 135|136 137 138 139 140| 141|142 143
18496 18498 18500 18502 e EEP ‘
Microwave Frequency (MHz)
49 In o5| oa| 97| e8| #8f100[101[102[ 108 118 122 128] 129] 130[ 131|132 133 134| 135| 136| 137( 138 138

48 Cd e E 1o
47 Ag 2 a| 94 55100’ <114|115
46 Pd £ E E "L

45 Rh 107[108|108]110| 111 112|113 114 115 116[ 117 118[ 119[120[121[122|123[124| 125| 126|127

44 Ru 1St goal :eXOtiC N:Z nuCleus 94Ag o R B BE B B BE B BE N — 82
43 Tc [, “ Of g.S_ and isomer State (2 1+) 103[ 104[ 105|106| 107| 108| 108[ 110[ 11| 112] 113| 114[ 115[ 116|117 118| 118 120[ 121

42 Mo eXpeCted yield: < 1 pps 103 15[ 107 [ 100 [ 111 113 115 117 |:| g.s. moment is unknown

41 Nb (With BigRIPS) 101 102 103[ 10a] 105{ 10| 107] 108 108[ 110[ 11| 112] 113 114 115| 116[ 117 .
40 Zr 103 [ 105 [ 107 [ 1 oo [ 111 R 13 l Stable Isotope

39 Y 73| 74| 75| 76| 77| 78 79[ 80| 81| 82| 83| 84| 85 87| 88 92| 93| 94| 95| 96| 97| 98| 99|100[101[102(103[104[105(106(107|108| 108|110 111

38 Sr 69 7 73

17 129] 131 133] 135]

inm
selsofsel el el sl e
e - 120

103 107 108 m 13 15 127

measurable }

D g.s. moment is known

105 107 109
37Rb || " A { 'ml B os momentis zero
97 o, 1l 103

(even-even nuclei)
nanoPHYS'11, 2011 1/26-28, T. FurukawalN- J. Stone, At. Nucl. Data Tab.

36 Kr 67 69 7
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& Time evolution of LIE intensities -
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? ............. Bééﬂi’b’ﬁ% ............ ............. :- ............... 'ééhulnbffé ............

- injected Rb atoms: 1.7 x105 pps

~

- observed LIF photons: 0.8 x10° pps

Photon Intensity (arb.unit)

Time(sec)
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‘/Mg_gos:hon of atoms in He IT -

129 220 200 720 0 20 40 60 80
' 84
= 1.0 50 pm- Rb In Hell
09 =
5 =
2 a0.8-
Sos- s -
z 0.6
rd =
03 0.4
1.0 362.5 ym —= 87Rbin Hell _
) 2 1.0-
5 3
£ 0.8 g
Z El,_n 9-
3 pd
E_.o.a- =
0.8
0 150 300 450 600 0 40 80 120

Thickness of degrader (um) Thickness of degrader (um)
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ﬁ L
o 30000 — I 1
| o I — S
> L
o
g i T
= .
= 20000 — BG f -
£ - B.G. from unpolarized atoms
= .
L o
— 10000—
i B.G. from stray laser light
| | | | | | | | | | | | | | | | | | | | | | | | | | |
% 0.5 1 1.5 2 2.5 3

Magnetic Field (Gauss)

- Increase polarization of atoms

- Increase rf power
- Reduce remaining stray laser light

- Reduce stray magnetic field

- Reduce convection flow in He Il

TOKYD METROPOLITAN UNIVERSITY

Preliminarily
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2.7269(4)

2.2271(6)
1.7256(5) 3.2356(5)

3.7474(5)

————

y £1423(5)0-034(2)

[ I S B N e YORE T

20 2.5 30 3.5
RF frequency (MHz)

|I ]
il A R [ ||' . b

o |I |F i l' |I l:hﬂ“&rlﬁ J]I Ak l\' "f | |I |
il T hl

LIF Intensity (arb.unit)

{5 20 25 30 35 40 1 B
RF frequency (MHz) I =— (2. 8029 — 1)
2 vzeema

1=1.49(7)
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& HFS of 197Au -
NISHINA
TR=F

I
251/2_(‘ AW s

AE;

= \ :
Z| AE;: 6119.55a8) MHz | \ S o—¥—TFT'f AE*: 6134.237(9) MHz
=l Se—V o}
o o
o r | -
O | G,
=l o
wmw L ()]
: :
I= c Jﬂ[
L L
- = _

Ll AR IRTRI NN AR NI RRENI RN RRNE! L el b e b b L
6119.0 6119.5 6120.0 6133.9 6134.4 6134.9

MW frequency |MHz| MW frequency [MHZ]

The deduced HFS AW from the results :

AW, = 6126.896(6) MHz
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& Experimental result -
¢+ pumping -

NiSFiNA
< G- pumping
. o :]Vhfs Vs :lv Vis=(V,v.)/2
The applied magnetic field : 2.2(1) G v: Transition
frequency
8.5 % 10° particle par sec., 1.0 X 104 particle par sec.,
Measurement time:36 min. Measurement time:36 min.
~ 6" pumping — [ o pumpin
4441 . 2 39 PHTPTIS
5 : .
] - | >
"N - I - -
T | £ 386
ot C | E D
E 44 IH LL ﬁwl 1] ~
L [v,=6874.08(4) MHz | 1 384 v.=6863.95(6) MHz |
— 43 0F T T [T | b - -

v,.= 6869.01(5) MHz
(cf: Vit in vacuum=0834.68 MHZz )



T. Furukawa, K.Fujikake, Y. Matsuura et al., to be published...

Apply to noble metal Ag and Au atoms

Broadened absorption spectra in He II.
— feasible to optically pumping various atomic species

(less limitation of laser wavelength)

polarization: ~85% (both Ag and Au)

incomplete polarization is due to imperfect circular polarization of laser

Zeeman splitting of stable 107.109Ag jsotopes (both 7=1/2)

Preliminary """"""""""""" f Ag atomic sublevel s*ucture
e || A S 1/2 -
- N /

Y R S S—— 1L - : 7

600 f_ ................................................ l ....................... 0 \ -

550 ;._ ................................... , i T I — ............ i ' =~ ) AEZMN

~
(3]
o

al

LIF Counts (counts/hin)
P
[=]

il . . _____ I”L WL e bes LD L |I. -
j:: I l"l'||'ﬂl"|" i Nuclear spin I=1/2
0o o can be deduced clearly.
“'9""95""10"'.'135 : ‘m'“,i 1”. ‘115| ‘....‘...|12 . 12 5 ﬁ@
Radiowave Frequency (MHz) gﬁahl D

nanoPHYS’11, 2011 1/26-28, T. Furukawa TOKYO INSTITUTE OF TECHNOLOGY



v Laser Spectroscopy

laser-microwave double resonance
hyperfine splitting energy — nuclear moments determination
2|:)1/2 n 2|:)1/2
n ; microwave
Me I resonance
laser , +4 | laser
g ! # /
G+ +3 | O+
,/’/// , + 2 I ,//I/// ’
F=4 - +1 . F=4 1
1 s O I /
"I \\\\\\\: S —— l I "’ \\\\\\\:
,’ \:\\ \\ — _ 2 I l’ \:\\ \\
I' \\\_ '3 | I' *
1 \— 1
N _4 I N
\ | \
251/2‘\ — 3 I 281/2‘\ g
‘\ /',,'_ '2 | ‘\ /',,
\‘\ = ,’/’: — -] I \‘\ = ,’I/: 2
F 3(;:\:__ 0 I \F 3\\\:::__
N +1 ! N !
\ \\ —— +2 \\\\ J“
133Cs atom ‘e— 43




«. _Atomic Spectra in He 11

NISHINA

m=—1
—'—lm

N

*need more energy — blue shifted abs. spectrum

-different atom-He distance — broadened spectra

absorption excited 1

ground state
state —
s
Ay N

Atom-He distance

Fig. 11. Schematic configuration coordinate diagram
T for the ground (I) and the first excited state (II) of an
. .. atom trapped in a bubble in liquid helium. The absorp-
absorption l emission ton-emission cycle is accompanied by a change of the
defect size due to the different equilibrium radii for both
states I/11. Since the optical transitions are much faster
(107" g) than the vibrational relaxation of the bubble
(10~ 5) absorption and emission are vertical in this
scheme {Franck Condon principle). Energy dissipation
into the liquid during the relaxation of the bubble is the
reason for the considerable wavelength shift between
excitation and emission. rﬂ

7DK)’D ECH—
Pursuing Excellence

Seminar at CYRIC, ‘11 2/28, T. Furukawa TOKYO INSTITUTE OF TECHNOLOGY
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