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Study of (Isovector) O states
Chiral Partner of the 0+ ground state

Role of the p-meson and the tensor force in the nuclear

structure
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Plot by H. Okamura
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Study of Nuclear Structures
by the (°Li,’He) Reaction at 100 MeV/U
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Study of Nuclear Structures

by the (°Li,’He) Reaction at 100 MeV/U

One-step reaction is dominant
at 100 MeV/U

Sdlective excitation of DT=1, DS=1
1* for DL=0
0,1 and 2 for DL=1

Tensor analyzing power at 0°

SengitivetoJ of 0,1-, and 2
states

High resolution measurements
by the dispersion matching method
= (d,”He), (p,n)
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Study of Nuclear Structures
by the (°Li,°Li"(0",T =1,3.56MeV)) Reaction at 100 MeV /U

0 0 —_—
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NN I
— 1 1" ISSDR
—
1 _— M1 —— 1" GT
A (T=1) (L=0)
M1
CLi.SLi" =4
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Selectively excites DS=1 DT=1 states
0+
1z=+1 1z=10 Tz=-1

Spin-Flip Excitations from an N=Z nucleus 9



°Li

Energy Level of °Li

Sp=5.66

5.65MeV  T=1.5MeV
537 MeV I'=0.5MeV 7,=5.37 Ml

S,=4.59

431 MeV T=1.7MeV 7,=431E2
Sapn=3.69
3.56 MeV TI=8eV Y,=3.56 M1

2.19 MeV TI=24keV 7V,~=2.19E21.8X 108

So=1.47

g.s.

o-decay 1s dominant?
opn-decay is dominant?

o-decay is dominant?

oi-decay is isospin-forbidden

oi-decay is dominant

10



Study of Nuclear Structures
by the (°Li,°Li"(0",T =1,3.56MeV)) Reaction at 100 MeV /U

Selective excitation of DT=1, DS=1 and
DT=0
DT=1 M1 transition
IVSDR

Tensor analyzing power at 0°
Selectivity for the 0,1, and 2 states

Relatively high resolution measurement

it (d’ds:o)
dey - PN

coincidence measurement

Target 61 ;
o — ¢
1", =0

6r i* Excited State

C

0, 7=1 AS=1, AT=1, ATz=0

P ———

1"

AL=0, 1, ...
B

Y (3.56MeV+Doppler Shift)
6L] /
4 ¢
. T=0
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By K. Suda
160(d, d* )160*(SDR) RIitnAlE

singlet
A BT HISIARE (Spin Dipole Resonance) SR 2SR L
gV =01 2 (A E=1-A8=1; AT=1)
cf. Gamow-Teller 30§, J* = 1} x10°
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Langanke et al.,, Phys. Rev. Lett. 76, 2629 (1996) "~
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Dependence of the Li energy on the angle of the decay gamma

lab
FEep i =600 MeV

lab lab lab
By Ey Eoi

(deg) (MeV) (MeV)

0 5.630 597.930

90 2218 600.345
0.223

100 2.992 600.568
0.187

110 2.805 600.755
0.158

120 2.647 600.913
0.113

130 2.520 601.040
0.101

140 2.419 601.141
0.075

150 2.344 601.216
0.053

160 2.291 601.269
0.031

170 2.260 601.300
0.010

180 2.250 601.310

“High-resolution” measurement is not feasible unless precisely detecting
the angle or energy of decay gammarays. - Ge Detector?
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e Study of the reaction mechanism of composite particles

— Elastic Scattering, inelastic scattering, (°Li, °He)
Reaction

— diff. cross section and analyzing power

« Study of the Coulomb/nuclear break up mechanism of a
polarized SLi nucleus

o Study of the spin structure of 6L
< cluster 3-body calculation

14



Polarized 6L i3* lon Source
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Development of Polarized °Li ion Sources at

Other Laboratories.

Max Plank Institute, Heidelberg, Germany

Optical Pumping + Surface lonizer (+ Charge Exchanget+Tandem)

Lit+: 20-30mA

Florida State University, USA

Optical Pumping + Surface lonizer (+ Charge Exchange+Tandem+LINAC)

Daresbury, UK

Stern-Gerlach+RF + Surface lonizer (+ Charge Exchange+Tandem)
Wisconsin, USA

Stern-Gerlach+RF (+ Cs-Beam-Bombard+Tandem)

6Li%*: 3x 10%, 6Lit: 0.18nmA

Saturne, France

Optical Pumping + Surface lonizer (+ EBIS+Accum. Ring+Synchrotron)
Lit*: 20-35mA

6Lis*: 7x 108 particles/spill

P,, = 70% at 187.5 keV/A
16



Plan of the polarized °Li ion source

2Py

Cold

F=1/2 Guiding
g T i ) 1.2 32 Pleld
Level Diagram of a "L atom
O]_ﬂ' ical [ RF ]
Li Oven Pumping \Transition/
Y G [
\",' x./
J N | LN6T 0
|I) 1 ~ | ’A —
Surface
lTonizer
[aser
"-nol. .
-l oLit+: 20-30mA
Pol. 80-90%

at Florida State Univ.

ECR 14.50r 18 GHz
ITonizer

6Li3+

Analyzer

Faraday |:|_|:|
Cup

AVF
Cyclotron

[Laser
o -pol.
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ECR lonizer
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A hexapole magnet
made of 24 pieces of
permanent magnets

ECR lonizer
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ECR lonizer
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trapped e~

Turning point
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Cdc. by H. Okamura

Critical Magnetic Field

atom state , calc. Bo exp. Be pr/ i
IH 1s | 1422.586  508.204 | 1420.406 507.591 | +2.7928
25 | 177.823  63.525| 177.557  63.450
’H 1s | 327.564 117.019 | 327.384 116.842 | +0.8574
25 40.945  14.627| 40924  14.605
SH  1s | 1517.387  542.071 | 1516.702 542.059 | +2.9790
2s | 189.673  67.759 | 189.594 \ 67.759
SHet 15 | 8669.430 3097.062 —2.1275

2s | 1083.679  387.133
6Lt 1s | 8479.169 3029.093 +0.8220
2s | 1059.896  378.637
(MHz) (Gauss) (MHz) (Gauss)



Assumption of the Plasma Condition

The following plasma condition is assumed according to the empirical analysis of
the laser abraded Al ion intensities from a 14.5 GHz ECR ionizer (SHIVA).

(M. Imanaka, PhD thesis, Univ. of Tsukuba) | YAG Laser: 10nsec,
100-250mJ

Buffer Gas: Oxygen
RF Power: 250 W
Neutral Oxygen Gas Density (ng,q): 1.44x 101 cm®

I i
R
K- VAG Laser

Electron Density (n,): 2.23x 10 cm® LOTIS THLS.213¢

El ectron Ternperature (Te) 582 eV Foutsaling Lens ELCR lot Seutroe SHIVA

lon Temperature (T;) : 5eV

lonization Rate: Voronov's empirica Fit

Charge Exchage Rate: Muller and Saltzborn

Confinement time of Al: t, u tt for the i+ ions, t =10msec
n, T, t, T; arefitted to the data.



Simulation of the Depolarization in the ECR lonizer

(extension of the smulation by Prof. M. Tanaka)

Fractions and polarizations of escaped ions are calculated by assuming theinitial
conditions, transition rates, and magnetic-substate transition matrix.

The rate equations are analytically solved.

Aoy Dy
{1L13+

Aier Dis

Escape Escape Escape Escape

LT |

—

A Transition Rate from i toj [s']
D, Transition Matrix of Magnetic Substates from i to j (0= D, =1)

25



Results of the ssmulation

The result of the smulation is

a9.0165 0.0010 0.0000 ¢

P escape 280.0010 0.0148 0.0017 =R,

1+,n
§0.0000 0.0017 000157

The polarization of escaped 3+ ions when we feed 1+ ions with pure magnetic substate
population is summarized as follows

Table 2: Calculated depolarization and efficiency for the 8Li'* — 61i*" jonization in
the ECR. ionizer.

Initial State (°LiT)

Final Sate (°Li*")

state vector pol. tensor pol. | vector pol. tensor pol. efficiency
pure |+ 1> 1.00 1.00 0.94 0.84 0.017
pure | 0> 0.00 -2.00 -0.05 -1.54 0.017
pure |—1 > -1.00 1.00 -0.90 0.70 0.017

Note that depolarization due to the inhomogeneous magnetic field is not included in the
Present cal culation.

26
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Li Oven

Simulation of the Optical Pumping

Retro-reflector &

701‘[‘]_1‘[]

700 mm

Cylindrical
= =
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o

&
¢

-

b,
S

-
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Beamsplitter

‘ 10mW

2]

\i\

-

-1/2
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Study of the Confinement Time of Li ions
by the Laser Ablation method

Poralt
Ii

18GHz SC-ECRIS

F.C. Current [uA]

Time [ms]

I T
) Lok '?Li 2+ ]
Lens, Mirror and .

LiF rod
3
g
YAG 523nm 5ns E
Max 100mJ/pulse &)
=
Laser ablation test
in atmosphere

Time [ms]



Study of the Confinement Time of Li ions
by the Laser Ablation method

L
10 Li |

t =0.3,04,05ms

05

F.C. Current [uA]

Note: the ECRIS operation has not tuned to 6Li3*



Beam line of the new ECR ionizer

%]E gate valve
) Bellows Egel FC with slit, steerer and
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Physics and Experimental Method

32



Appendices



Simulation of the Depolarization in the ECR lonizer

(extension of the smulation by Prof. M. Tanaka)

Fractions and polarizations of escaped ions are calculated by assuming theinitial
conditions, transition rates, and magnetic-substate transition matrix.

The rate equations are analytically solved.

Aoy Dy
{1L13+

Aier Dis

Escape Escape Escape Escape

LT |

—

A Transition Rate from i toj [s']
D, Transition Matrix of Magnetic Substates from i to j (0= D, =1)



Magnetic-Substate Transition Matrix (1/2)

(according to the calc. of 3He by M. Tanakaand Y. Plis)

The wave functions Y (t) of the electron-nucleus system in a magnetic field system are written as alinear
conbination of || }> states as

Y, (0 =|- +1) | : :

Y ,(0)=sinb, |- 0)+cosb, | +1) snb,° 1/5(1+d1) cosb, ° 1/5(1' d.)
Y,,(0)=dnb_|- -1)+cosb_|~ 0) i1+x

Y (0)=]"-2) do——3

Y, (0)=- cosb_|- -1)+snb_|~0) 1/1i§x+x2

Y 4 (0) =- cosb, |- 0)+snb, | +1)

X© BE B, :critical megnetic fild
Thetime revolution of the || +1> Stateis ’
B +1>t =cosh,Y, (t)+sn b,Y (1)
=cosh,Y, (0O)exp(-iE,t)+9n b.,Y , (0)exp(-iE,t)
=cosb, (dnb,|- 0)+cosb, |~ +1))exp(- iE,t)
+sinb, (- cosb,|- o) +sn b, | +1))exp(- iE, 1)

The probability to find || +1> and its time average (after sufficient time) is

P(t) =|cos? b, exp(- iE,t) +sn b, exp(-iE, 1)
=cos*b, +sn*b, +2cos’b, sn?b, cos((E, - E,, )t)

P=cos'b, +sn*b, :1(1+d+2)
2



Magnetic-Substate Transition Matrix (2/2)

By similar calculations we obtain

2 0
34—72;)9 g %(1+df) %(Hfggﬁ +O;>9
¢l- 0 = S0
07 ¢ A gbo)
g -1+ ¢ . 1 . < -0
ol L) e  Sol
g 5 é %(1 df) %(1+d ):8| er

We are not interested in the electron spin.

In the case that the orientation of the electron spin is random at t=0, by taking the average for the initial

state and sum for the final state concerning the electron spin, we obtain

o 1 5

“ferar)  Zb-a?) 0 2
1o ¢ ¢ 4 16
clo) == gj(l @) Zle+ar+a?) Zb-o )?t
E|- 1>ﬂ é 0 %(1_ dZ) 4(3+d )ée| 1>ﬂ

When x=5/3, the matrix is

#0955 0045 0
D, =¢0.045 0871 0.083:
& 0 0083 09175
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Depolarization due to the el ectron spin resonance (ESR) effect

We take SHIVA as amode case.

If micro-wave with a power of 250W is applied in a (non-resonating) cylinder with a diameter of 72mm.

u= ﬂz =2.0 10*J¥em3
prc

B, =4/mu =0.16Gauss
The thickness of the ESR region is

DR =4.0nm at R =5.0cm (in axiad direction)
DR=0.9nm a R=1.9cm (in radid direction)

The effective thickness averaged for isotropic ion velocity distribution and averaged half-length between the ECR

points are
40+09 2.1 2Ro
L@— 2 2 ~81In"%=12
3 2& " DRy
5_150+19"2 _
2 3

The spin rotation angle of the e ectron calculated with random-walk approximation is

L
w:m'm:geslv' / t, =6.2" 10 rad =3.6°

Tl <

The nuclear depolarization is caused by the hyper-fine coupling between the electron and the nucleus.

Hence depolarization is negligible. Note that the calculation depends on the assumed plasma parameters.
37



Depolarization due to the inhomogeneous magnetic field

The T1 relaxation is calculated by the following formula by Schearer et a., Phys. Rev. 139 (1965) A1398.
1 2 Vv @H,8
TL 3gRHIET §
For ions by putting the following numbers we obtain
g, =3.94"10"rad/s/T
t,=12"10°sec
v=13"10"sec T1=4.5msecforions
H,=05T
™,
Ty

=0.15T /cm

For neutral lithium atoms, by putting the numbers we obtain

g, =3.94"10"rad/s/T

t,=3.7 10 sec

v=9.7"10"sec T1=6.3for neutral atoms

H,=05T

™,

Ty

The T1 relaxation time for ions has large depolarization effect when we consider the confinement time of SLi3*
(1 msec) and should be carefully taken care of.

=0.3T/cm




lonization Rate by Electron Impact

Voronov' sempirica fit — —
G.S. Voronov, Atom. Data and Nucl. Data Tables 65 (1997)1. o[ i M o[ ;!
1+PUY ¢ 31
Cipin =(SVe) = A———U"e” [cm’s]
X+U
—_ II
Te
- lonizi 107 ¢
.- lonization Energy
T, Electron Temperature = 60+ 6 j1+
107 ~
A, P, X, K: Fitting Parameters = - H‘“\
. : = 10 6] i1 +—6] j2+
6Li%* — 6Lil*: 4.52x 108 cmist =
6Ljl* _, 6Lj2*: 3.26x 109 cmest b 6Li2 =63
6j2+ . 6Li3*: 7.563x 1010 cm?s? / 5826V
_ o710 ' ' o
ligiva = Cipisale 1 10 100 1000 10000
Te [eV]

Ne: 2.23x 101t cm3
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Charge Exchange Reaction Rate with the Neutral Gas

Muller and Saltzborn Empirical Fit

61 :i-1 61 :i
A. Muller and E. Sdltzborn, Phys. Lett. A62 (1977) 391. L «—— [EL]

s =143 10 %12 [cm?]

A meBildTy - T i
Zigig =(SV;)=3.15"10°1"1 2% |- [em’s™]
\/ A
| jas: 10NiZation Energy of the Neutral Gas (Oxygen: 13.6 €V)

T.: lon Temperature (5 eV)

A:lon Massin AMU

oLit* - 6Li%*: 2.14x 10° cmdst
®Li%* - ©Lil*: 4.81x 10° cmdst
6Li3* - ®Li%*; 7.72x 10° cmis?

lioi-1 =Vigi.lN

gas

Ngs 1.44x 10%0 cm®



Atomic Excitation Rate by Electron Impact (1/2)

610+, 60+ og_, 2D (including cascade)

D. Leep and A. Gallagher, phys. Rev. A 10 (1974) 1082.
s ~3.5a’=3.1 10" [cm’]atT, ~600eV
sv,=45" 10" [cm’s'] |, 40 =SV.N,

afactor of ~10 larger than the ionization rate coefficient e i

Lil* - OLi* 15 2p

assume that a factor of ~5 larger than the ionization rate
coefficient

sv,=16"10° [cm’s'] |5 =SV,

41




Atomic Excitation Rate by Electron Impact (2/2)

Li2* - SLi2*" 1s-2p o i
Fisher et al., Phys. Rev. A 55 (1997) 329. .
Empirical fit of 1s— 2p excitation cross sections of hydrogen-like atoms

s ~1.0pa’Z * =11 10" [cm®]atT, ~550eV S

sv,=1.6" 10° [cm’s'] | 26 2 =SV,

Summing up transitions 1s- 2,...,6 and taking the Boltzmann distribution _
(sv,)=1.82"10"° [cm’s "] oLi
afactor of ~2 larger than the ionization rate coefficient
s s FeB* [12], CC
o oAr'™ [l4),CC
- . A e
2.0 s 0™ [} cC
e » C*  [13.CC
-ﬁgn D cce
R 154 +  He* coe
i e o CBE
D':I T s N CEE ; II-'IG. 3. Cross sections for tran-
*+ 1_;]:, + ; A" A% CBE i:;;;n: 1=—2.-_22én hydrogenlike ions
u.s{
u_n: ERR R " e ——— 42
1 10 100

Incident Electron Energy in Threshold Units x



Confinement Time of The lons

It isvery difficult to estimate the confinement time of ionsin an

ECR plasma.
If we assume (M.Imanaka, PhD Thesis; Shirkov, CERN/PS 94-13) A l

t. M i\/K escape

and scale the value of t ;,=2.3msec, which was fitted to
the Al data,

l‘:rLi:'

t,. =0.33[ms]
t,, =0.66[ms]
t,, =0.99[mg]



Other processes

Inelastic lonization and Radiative Capture Processes

In the present calculation, these processes has no (or negligible) effect.

(‘rLir'-l] {aLi:‘l 14

IﬁLif




Summary of the Processes in the ECR lonizer

6Li0+* I6L1 1+* 6Li2+*
A A A
| — — y— — —§
- 5 - - NS
) Q o < o 5
2 1S 2| S 2| |
m| S m| S o |
Q O — S
—_ o -t
\/ M \
1.0E+04, 1 - 7.3E+02,Ddep) 1.7E+02, 1 "
67 ;0+ o1 ; 1+ 67 2+ or 3+
L1 < L1 < 177 < L1
3.1E+01, 1 6.9E+01, 1 1.1E+02, Daep
= s S S
o 5 o
S \n =
lag] — —
Escape Escape Feeded Escape Escape



Summary of the Processes in the ECR lonizer

6Li0+*

90.9%, 1
100%, 1

()

Li0+

Escape

. _|_=i= . _|_=E=
I6L11 6L12
A A
- |3 ~| |8
g2 =| |8
o | [2
o
Y \
9.1%, 1 - 9.9%,&@)
. _|_ - _|_
6L11 - 6L12
0.4%, 1 3.2%, 1
X S
i oo
S o
=T SO
Escape

Escape Feeded

7.9%, 1

>
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9.9%, Ddep
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Escape



Pol. 80-90%
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Feasibility Test Plan

Study of confinement time and ionization efficiency of Li is planed by using
the 18GHz superconducting ECR ion source at RIKEN and the laser abration
method.

Optimization of the plasma condition:
Mirror ratio, neutral gass density, RF power

Development of the Li-oven, surface ionizer for testing the beam current.

Laser pumping system for testing the polarization of the®Li* beam

Further ssmulation with more redlistic parametersis required.



