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Introduction to laser spectroscopy

Status of Measurements

Different techniques on offer at facilities
across Europe

Some future challenges for laser spectroscopy
at the next generation of European facilities



Laser Spectroscopy for nuclear physics
A Prelude to Atomic Spectroscopy

17t Century: Newton demonstrates that the Sun’s white light can be dispersed into a
“spectrum” of colours

19th Century (1814) J. Fraunhofer measures
dark lines in the Sun’s spectrum.

1859: Kirchhoff & Bunsen explain the dark

absorption by elements in the Sun’s surface.
scribes the series of
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atomic hydrogen.

.. . Balmer Series
This discrete structure required quantum

mechanics and Neils Bohr (1913)
atom
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absorption emission Lyman Series



Higher Resolution @
* By increasing the resolution by a factor of -__

~5000 a fine structure splitting of the hydrogen is
observed: key evidence for the spin of the electron.

S
. =2 —

*A further factor of 1000 zoom into the structure :
reveals finer splitting due to the coupling of the .
nucleus with the electronic orbital: the hyperfine  e—
structure. 2p3/2_,5':;—_ F. J=L+5
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*The splitting of the hyperfine structure results from 2  — —
<

the presence of a permanent magnetic field associated ~1/2 N

with the nucleus and/or a non-symmetric electric field associated with a deformed

nuclear charge distribution.
F=J+

If we can measure the splitting of the atomic
ﬁ > transitions with sufficient resolution it is

possible to deduce the nuclear observables

(magnetic and electric moments, spin and

size) without any model (nuclear)
dependence.




Rare isotope production for laser
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Methods to measure moments, radii, spin

Lifetime of the isomeric excited state / isotope ground state

1 ps 1ns 1pus 1ms 1s
e
e Laser spectroscopy methods
y-TDPAD on aligned beams magnetic moment,
g-factor quadrupole moment,
quadrupole moment charge radius,
spin
4Emeessssssss———
Transient field method ———
g-factor B-NMR/NQR on polarized nuciei
Nuclear Magnetic/Quadrupole Resonance

g-factor
quadrupole moment

Fragmentation

Fusion-evaporation

ISOL methods




Status of laser spectroscopy

Laser spectroscopy measurements to date

_#::'
. Between 1995 and 2010
7=82
- Before 1995
N=126
Z=50
Z=40 ; .
T N=8D Gaps in our knowledge
Beam production associated with challenges
‘ N=50 such as target chemistry.
| N=40 Atomic physics considerations

It’s a big chart

. J. Phys. G: Nucl. Part. Phys. 37, 113101(2010)
. J. Phys. G: Nucl. Part. Phys. 21 707 (1995)
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On-line Laser Spectroscopy Measurements

Future Challenges




European Laser Spectroscopy Options

In-source: RILIS, ALTO

— Sub 1 atom/s sensitivity

— Wide range of elements studied (~30 currently accessible)
— Hot Cavity and associated Doppler broadening
— Target chemistry and release time dependence

In-gas cell laser spectroscopy: LISOL, IGISOL
— Relatively insensitive to chemistry
— Access to short half-lives
— Pressure broadening and shifts

Collinear: COLLAPS, IGISOL, CRIS E—
— High resolution (typically limited by natural linewidth) _f
— Highly adaptable T




In-source laser spectroscopy

Hot Cavity lon Source Extractor Dipole magnet
[ | Q
Q 0.0 Target .
e V o
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Q9.0 Spallatlon x _
R PN &a JL SO Detection
™ ]
™
2 Protons @ Target material O Reaction products = lons

*Need to satisfy the Flux and Fluence

conditions in order to saturate transitions

and maximise efficiency.

*Short duration pulsed lasers (10-20ns)
with ~1-10mJ per pulse. EASY

*CW Laser> 500W (and tight focus) just
to saturate the first step. DIFFICULT

Talk by Bruce Marsh

G. D. Alkhazov et al., NIM B69 (1992) 517
U. Koester et al., Nucl. Phys. A 701 (2002) 441c

V.N. Fedoseev et al., NIM B266 (2008) 4378

~100mW at 10kHz for resonant steps
~1-5W at 10kHz for quasi resonant steps
~10-20W at 10kHz for non-resonant
steps

Sebastian Rothe



Gas cell laser spectroscopy

Laser beams

° JYFL, Leuven Longitudinal
— 57'58'59CU 97'99'101Ag

T. E. Cocolios etal., PRL 103, 102501 (2009)
T. E. Cocolios et al., PRC 81, 014314 (2010)
lain Darby Phys. Lett. B (in preparation)

e Future S3 work on stopped

Laser

500 mbar ||

Beam from
Cyclotron

lonization~

bea mS chamber

. @ 1cm lon collector
— .94 101,1
- Pd'-zz I|r1(3. 9 /\ég, 0 ’ ()3S;r], Filament
— SHE region >Ac — .
Laser i \
R. Ferrer Garcia, Talk in the next beams
] Transverse
session SPIG PHOTOMULTIPLIER
INNERCELL
(T=1007K)

- LASER BEAM

* Cryogenic gas cell and fluorescence =&
detection
— 900/s yields, [~300MHz s EEAETon Ry
— Possible route to probe ps half-lives G. D. Sprouse et al., PRL 63 1463 (1989)



Laser Spectroscopy

Closed box of atoms at
temperature for a vapour to
form (100K for Yb)

Laser @ .
\ O $
Beam N & f .-g

N N

Doppler Free
Spectroscopy

Sensitive Light
detector ﬁ

” I | Frequency

The thermal motion of the atoms
broadens the transition, masking
the hyperfine structure: Doppler

Broadening 300-400 MHz

Collinear Laser Spectroscopy

V — lon source

? AE = mvAv = constant

Mass Separation

r § <«

V;Z Neutralizajcion cell
and scanning voltage

MO Light collection
region

I Laser

Beam

Deyan Yordanov, next talk



Collinear Resonant lonization
Spectroscopy (CRIS) @ ISOLDE

smiora2000¢v  AFE=const=08 (1 / zmvz) ~mvov

and 1us bunches

To other experiments . . Quadrupole ) o
Electrostatic ANTIpEd DApGrentis Neutralization vapor cell triplet Bunched radioactive ion
‘\jeﬂectors lons pumping beam from ISCOOL
Pulsed — \ | —region [ 1] OO —

laser beams = ) Iy |_l_l_l_l_| = —
/ High vacuum Electrostatic EIectroslalicD 0o
<1E-7mbar deflectors

deflectors
lon detector ' | ' | l | I l |

l

Turbo Pump Turbo pump Turbo pump Turbo pump
Fri 4 .. o .
IP 52848872 cm ! ‘ , Combining high resolution
I G NAtUre of collinear beams
355nm| | 1064nm — Inaore spctroscopy i ) T
8p s 30MHz | method with high sensitivity

of in-source spectroscopy.
Allowing extraction of

B factors and quadrupole
moments.

422.684 nm

| 7p32 13923998 cm”

747.875 nm | |
10 0 10 20  Yu. A.Kudriavtsev and V. S. Letokhov,

Tsz Relative Frequency (GHz) Appl. Phys. B29 219 (1982)



Layout of the CRIS beam line

Run35and81l.freq

35
30}
25
-~ 207|:r
815 Radioactive
bunched ion
w0 beam from
I Charge exchange cell ISOLDE
Doppler tuning 8
~39000 20000 ~10000 10000 20000 30000 IV interaction vOltage applied N €

Frequency

Stable beam
from off line
ion source

region

MCP: ion
detection

“.’ Decay spectroscopy
station: decay
measurements

e Collinear geometry gives a reduction in the
thermal Doppler broadening by a factor of L husy
103, improving resolution ~ constant

Ge detectors

Si detectors ﬂuorescence

detection

AE = §(¥ mv?)




New Region of Asymmetric Fission 1/3180Hg

A. Andreyev et al., PRL105,252502(2010)

Heavy Actinides, N/Z~1.56: predominantly asymmetric;
spontaneous fission, fission isomers

Lightest Hg isotopes with
N/Z~1.25: asymmetric

209
ISOLDE Ra
' 202Rp J

O - particle induced

ISOLDE "oy, 19;5Aul 126 x - e.m.—induced E*~11 MeV

! ‘ 1t . 1 Pre-actinides, light Ir-Th, N/Z2~1.4-1.5:

predominantly symmetric, e.g. FRS(GSI)




B-delayed fission of 29%Fr

PRL 105, 252502 (20100 PHYSICAL REVIEW LETTERS

New Type of Asymmetric Fission in Proton-Rich Nuclei

Surprising asymmetric fission mass split of
180Hg (A,,~100,A ~80)v

CRIS offers the ability to produce a clean
beam of 2°2Fr while simultaneously
measuring the spin and deformation of the
states.

(10-) 0.3s
a=100%
(3+) 0.3s

202Fy a=100%

200-300/s 292Fr with 1-2f/hr
Unknown if just one state or
both leads to fission.
Possible candidate for shape
coexistence

| 202Fr coincldent beta-delayed fission events In 3D | SisiC
Mean x 80.97
Mean y 82.1

RMSx 8.826
RMSy 8576
Integral 64

100

e v

50 50



Spectroscopy on isomeric beams

Using CRIS as a purification

) . 500,
techn ique Hyperfine spectrum of 808mGa

(Isomer)

Differences in the nuclear
structure between the ground
and isomeric states leads to
different HFs

Sitting the laser on resonance
with a characteristic HF
transition only ionizes this state

— e.g.on this frequency only the
isomer would be ionized

Decay spectroscopy can be JJM
performed on pure isomeric _

-?5[]{] 1000 =500 0 500 1000 1500

beams with a suppression of the Relative frequency (MH2)
ground state by a factor of 103 Cheal ez al Phys Rev C 82 051302(R) (2010)
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* Rotating wheel implantation system
e Steel wheel rotates and a new ion bunch is implanted into the fresh carbon foil

On-axis On-axis
annular ) solid
Si detector - 1 Si detector
Bunched

ion beam

Si detectors

Rotating wheel




Laser assisted decay spectroscopy of

N)
=)
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At 6087.4 keV

2000 3000

e 15 mins data collection time
 Datainred is due to collisional re-ionization in the interaction region

at a pressure of 2e-8 mbar. Have already improved on this pressure
by an order of magnitude in 2012

“7Fr 6768 keV

6%00 6200 6400 6600 6800 7000

4000
Energy [keV]

Factor of ~70
increase in detected
alphas when lasers
are on

6000 7000




New layout for laser assisted

DESIR

decay spectroscopy




Charge Radii of Halo Nuclei

|. Tanihata, J. Phys. G 22 (1996) 157

One-Neutron Halo ISOLDE

Borromean (requires interactions of three by Phys. Rev. Lett. 101, 252502 (2008)
Proton Halo ? (“Borroinean” because 'F unstable)

Core+4n

Unbound 11 o 7 o/% [0 5]22 130 2
”N Ny By|MMy[15y mf 7yl ]20y] 206 28] 28w
QC "l]c 11c Tzc 'I'*lr 14( 15 lﬁc- 17:- 'IH(- qu 2[)(- IZC
\ o
10 [11g [125 [135 [144 = ’B 15g
—
Be ‘g | V£ " Be|[ " N Be|' Be
o (o, PP Fluorine: NIM. A 580 1571 (2007)
( “He | "He | *He| *Fle ISOLDE
v o |7 Phys. Rev. Lett. 108, 142501 (2012)
- I TRIUMF Phys. Rev. Lett. 102, 062503 (2009)
Phys. Rev. Lett. 96, 033002 (2006)

Argonne and GANIL
Phys. Rev. Lett. 99, 252501 (2007)
Phys. Rev. Lett. 93, 142501 (2004)



191Sn: Ground state spin inversion

E_=3910{10)
IET,S e
(T2 Al=D / Xe

e Model independent

measurement of spin from sz LT 5
E=4711(3) 4 _' i
Iasgr spectroscopy would be - LEM{ -
deS|rab|e — /E.=4280(20)
. . £'|'=- I.:izglr._." E:‘IE”“'J%

e Moment measurements in AR, .
these isotopes would ”'Sn Ry
provide a better oy S0 ) e
understanding the evolution L e [ SR
of structure and further test T
contributions from the two- oy 2 ) e

[ E_=3853(13)
body tensor force. . et [ Lm0
(527} g

e Case for SPIRAL2, S? and the B 105
laser gas cell method.

o
"
Darby et al., Phys. Rev. Lett. 105, 162502 N

(2010) N=50




Ground-state spins of /1.73./>Cu

K.T. Flanagan et al.,

PRL 103, 142501 (2009)
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Model space: *®Ni

core +

fs/2 P32 P1/2 89s2

Effective interaction: Lisetsky and Brown

based on A. F. Lisetskiy et al.,
Phys. Rev. C 70, 044314 (2004)

J. Daugas, Phys. Rev. C.

=>» g.s. spins measured with laser spectroscopy
=> spins assigned to isomeric levels in 7>Cu
(based on measured lifetimes)

—>Theory reproduces lowering of 5/2" correctly
—> theory overestimates the 1/2- energy
from 6°Cu to 7>Cu !

I. Stefanescu Phys. Rev. Lett 100 (2008)

1204, experiment
1096 75,
234 50
24 i 166
128
109 (5/9-) (1/2-)
—_IE{WE-JHQ—)
— 37 32 32 — 7
1283 ,1» calculated
JJ4b,
—29 50 Brown 961 4p-
1
316 3/2-
52 56 IRy
N 312
— (0 3/2- 32 5/2- 5/2- 52
69y T1Cy &y 50y e ey




Magnetic moments of odd-Cu isotopes from N=28 to N=46

T. Cocolios et al., PRL 103, 102501 (2009) K.I. Flanagan et al., PRL 103, 142501 (2009)

0.8

0.6

04

0.2

Calculations:

Model space (°®Ni core) + fs/2 P32 P1/2 8oja
Effective Interactions:
(JUN45, Honma et al., PRC80, 064323, 2009)
* jj44b, Brown, private communication

=1 - :
g0 : | | Conclusions:
i 7 | (1) ®9Cu magnetic moment very close to the
S 2t N S reduced single particle value
\ o---B._ i - s
— 5/2 \\ ~ ,,’ H@‘-—-—.@.___e-" N
R N0 ==iv|| | (2) used g, =0.7 g™ (°Ni core, no f7/2)
L S R N R R S I ok
57 59 61 63 65 67 69 71 73 75 78
mass number (3) Towards N=28: both w and v f, , core
excitations needed to reproduce core
softness (GXPF1 gives perfect agreement)!

(4) Beyond N=40:
* 7>Cu, 5/2 g-factor well reproduced (because nearly pure nf;,, wave function)
* 7L73Cu, 3/2 values largely overestimated -> need more mixing with (nf;,,®2%);, |




i
=
T

I
n

o)
MR R
MNOB o @

N
o

= O
1“-"-1 Ul'l oo
1

|

|

|

i

1

1

I

i
ey
=
LT
|

I

|

i

I

1

|

|

|

i

1

|

| -
i

I

|

|

!

,
KI

i

A

Magnetic moment (

Lol
M

- ®-® Exp Elf;:f
[4-£] JUN4S -
O jj4db

-
=)

Calculations:

Model space (*°Ni core) +f5,, p3/, P1/; 89/2
Effective Interactions:

(JUN45, Honma et al., PRC80, 064323, 2009)
* jj44b, Brown, private communication

o
oo

57 59 61 63 65 67 69 71 73 75 77 79
Mass number

New proposal at CRIS, ISOLDE will study
these isotopes with the eventual aim to

extend laser spectroscopy measurements
to °Cu

The repulsive nature

of the residual interaction between rif7/2
and vg9/2 orbital may be much stronger
than previously predicted, which would
favour particle-hole excitations across Z =
28.

Recent calculations by Sieja and Nowacki
agree with this conclusion.

Phys. Rev. C 81, 061303 (2010).

25




IGISOL4

The IGISOL, collinear laser

spectroscopy and JYFLTRAP have been
moved into a new hall at JYFL

e MICC30 & K130 cyclotrons

e x10 more protons (30 MeV)
eExtended beam times

eFirst radioactive beams in 2012

* RFQ cooler+buncher (existing)

e Penning trap line

e Collinear laser spectroscopy line
(Birmingham+Manchester)

A. Kankainen Talk this afternoon




TRIGA-SPEC: TRIGA-LASER + TRIGA-TRAP

separator
'\ magnet
ion source =y
C-aerosol Cs133
Gas jet +skimmer C-cluster

" Source

\\ j’hlGA N

G. /Hampel
K. Eberhardt
N: Trastmann

detection
systems

steady 100 kW,
pulsed 250 MW,
neutron flux 1.8x10'1 / cm?s

J. Ketelaer et al., Nucl. Instr. Meth. A 594 (2008) 162-177



TRIGA-SPEC: Status and first results

220 %
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190-; ! J{
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T
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160

210

200 + -
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180 4 -

mean time-of-flight / s

170 4 252C, +

T Y T . T i T " T X T " T =
426506 426508 426510 426512 426514 426516 426518
Excitation frequency / Hz




Status of laser spectroscopy

Laser spectroscopy measurements to date

_#::'
. Between 1995 and 2010
7=82
- Before 1995
N=126
Z=50
Z=40 ; .
T N=8D Gaps in our knowledge
Beam production associated with challenges
‘ N=50 such as target chemistry.
| N=40 Atomic physics considerations

It’s a big chart

. J. Phys. G: Nucl. Part. Phys. 37, 113101(2010)
. J. Phys. G: Nucl. Part. Phys. 21 707 (1995)




Thank you for your attention

FAIR
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and lon Research
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