excitation energy / eV

Laser spectroscopy on

nobelium isotopes at SHIP

S. Raeder for the RADRIS collaboration
Helmholtz Institut Mainz

GEFORDERT VO ~M
Bundesministerium S Y
s GUTENRERG:, 1

und Forschung

S
DARMSTADT L EUVE N

@TRlUMF LIVERPOOL

«
A g
1

60 29961 29962 29963
Wavenumber (cm™)

f
_ 7 Nassoennon [ Hom Som WL
S. Raeder — 15.09.2016 — INPC 2016 Adelaide



! \
&,
| s x\
¢ ®

|

v &
=7} 8 33'31
ZLE TR

¢t an

GSI| Darmstadt
M. Block, F. P. HeBberger,
A. Yakushev

TU Darmstadt

P. Chhetri, O. Kaleja,
F. Lautenschléger,
Th. Walther

S

o

]
il ¢

o/

\
}

Universitat Mainz
H. Backe, W. Lauth,
Ch. E. Diillmann,

Lens Lotte

KU Leuven
R. Ferrer

KVI-Cart
J. Even

l-l, A s l\rf

TRIUMF Vancouver
P. Kunz

University of Liverpool
B. Cheal, C. Wraith,
Ch. Howarth

GANIL
D. Ackermann,
N. Lecesne

B

HIM Mainz

M. Laatiaoui, S. Raeder,
F. Giacoppo, A. Mistry,

J. Khuyagbaatar, S. Gétz

Universitat Greifswald
Ch. Droese

IPNO
E. Minaya Ramirez



Landscape of optical spectroscopy

Optical spectroscopy on the heaviest elements PP

Study relativistic effects on the electronic structure Fm o j
Determine nuclear properties e
| 7=82 ——
. stable/long-lived 5 Hiiiii{ N=152
. measured A
I not published (07/15) _ v Recent work mostly by
e e resonance ionization
7=50—= IR i =126 SpeCtrOSCOpy (RlS)
S0 ol T )
TR R S N=82
Z=28 s i Recent work mostly
7=20"3 S N by collinear laser
EEEE L EEEEECES SN N=40 spectroscopy

I N=28 P Campbell et al., Prog. Part. Nucl. Phys. 86 (2016) 127-180

N=20 K. Blaum et al., PST152, 014017 (2013) —= IL



Motivaton - Atomic Properties

7.5 -60
5 7 — BI ¢ L . .
= ol P 3 50 « Za > 1: relativistic effects in the electronic
Q L structure
> = lao
O') .
S 451 — < « Strong electron correlations
c 5 6 4 - RN
- = ——— 130 - :

“C’ 50l —5—::1 - § » Benchmark predictive power of atomic theory
o "] 1
= | Py — }20 g L. )
© . * lonization potential IP .
‘O 1.5
P -10
O ] :

ol 'Sy Nobelium (Z=102) .

Atomic ground state: [Rn]5f47s2 1S,

1, 2 (MCDF): S.Fritzsche, 4 (RCC): V.ADzubaetal., 6 (MCDF): P.Indelicato et al.,

Model Eur. Phys. J. D 33 (2005) 15 Phys. Rev. A90 (2014) 012504 Eyr. Phys. J. D 45 (2007) 155
calculations . ABorschevsky etal., 5 (MCDF): Y.Liu etal., 7 (extrapolation): J.Sugar,
Phys. Rev. A75 (2007) 042514 Phys. Rev. A76 (2007) 062503 . Chem. Phys. 60 (1974) 4103
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Motivaton — Nuclear Properties

7.5 -60
5 7 — 4
= 3 i
® 6.0 IP 50
~~
= 40
= 4.5 <
o s 6 X 1000000 —

—] ———— T 30 = _—
© | =I=T—7 2 —
S 304 45 2 T \o\ -
= ] 1 L 20 0
m - |
t L -

1 'So Nobelium (Z=102) |
0.0 Z 1o

Atomic ground state: [Rn]5f47s2 1S,

Model

calculations

1, 2 (MCDF): S.Fritzsche,
Eur. Phys. J. D 33 (2005) 15

: A.Borschevsky et al.,
Phys. Rev. A75 (2007) 042514

S. Raeder — 15.09.2016 —

4 (RCC): V.A.Dzuba et al.,
Phys. Rev. A 90 (2014) 012504

5 (MCDF): Y.Liu et al.,

INPC 2016 Adelaide

Phys. Rev. A 76 (2007) 062503

Hyperfine splitting (HFS)

M, Q, | Ground state parameters
B.(0) 52V
A=u———,; B-=

“ 1J . (52 ;

Isotope shift
Ar? Nuclear Shape, deformation

vt = FA' + (N +8) (u)
A4

6 (MCDF): P.Indelicato et al.,
Eur. Phys. J. D 45 (2007) 155

7 (extrapolation): J.Sugar,
J. Chem. Phys. 60 (1974) 4103
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Velocity filter SHIP

Isotope of Interest: Fusion Products
254N0 ( T1/2 =55 S, |=O) Electric Deflector
208Pp(48Ca, 2n)25No B
o=1800 nb Primary Beam
> ~17 S-1 pIJA-1 Dipole Magnet
@Target

Entrance
Window

PIPS-

‘ Quadrupole Lens Electrode

Target Wheel

ﬁ HELMHOLTZ
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Radiation Detected Resonance lonization Spectroscopy

RADRIS Method: = o

Filament

- Thermalizing of incoming fusion products

Entrance
Window

- Collecting onto thin tantalum wire

- Evaporation and two-step photoionization g
pI’OCeSS — - > Extraction

- Transport to detector and detection «—+———— s

of alpha decay “No

20

15 250 ] PIPS -
Detector

Counts (1/25 keV)

H. Backe et al., Nucl Phys. A 944, 492 (2015) ° o ﬂﬂ[w /
0 |1I |m|||| ‘n|||‘|nH T Il 1
F. Lautenschléager et al., NIMB 383, 115 (2016) T eneray (MeV)
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Resonance lonization Spectroscopy

auto-ionizing Rydberg
resonances states

non-resonant
ionization

~6 eV
(59 eV) ionization potential
"‘1017 cm® g, ~10-"4 cm?
> excﬂed
2 - "te
¢ I
c
w
0 ~10-12 cm?
_ ground
0eV E, state

Non-resonant ionization is 2-3 order of magnitude less efficient

BUT does not depend on knowledge on the atomic structure
O — 2
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Laser system

Nd-YAG: continuum OPO: Gwu, visiR2

PL8050, SHG/THG BBO-OPO
50Hz, 100mJ@ 355nm

Eiststep/PUlse > 150 pJ
Excimer: Lambda Dye, Lambda Physik, E2nd Step/pUIse > 30000 IJJ

Physik, LPX210i FL3001

100Hz, 200mJ@248nm
e UV-Lense

Dye, Lambda Physik,
FL3002

Excimer: Lambda Dye, Lambda Physik,

Physik, EMG104MSC

1oo:|szl, 100mJ@248nm SO 7 6VOPO ~ 90 GHz
OVpye ~ 6 GHz

Dye, Lambda Physik,
FL2002

Excimer: Lambda
Physik, LPX220 o
100Hz, 200mJ@351nm M.Laatiaoui et al.,

., Hyperfine Interact. 227 (2014) 69

/
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L evel search in %°4No

Year 2007 2014
Scan range (cm) 25920 — 31001 28887 — 33191
Net scan time (h) 39 67

@ D ' PO E
AN N

| b

L

2015

Beamtime
2014

2007

25000 26000 27000 28000 29000 30000 31000 32000 33000
-1
Wavenumber (cm )

1: MCDF (2005), 2: MCDF (2005), 3: IHFSCC (2007), 4: RCC (2014), 5: MCDF (2007), 6: MCDF (2007)
I Fueeven: e wop B
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The ground-state transition

Observed strong atomic ground state transition

°©
IN

Count rate (s")
o
Y

0.0 T T T T T
29960 29961 29962 29963

Wavenumber (cm™)

1.2

1.0 A

0.8

0.6 1

0.4 4

Normalized rate (a.u.)

0.2 A

0.0 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Photon flux (10'%/pulse/cm?)

Saturation of signal already at energies on the order of a few uJ/pulse

v, (cmT) A (sT) x 108
Experiment [1] 29,961.457 (7 )gias 4.2 (2.6)4 Agrees with predicted
IHFSCC [2] 30,100(800) 5.0 1S, 2P, transition
MCDF [3] 30,650(800) 2.7

[1] M. Laatiaoui et al., Nature (in press) [2] A. Borschevsky et al., Phys. Rev. A 75 (2007) 042514

3] P. Indelicato et al., Eur. Phys. J. D 45, (2007) 155
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Hyperfine structure studies in 2°3No

207pp (48 253
i 253NO Pb(*3Ca,2n) No_

norm. count rate (1/s)
=
S

A o~
1 l 1 | 1 l .

20 15 10 -5 0 5 10 15I20'25
Laser detuning (GHz)
HBQ(O)
1J

1=9/2

» 2 peaks resolved (3 peaks expected)

"+ Assuming a prolate shape & best fit to the data:

=» |=7/2 nuclear spin can be excluded

> A= 734(46) MHz; B = 2815(686) MHz

/
I F e e e I

S. Raeder — 15.09.2016 — INPC 2016 Adelaide



Hyperfine structure studies in 2°3No

L 253NO
0.159

0.106

0.053

norm. count rate (1/s)

0.000 =

207Pp(*8Ca,2n)*>3No

5 0 5 10 15 20 25

» 2 peaks resolved (3 peaks expected)
» Assuming a prolate shape & best fit to the data:

=» |=7/2 nuclear spin can be excluded

L I - |=9/2_

> A= 734(46) MHz; B = 2815(686) MHz

SRSEEEE * Feedback from atomic theory for nuclear moments
Laser detuning (GHz)

B,(0) Ref. 1 (uy) Q. (b)

A=wu IJ RCC[1] | -0.444 +0.028* 5.79 +1.42*
L(fﬁzr Sgic)- RCC[2] | -0.527 0.034*
2 ISW

B =e0O or MCDF [3] -0.808+0.051* 6.34 +1.56*

"\ 6 z? L Nucl. structure [4] -0.593 7.145

[1] V.A. Dzuba et al. (RCC), [2] A. Borschevsky et al. (RCC), [3] R. Beerwerth & S. Fritzsche (MCDF),

[4] R.D. Herzberg et al., Eur. Phys. J. A 42, 333-337 (2009), *: Error from the fit

/
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Hyperfine structure studies in “>3No
% 253N o o\ \ Z%'% '
019 T, =102s . 0.4 :
©
£ 0106 | ]
2 0,3
]
£ 0053 - _ N
S . | D 0,2 -
0.000 iR #Y |, ), ), ORP o
20 45 -0 -5 0 5 10 15 20 25 g .
Laser detuning (GHz) 0,14 = _ .
_ S 3"
K’ 2 =i
m=gpl +(gx —8r)—— 0.0 04 03 01 00

I+1

- Nuclear model independent confirmation of expected nuclear properties

[1] V.A. Dzuba et al. (RCC), [2] A. Borschevsky et al. (RCC), [3] R. Beerwerth & S. Fritzsche (MCDF),
[4] R.D. Herzberg et al., Eur. Phys. J. A 42, 333-337 (2009), [5] P. Reiter et al. PRL 95, 032501 (2005)
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Isotope shift of 2°2-294No

Input from atomic theory
» Mass-shift constant: 1066 GHz u

« Field-shift parameter: -113.2 GHz/fm?
(R. Beerwerth & S. Fritzsche (MCDF))

0.45 -

0.30

0.15 -

0.00 —1—

g 0.106 | 5<I"2>AA' = AVAAv — A-4 M i

3 AA' F

g 0.053 +

ooy Isotope N d<rz> (fm?)
254N 152 0
L _ 253N 151 | -0.057 (1)guy
ottt e 252No [ 150 | -0.089 (4)yy

Laser detuning (GHz)
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0.45

0.30

0.15

0.00

0.106

0.053

norm. count rate (1/s)

0.000

0.06 -

0.04

0.02

0.00
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0.159

P it § 1)

Laser detuning (GHz)

20 15 10 -5 0 5 10 15 20 25 30 35 40

Input from atomic theory
» Mass-shift constant: 1066 GHz u
« Field-shift parameter: -113.2 GHz/fm?

o<r>> | fm?

Isotope shift of 2°2-294No

(R. Beerwerth & S. Fritzsche (MCDF))

0,4 - e
pZ
A
0,2 + //
/
/ -
0,0 - . > | <
Pu 7
Am_~ N/
e o)
0.2 ~ ch o
D
S
-0,4 =
O
O
-0,6 T T T T T T T T T  p—
136 138 140 142 144 146 148 150 152 )

N
[1] I. Angeli et al., Atom. Dat. Nucl.Dat. Tab. 99 (2013) 69-95
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Conclusions

 First laser spectroscopy on a transfermium element
« Strong 'S, > P, ground-state transition in the nobelium (Z=102) atom observed

« Access to nuclear structure from HFS in 253No & IS for 292-254No
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Conclusions

First laser spectroscopy on a transfermium element

Strong 'S, = P, ground-state transition in the nobelium (Z=102) atom observed

Access to nuclear structure from HFS in 2°3No & IS for 292-254No

0.20

. n
L eries 1a -7, ,=77ns
° eries 1b -t , =77 ns

0o oo
) 8

0.154

Overall efficiency up to 10%

0.10

0.05 4

Different Rydberg series were observed

Normalized count rate<(a.u.)

) ]

0.004 oy s B ]
23000 23100 23200 23300 23400 23500 23600 23700

Excitation energy / cm™

Accurate value for the first IP of nobelium extracted
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Outlook

* Access the element lawrencium (Z=103) — started in 2016

*Studying desorption and surface ionization mechanisms ...

*First level search initiated (no resonances found so far)

« Resonance ionization of 2°°No (produced via EC from 2%5Lr)

209B(48ca,xn)?57-*Lr |

103 ;
[?°cLr (1n) | o 255 r (2n)
G ~40 nb 5 o ~400 nb g
2541 r (3n) =
c~30nb %
1 next step c
10 S
>
)

20 25 30 35
E~ / MeV
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20

upper detector with c;atch'ing
I RIS 255No after EC of 255Lr

5.5

6.0

6.5

7.0 7.5
Signal [V]
ﬁ HELMHOLTZ
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| 2;55Lr
255N o j

8.0 8.5







0.20 I - T - T - T - T - T : T : T

® Scan
* Seriesl1a -t,,=77ns ‘\I
0.15 1 @ Series 1b -11/2=77 ns . ((‘ |
* Series2 -1, ,=5ns T \; .

0.10 | O | 0"

0.05 - , i

1 e TH I RS
:5:‘ & !:.- 3 % .? - ! "':
0.00 4= ﬁj — ;

23000 23100 23200 23300

I

f Ay

Normalized count rate-(a.u.)

) -

23400 23500 23600 23700
Excitation energy / cm”
.
[ — 8(n)]

7 HELMHOLTZ
! “SS°°'”'PIugu%S!5tember

= Ep

« Series fitted with Rydberg-Ritz formulg."




v I M 1
23800 - lim t, =77ns

23700 -
23600 -
23500 -
23400 -
23300 -

Wavenumber [cm']

23200 —
23100 —
23000 -

e -

Hpo— -

IS
o
bel

o
Residuals [cm™]

14 16
[1] A. Borschevsky et al.,

20
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Isotope P Ty Nuclear reaction Production rate o- energy
(s) @ 1uAs (175) (MeV)
**No 0 2.4 205Pb(45Ca,2n)?2No 4 8.42
?%*No (9/27) 102 207Pp(46Ca, 2n)253No 11 8.01
2%4No 208ppy (48 254
0 51 Pb(8Ca,2n)?*No 17 8.10
#**No (1/2%) 186 208Pp(48Ca, 1n)255No 2 8.12
e - 1 -5
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Motivaton - Atomic Properties

\'
o
T
(0]
o

s 1 ———* |p . . .
= ol 3 50 « Za > 1: relativistic effects in the electronic
2L 607 structure
> -40 - .

S 451 < « Benchmark predictive power of atomic theory
qC) 1 5 6 ___4 p L3 =
c o] =T —° 1 S « lonization potential IP
-_8 : -20 Q
© | 3 .
:|= -
§<> 1.54 10
o ] :
Nobelium (Z=102) 's
0.0 0 lo

Atomic ground state: [Rn]5f47s2 1S,

Model 1, 2 (MCDF): S.Fritzsche, 4 (RCC): V.ADzubaetal., 6 (MCDF): P.Indelicato et al.,
odel Eur. Phys. J. D 33 (2005) 15 Phys. Rev. A90 (2014) 012504 Eyr Phys. J. D 45 (2007) 155
calculations . ABorschevsky etal., 5 (MCDF): Y.Liu etal., 7 (extrapolation): J.Sugar,
Phys. Rev. A 75 (2007) 042514 Phys. Rev. A 76 (2007) 062503 J. Chem. Phys. 60 (1974) 4103

— /
. ’TEAESOC?AI}TC?N E 5 ][






