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Laser-assisted modern nuclear physics

e | ecture 1;

» Fundamentals of the atom-nucleus interaction
» Lasers for the production of radioactive ion beams
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A quantum system under EM tforces
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[ets enjoy some math now! 0



MANCHESTER

1824

Ity
er

2 Solving the (hydrogen) atom
C C
ED N
-.GEJE Double separation of variables in spherical coordinates
O
P(r,0,¢0) = R(r)Y (0, ¢) RET) di‘i (ﬁ%) R(r) — 27;;;2 V(r)—E] = 1(1+1),
1 o( . 0 0?
Y (0, ¢)sinf 06 (sme%)Y(@, ¢)+ Y (0, $)sin* 8¢2Y(9’ ¢) = “W+1)
Y (6,6) = f(0)g(¢) ??9?%(@9%) FO 411+ 1)sin20 = m? &
1 & )
mdfqu(ﬁb) =y —m.
Separation constants make angular momentum o

guantum numlbers appear naturally



MANCHESTER

1824

>N .
2 Solving the (hydrogen) atom
58
_g% Solving backwards reveals some conditions on /& m
Im (@) = e’
fin(6) = (1>m\/ A R cos),
Where‘ leN & |m] Sl.l
B 23 (n—1-1)! _ (2 o1 2r
Rn’l(r)_ \/nao Qn[(n—l—l)] 3¢ " (na()) Ln - 1(na0>
Where|n€N & n>l—|—1|
And let us not forget 1
: j=1lx—=, 45>0. -
the electron spin too! :
Quantisation is a natural outcome of o

solving the Schrodinger equation
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Bullding up the atom

Ordering up the levels reveals some known pattern
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Atoms are not hydrogen-like and the electrons interact with one another

s o R RN AR Zas8 => K
11t 13114}
3 3 32308 Z=18=>Ar

2 ty 280808 Z=10=>Ne

n

n

n=1 ' £ | /=2 => He

The natural appearance of atomic o
magic numbers
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Hyperfine structure of the atomic levels F=1+J,
I—J<F<I+J

The Uniyersity
of Manchester

Veoutomp ™ VDipol e + quadrupol e

The nucleus is not a point charge!
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Hyperfine structure

Let’s do the math! ™. F=I+J.
- I-J <F<I+J

The Uniyersity
of Manchester

o\~ 14— 1B K=FF+1)~I(I+1)—J(J+1)
Vooulomb = Vbipole ' |’J > O

Measuring the nuclear spin!

4
Ay pBy 1Jy  BplJs é _ uBy I'J _ ,U_]/
AQ N IJl IILBOQ N BOQJ17 A’ 1J /L/BO ,u’]

Magnetic dipole moment
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Hyperfine structure

A perturbation of a perturbation of a perturbation

The Uniyersity
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[T AE=SK A=t
TR W For s and p1;2 orbitals, By is not uniform over the nuclear volume
Averaging the interaction over the volume induces a correction

vC’oulomb + VDipole

atomic radial probability densities (n=3)
1=0 (black). I=1 (red). 1=2 (green)

" %\ * “‘" ol
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/}<<‘ urﬁ\/:jb'i’\ >~L< 5</- \k»\}j&\

Hypertine anomaly I
A wll+¢€ ~ 'l




MANCHESTER

1824
—— Hyperfine structure
cCc
D
22 Let's do the math!". F=I+J,
o "
. —_— |] . J‘ S F S ]_|_ J
A N B3K(K +1) = 21(1 + 1)2J(J + 1)
N "9 2I(21 — 1)2J(2J — 1)
LYV KPR -T(I41) - I+ 1)

VCoulomb + VDz'pole + VQuadrupole 4 6 Z2 ‘e,

| J > 1/2

A perturbation

of a perturbation
of a perturbation

Electric guadrupole moment
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Atomic transitions

A question of intensity
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— ......... N dN2 o dN1

——=—=AN,— B Ny 4+ Bo1p(v)N
dt ] dt 2 12,:0(V) 1 21,0.‘(“ ) 2
hv
> "‘A
spontangous decay -. iInduced emission
’ v
. absorption
;
d N
—= = —AN.
dt e

‘4
inverse of the transition lifetime
l.e. partial lifetime

Einstein coefficients T=1/);A
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Atomic transitions

What the atom may or may not do

The Uniyersity
of Manchester

To first order, the photon field can be considered as
an electric dipole field (E1)

TAJ = 0,41, J=0-»0
AF =:i0,£1, F=0-»0

—

o
Parity change P
vy
1 unit of angular momentum
v
carried by the photon
=> triangular relation

Selection rules

s p,pod desf, ...
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Atomic transitions

What the atom may or may not do

To first order, the photon field can be considered as

hu

“
hd *
X
.
°, -
* -
.
.
.
.
-
.
.

Low-energy atomic levels which cannot satisfy these rules
towards the atomic ground state will trap electrons with no
(easy) means of decay.

Metastable states

s p,pod desf, ...

Al
AJ
AF

an electric dipole field (E1)
= =1

= 0,1, J=0-»0

= 0,1, F=0-»0
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J=3
More mathr?l e “| ----------- m—
422 nm
<Ff>mf‘e ' d‘F’ia mz>
7=}

(2F, + 1) (2F, + 1)

F =
F =

2 2 ¥
Ff 1 F; Jf Ff 1 kN
—Mmf 0 m; Fz Jz 1 0.8:_

Selection rules (i.e. number
of transitions) and relative
amplitudes are spin

dependent and can be used o
to determine | -

0.6—

HFS amplitude [a.u.]

o
»~
T | T

0

22 -1 0 1 2
Frequency detuning [GHZz]

Hypertine transitions
4 ways of measuring the nuclear spin!

Atomic transitions

Intensities are
proportional to the
overlap of the final

and initial
quantum states
under the action
of the electric
dipole operator
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Atomic transitions

More perturbations
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5 AA" A —A M S 2>AA’

M = g (mer + Mous) + For

Mass shift / \ Field shift
From one isotope to the next, the From one nuclear state to the next, the
reduced mass of the nucleus + electron charge distribution within the nucleus may
system varies, giving rise to a mass vary, perturbing electron orbitals with a
shift, scaling with A2 non-vanishing overlap with the nucleus

—
—

hi hi/'

|lsotope shift A A
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|sotope shift
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More details
/
5VAA/ _ AAA/A (mey n MSMS)
>
scales with A=
............... d

» negligible <« direct impact _

between nuclear . v
Isomers can easily be  Indirect impact

» reduced impact accounted for i

iNn heavy systems v

» arises from the rearranging of the
electronic cloud
» cannot be analytically determined for
Mass shift more than 3 electrons
» must rely on large-scale calculations
» can be >0 or <0
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|sotope shift

The Uniyersity
of Manchester

More detalls
v = F3(r) Mows & F are
o transition specific !
scales with Z g -
no analytical

v solution
gher moments, €.g. §(r4) :
can be accounted for

» sole contribution ‘”hi
between nuclear
ISOmers

| | directly v
» increased impact » must rely on large-scale
In heavy systems calculations for more than 3
electrons

» can be >0 or <0

Field shift
a.k.a. Volume shift
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Experimental approach to avoid calculations
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Experimental input .~ g Experimental input from
from laser / optical * ' electron scattering,
| 4 v .
spectroscopy y intercept slope muonic decay, K x-ray

spectroscopy
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2 points
1 point
TOTAL

King plot

1824

|sotope shift  »«-

rt of fitting a straight line

/ /
/LAA/5VAA = M + F/LAA/5<T2>AA

.
.
.
.
A

=> fitting a‘straight ine .~

.
.

=> reference isotope *
=> 3 data points minimum

Halkali & o

alkali-earth

M lPo At Rn
Lr Rf Db SgBh HsMt Ds Rg Cp

WSMEuGdTb Dy Ho Er TmYb
AculdPapjl'ANpldt]. CmBk Cf EsFmMdNo

AA’

A'—A
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Relating and testing
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/ F /
paadvy = FQMAA'(SViM + | M2 — =M,
1 :

Y
.
.
Y
.

y intercept relates the
mass shifts to one
another

*
*
*
3

Transition 2 v

< -85 = 8¢
5 E I
S
= -90F N
g 206m__ 206 T
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% et
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S —209 s
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% X —212 -
S u
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] [] ] ) 0.1
odified King plot ]
- | T oo 209 206m
. @ C [ 210
X2/ ndf = 7.00094 / 7 o - 212 208 l
0w OF 213 ] |
. slope = 1.0521+0.0008 | S l 207 ] 1205
Many more data available
int =194 + 78 GHz amu
-0.1L
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|sotope production

Start with your favourite facility

light projectile thick target

—
hot |L

ION source

heavy projectile thin target gas catcher

- o %

gy
LTS
"ay
may
"
........
may
gy
ay
ay

recolls come out



Yy
er

The Universit
of Manchest

MANCHESTER

1824

ISOL fragmentation
* Thick target * Thin target
» NO refractory elements » all elements
» slow (>ms) extraction » fast extraction
* Mass separation * Pre mass separation
» high purity » low purity
* Bespoke ion sources e (Gas catcher
» surface source for low IP » slow thermalisation (>ms)
» plasma for gases » survival

= Nnon discriminate = Non discriminate
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ISOL fragmentation
* Thick target * Thin target
» NO refractory elements » all elements
» slow (>ms) extraction » fast extraction
* Mass separation * Pre mass separation
» high purity » low purity
- Bespoke ion sources - Gas catcher
» surface source for low IP » slow thermalisation (>ms)
» plasma for gases » survival

= Nnon discriminate = Non discriminate
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RILIS

20
e RILIS '
q-) q-)
>5
CC
) © _ .
§§ Resonance lonisation Laser lon Source
o
auto-ionizing state
» Resonant target ion source || extractor mass separation
- = = iOnization potential
fransitions Jfﬂf) a Rydberg state
i D #
SpeCIﬂC tO d I o laser beams
Slﬂgle elemeﬂ’[ i Ql excited states
are chosen - experiments
. ground State
» NO Slngle ®projectiles ) target material @neutrals & ions

transition has
enough energy
to non-resonantly
lonise an atom
directly

Isotope of interest

Everybody’s favourite ion source

. [N
- ARARSARARNRAEAAEE
LERR R R RIRIE IR IRIRICC]
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Laser ON/OFF

2
The power of a pure beam Aw 4B
A S —
AB F
<€ >,
f\ A
I / k » Each resonant transition has an
;<->‘a associlated selectivity.
F t » The selectivity of different
transitions multiplies over.
Jn mass measurement “szaw-mesonwsore] 111 O decay
RETT I TR 1. b e 219Pg
3 Il I|||§|'i ! §||||!: . _Jk )
i | I]h HE '|:N protgnsontlarg'et ”:| " o
gm-_ |l :I”III II L 55100 I %
i |II {j ' -
III‘I" l r;ll l'l ) ll llll : I l I[ I 51000 5500 6000 650 7000 7500 800 8500 9000

6,347 6, 348 6,349 Energy [keV]
Time of flight (us)
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Overcoming contaminants by
geometrically decoupling the

atomiser from the ionising volume
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CATHODE (LINE) l\/lagnet 0 - 300 Gauss
~330A
T~2000C

\ | u I / Ga ionization scheme

<TNNNNNNNNNNNNNNNNNNNYYY  RILISTISa/dye +

j I ‘ Nd:YAG 532 nm

atoms

ANODE : =
> +100V : VADIS + RILIS ions GND
<+10V: RILIS ions only +30-60 kV

Versatility in the use of

125+
L | 0 .
125+ g | I
100 J_ lon current (lasers on) g t e Wlt E lser

. 1 1004
a8 1% =4 &
& = 75 =
= 751 T

s 3 ]
N : pure plasma
S 504 g 25 2
= [
i { 4% 04 E
@ 0 2 4 6 2 e
A 254 1 Anode voltage (V) = p u r | aS e r

- £

] k)
E - % J_i_{—{-—i‘{ @ "
A et e 0 o
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Anode voltage (V) Modes of VADLIS operation

Everybody’s favourite ion source
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INn-source spectroscopy

Protons
XN 2% , | s “/\\_‘ ! 218Po
on scource :
'fo —7& /\_ | 216Po

214Po

%
Vi

212Po

A 210Po

,f\ “?M%V208Po
...JF\*_ 206Po
: 204Po
/\ 202Po

A ”‘200Po
J‘};\‘\].QSPO
: —j\CQGPo
_ A}94Po
I Sty

-20 -15 -10 -5 0 5 10 15
Frequency [GHz]

s

Adoosouoads Jase| Ul

2
<[>
i N No

— T T ¥ —
3.0 | 3 At - /** —
N §> 85 - - *)ll' 84po -
2.5 e _ —~ i |
- = - =3
L § 197 o ¢ -~ ”f*/ D S ]
2.0 B=— - O 191 P o ** f— P —
: Sis e R - P S P ]
1.5 AT i A A - o° PBb ]
- = = AT AT Ay A T - &> 82
L ) oo ]
1.0 | = oo i —
R o co<°<° — 4
0.5 o< o< - i a1 11
- — - ) = e ; ]
B 1825, oco®e < - e == E
0o.0 S S — T = - - 5-_.-. — -
- -— T mm oo™ Hg S -
- — === —_—— i 8o = ]
-3 179D = - - - l:l-‘l:'_-n =
- T g S r - -
N ot N - S
-1.0 - \\ . - o - y=-a ‘s —
B - - A = - 1
1.5 L X ...-_--- ) _— 79 S — | o
a® - =B i o~ IS _
L 176 a - = i D = 4 >, : 6900
>0 LM - S i AT ] S e 6800
oF g= A= = 8 ] s T 5700,
-5 L' Au ] o = 6600  enerdy ! Ca\/
1 1 1 1 1 1 1 ; 1 @ . . Q e
100 105 110 115 120 125 130 135 C \n

Neutron number //~OQ
PN



MANCHESTER

1824

—
20
R
—
QO D)
S -C
= U
C C
= Cyclotron beam
3 E micro RFQ
oo Gas Cell (diff. pumping) .
O (500 mbar argon) RF lon Guide _EFI_I
_ _ 1=
Target [ ] ooooe® jJ{
4 P = [ ] o
-"I Sislesaee-5 s L Laser
Primary J I :E_', A o~ 1l
a*u® /
Heay-lon — . L
Beam In-flight Separator: 53 . . Quadrupole Mass Filter . =!
‘de Laval’ Nozzle upersonic -
| Gas Jet (QMF) 5
!;:: l
In Gas Laser lonization and Spectroscopy - IGLIS "
[
%J Ni( p,xn)Cu
Y Ni(He,pn)Cu
w00 - =0 5000 - % | —-
350 = ° —— 400 (= : 3
_ 300 = o —=]350 4000 | .
T 250 E— e'e —=300 3 - |
5 20— . o . —=250 % 3000 i %
5 150 A m| —200 £ — 1
O :i.E . B Y — 2000 i D
O R - ;
0E 50 B i
= pteeteasessl = - i n
N -50g 00 400 Energ;{ oy o0 ST e0 1000 ° § = : ; O
> - Q 5 120 E 57 QD)
80 —120 (D - i [ : Cu '®)
w . 60 100 8 g 100 E_ : :
2 i SO .
= 40 —js0 £ S = '
I I 2 = << © 60E i 8
g 20 l| i1 — 60 % 40 ;— :
o 0 a0 © K = . i @)
..O = 1 O
-20 20 - A i I ot MR R Bl s W % x4 :
1o T3 Wi bt i i it s 1 b bt s = % 10 -5 0 5 o0 O
1200 1400 1600 1800 Energy%ggg) 2200 2400 2600 2800 Frequency [GHZ] 2 0 :‘]I\z'cul uu}x:jnmhc. 2:5 W _w ~

In-Gas Laser lonisation & Spectroscopy
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 [he atom is sensitive to the properties of the
nucleus

 The laser ion sources provide selective
enhancement

» clean beams for experiments
» Isomeric beams for detailed studies

» |laser spectroscopy for dipole moments & charge radii
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