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Addendum: atomic spectroscopy of astatine

Author Year Method IP (eV)
Finkelnburg et al.'® 1950  Extrapolation 9.5(2)
Varshni et al!! 1953 Extrapolation 10.4
Finkelnburg et al.'2 1955 Extrapolation 9.2(4)
Kiser et al.® 1960 Extrapolation 95
Mitin et al'* 2006  HF 9.24
Chang et al.® 2010  MCDF, up-shift 9.35(1)
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S. Rothe etal., Nature Comm.4 (2013) 1835.
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Outline

1. Definitions and history
2. Basicsof ion optics and dispersive elements
3. Static fields
a) deflection spectrometer
b) retardation spectrometer
4. Dynamic fields/separation
a) Time-of-Flight spectrometer
b) Radiofrequency spectrometer
c) Traps
5. Technicalrealization (ion sources |, etc.)
6. “Realexamples” for nuclear physics applications
a) ISOL
b) Recoil separators
c) Fragment separators
d) Spectrometer




Typesofcommercial mass spectrometers
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GC: gas chromatography
HPLC: high pressure liquid chromatography
CE: capillary electrophoresis

IMS: ion mobility spectroscopy

EI/CI: electron impact/chemical ionization
APCI: atmospheric pressure chem. ioniz.
ICP: inductively coupled plasma

MALDI: matrix assisted laser desorption/ioniz.
ESI: electrospray ionization

S. Naylorand P.T. Babcock, Drug Discovery World (Fall 2010) 73.




Inductively Coupled Plasma-MS

10-15 LPM Ar
Wfiter-cooled Walei-coolsd sustgins the plasma
skimmer cone sampler cone and isola'tes it from
X the torch's walls
ICP quartz torch
Mass \ Plasma SamD‘? _
Detec- | spectrometer, %5 WA aerosol In
tion | where ions are ™ — 1LPM Ar
system | separated o — 0-2 _LPM Ar
according to m/z 0000} PIOS‘“O“S ;he
' RF induction coil EIHITE BaSew
\ inner tubes
Differentially- !
Where ions are pumped interface ~ Cooler central channel
counted or ion where most of the  of the plasma, where
current measured, Ar(from the analyte ions are generated
using a single or portion of plasma  following desolvation and
multiple collectors extracted) is vaporization of the sample,
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D.Beauchemin, Mass Spectrom.Rev. 29 (2010) 560.
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MALDI-TOF

matrix assisted laser desorption/ionization TOF
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* low vapor pressure for operation at low pressure

* polar groups for use in aqueous solutions

* strong absorption in UV or IR for efficient evaporation by laser

* low molecular weight for easy evaporation

« acidic: provides easily protons for ionization of analyte
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Orbitrap

analyzer

Voltage ramp

¥

Detected
signal

Amplifier

« coaxial spindle-like electrodes form dynamic trapping field

e image current from ions > Fourier transformation > frequency > mass
A. Makarov, Anal. Chem.72 (2000) 1156.

Ultrahigh-mass mass spectrometry
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Forensic applications

* trace detection of drugs, poisons, explosives, etc.

e composition analysis of paint, tissue, etc.

* pesticide control

* measurement of isotopic composition

e etc.

Doping control
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Radiocarbondating
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* Aiter death: 14C/12C decreasesdueto 14C decay(T 1,,=5370Y)

Problem: measure 14C* at ppt level without interference from
14N+, 12CH2+ 13CH+, ZBSiH, 12Cl60++, 42Ca+++, 56|:e++++’__.

Multistep-Separation in Accelerator Mass Spectromet  ry

1. Negative ion formation

2. Acceleration and stripping

14N anions do not exist

breakup of molecules

3. Z-selective ion detector dE 2~
dx E
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Age calibration
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Aerosol composition in Swiss alpine valleys

" & i Chestnut burning
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Asian haze: biomass burning contributes'!
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6 MV tandem: the “working horse” for AMS

ETH Zirich, Laboratory for lon Beam Physics

0.6 MV TANDY:: the “working pony” for AMS

Y

90° Magnet

HR:

28\

Gas lonization
&y Chamber

Degrader
Foil

+—

MC-SNICS
lon Source

Retractable Gas
lonization Chamber

Routine measurements of: 19Be, 41Ca, 129|, 236, Pu, etc.

longer-lived than 14C: geology, cosmochronology,...

ETH Zirich, Laboratory for lon Beam Physics
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MICADAS (Mini-radioCArbon-DAting-System) . 0.2 MV AMS

2.3x 3 m2*“tabletop”

Routine measurements of:  14C

ETH Zirich, Laboratory for lon Beam Physics

MUCADAS (MICRO-radioCArbon-DAting-System) . 45 kV AMS

molecule

injection magnet dissockl tion analyzing magnet

insulated
vacuum
chamber

electrostatic
deflector

ion source

magnetic fisld / mT

H.A. Synal et al., Nucl. Instr. Meth. B294 (2013) 349. **

435 44 44.5 45 455
lon energy | keV

ETH Zirich, Laboratory for lon Beam Physics
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Retardation spectrometer

electrostatic energy measurement

charged particles move against electrostatic potent ial;
transmission measured as function of repulsive pote ntial

analyzes only the energy component perpendicular to the
analyzer

total energy measurement requires perfectly paralle | beam
+
+ —
¥ pr—
+ > 3 >
+ —
+ —
detector

incoming beam

Examples of MAC-E retardation spectrometer

1. WITCH at ISOLDE: weak interaction studies
via recoil detection after EC/ [*decay

2. ASPECT at ILL: precision spectroscopy of angular
correlation between neutron spin and decay protons

3. KATRIN in Karlsruhe: precision measurement
of beta endpoint in trittum decay
for neutrino mass determination

13



[3-decay and neutrino mass

model independent neutrino mass from 3-decay kinematics

dl 9 (2

1~ Cp(E+me) (Ey— E)\/(Ey— E) —W(E) 0Ly — E —m;)
mD

0=l | M2 M . o,
273 experimental observableism,
= 3-source requirements:
Eo __18'6 kev / region close to B end point :
Ty, =123y high R-decay rate (shortt 1)

low 3-endpointenergy E o

-~
101 entire S 06 F - superallowed B-transition
i spectrum % m(ve) =0 eV - fewinelastic scatters of B‘s
% = . .
5 04r R-detection requirements
08| = only 2 x 1013 of all
02} decaysinlast1eV | - highresolution ( AE<feweV)
4 m(ve) =1 eV - large solid angle ( AQ~2m)
0z - low background
S o L 1 L
0 3 -2 -1 0
2 6 10 14 18
electron energy E [keV] E-Ep[ev]

Electrostatic filter with Magnetic Adiabatic Collim ation

MAC-E-Technique . lfo |
adiabatic guiding of 0 J_ "
R-particles along the = | HV electrodes

magnetic field lines
s.c. solenoid

inhomogen. B-Feld: Ta- | detector
. source

stray field of 2 super- ==

conducting magnets

Bnax=3-6T

Bpin <1mT

BS Bmax
very large solid angle !

e i T //

F=(u-V)B+qE adiabatic transformatlon E, ~E
u=E, /B=const

AE/E =

A. Picard et al., Nucl. Instr. Meth. B63 (1992) 345.
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KATRIN experiment

Karlsruhe Tritium Neutrino
Experiment

at Forschungszentrum Karlsruhe
unique facility for closed T, cycle:
Tritium Laboratory Karlsruhe

) g -
© T ransport SEEET pegtrom in
cg  Wal=h L y ma
SOUICE— " tromeie\'
— spec

~ 75 m linear setup with 40 s.c. solenoids < 1E-11 mbar

< 1E-20 mbar 3H

main spectrometer — design

" \\

A\

10m |

23.3m

design parameters:

for getters

weight:
»%QEA -
pumping port

\/@E wolume: 1258 m3
surface: 605 m?
M. thickness: 32 mm
‘ ’ |D material 1.4429

e 192 t
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Identification # Separation

* Identification:
The beam composition is determined but not changed.
e.g. time-of-flight measurement, AE measurement,...

 Separation:
Beam contaminations are removed.
e.g. mass separation, chemical separation,...

» Unique isotope selection requires the combination of
at least two different identification/separation methods.

* A higher-fold combination gives improved suppression
factors.

Prism

dispersion of light

ny

on af the red ray

€11 994 Encyclopaedia Britannica, Inc.
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Dispersive ion optical elements

FIg. 5,158 A system with mo-
mentum dopendent deflection
of the central ray, showing
lateral displacement due to
momentum spread,

* magnets are momentum dispersive
» electrostatic deflectors are energy dispersive
* Wien filters are velocity dispersive

Focusingby tilted entrance/exitof magnetic field

/
_
FIG. 5.3. Particles leaving a F13. 5.4 Particles leaving a
magnetic fleld normal to the magnetic fleld at an angle to
edge. the edge. Dotted lines are for

normal exit (cf. Fig. 5.3),

horizontal focusing effect

18



Focusingby tilted entrance/exitof magnetic field

A Hyceafl
-

TG

vig. 8.8 Tlan view of a posi.
tivaly charged particle enter.
ing a moagnetio field directed
into the papor, The trajectory
makes an angle § with the
normal. For view in the diveo.
tion of arrow G sea Fig. 0.0,

NN
NI
= A Hycoufl

| ) W T

rig, 6.0 View of Fig. 5.6 in
the direction of arrow @G, DE
in ths modinn plane on which
H, =0,

vertical defocusing effect

Quadrupoles

Electrostatic:
V =U (x2 —y?)/a?
E =-gradV
€, =-dV/dx = -2U/a? x 4y
€, =-dV/dy = 2U/a?y

F,=-2 Uge/a? x Il
7/

Fy,= 2Ugela?y

1. Force increases proportionaM{/
to distance from origin.

2. Focusing in x and defocusing in y (or vice versa)

= requires quadrupole doublet or triplet to focus in xandy

19



Multipole correction elements

Correction of higher-order effects (aberrations) by hexapole,
octupole, etc. fields. Often limited by beam diagnostics!

-~

LENTES
Fig. 1. Squirrel-cage-like electrode arrangement of an electro- i & Culvulaied potensiul dissrsbuitine jo o B sire sl
static 2(n +1) pole consisting of 18 wires, i.e. a squirrel-cage " ailiigale o dhe gaees aof dipoka |1, @ 03 Quesdrupale

- . . . . S gy @ 04 hexapole |V @ 0 aotupols | e D) pacliaiions s
with n=8. [n this multipole the potential of each wire is “r_t. IF||:-:|- AR ,,_:":r W d _.' L T
controlled by a separate power supply.

M. Antl and H. Wollnik, Nucl. Instr. Meth. A274 (1989)45.

lon-optical calculations

1. Matrix calculation:
TRANSPORT, COSY-INFINITY, GIOS, GICO, LISE++,...

2. MC simulations/ray tracing:
SIMION, ZGOUBY, RAYTRACE, LISE++, MOCADI,...

20



Focalplane of LOHENGRIN

EXIT SLIT

AE =-5"%.

ENTRENCE SLIT

SOURCE CARRIER

YERTICAL ELECTRIC
DEFLECTOR

HORIZONTAL
MAGNETIC DEFLECTOR

P. Armbruster etal., Nucl. Instr. Meth. 139 (1976) 213.

LOHENGRIN focal plane

Energy dispersion: Ax=Dg AE/E =7.2cm/% =7.2 m
Mass dispersion: Ay=D,, Am/m=3.24 cm/% = 3.24 m

A=99, E=99 MeV A=99, E=100 MeV  A=99, E=101 MeV
[ [ [

A=100, E =99 MeV  A=100, E=100 MeV  A=100, E=101 MeV
- » E

7.2cm/%
3.24 cm/%

A=101, E.: 99 MeV  A=101,

=100 MeV  A=101, E=101 MeV
(] [

=R
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LOHENGRIN energy resolution

Magnification in x: X =My X,

Energy resolution: R g=X;/Dg=M, - X, /IDg=

=10-70cm/7.2m =1/100

depends on target length!

Xi=7.0cm

| A=100, E=100 MeV | A=100, E=101 MeV == £

7.2cm/%

\/
m
LOHENGRIN mass resolution
Magnification in y: y i=Myy,
Mass resolution: R m=Yi/Dn=M, -y, /Dy=
=1.0-0.3cm/3.24 m =1/1000
depends on target width!
A=100, E=100 MeV
— » E
3.24 cm/%
A=101, E=100 MeV
I
v
m
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Alq separator
A“mass” separator is in reality an A/q separator and will
mix masses with the same A/q and same E/q.

Avoid the use of A/g with (near-)integer ratios!

A=95, g=19, E= 95 MeV
A=100, g=20, E=100 MeV
CFFFI I T TR

A=105, g=21, E=105 MeV

> E

S <

Focalplane of LOHENGRIN

EXIT SLIT

AE=+5" ENTRENCE SLIT

SOURCE CARRIER

YERTICAL ELECTRIC
DEFLECTOR

HORIZONTAL
MAGNETIC DEFLECTOR
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Measured kinetic energy distribution

800 2 235 - b
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Fig. 5. Horizonta! displacement with respect to the central

trajectory of a beam arising from a 5x70 mm

2 target vs the

central trajectory length. The vertical dashed and dotted lines
show respectively the extent of the pole pieces and the focal

position.

G. Fioni et al., Nucl. Instr. Meth. A332 (2003) 175.
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LOHENGRIN Setup

Experimental setup (straightbeam)

?/ RED Magnet Targetposition

Electrostatic dipole Reactorwall Reactor core

Experimental setup (bentbeam)

Introduction of new target

Lightwater pool

Magnetic dipole
Heawy water vessel

Container forused targets

Neutron tomographybeamline 41?“'
Measured kinetic energy distribution
800 2 235 .
c Mass 98 from 0.2 mg/cm UOy + Ni [
£ 700
& 600
2
S 500 .
3 400
2 300 *
g N .
@ 200 .
£ 100 .
- 0 g 1 ' f 1 1 1 . £
40 50 60 70 80 90 100 110

kinetic energy (MeV)
kinetic energy acceptance: AE/E=5%

= 10-60% transmission (low for thick spectroscopy tar gets)
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Detection of rare ternary particles

450 T T T T

Alq 11/3
E/q 5 MeV

400 Exotic ???

350

250

200
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worldwide in nuclear -
w g power plants!

AE (channels)
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¥4

150

100

e e T T & |
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Gammadecay of 7.6 s %Y isomer
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¥ Phys.Rev. C 74 (2006) 064308.
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Existing thick-targetISOL beams

I lsotopes with Tys < 0.1 & separated

Isotopes with Tg< 10 s separated !!!ul 10
Ne
" M.
Al ? Ar
18 :nﬂ 5 E n M Jtﬁm M M
K C Mn | Cu Zn Ga : S Br Wr
" EEEH " e ‘“Eﬁﬂl‘i’ﬂ
Rh Sr Ap Cd

“!iﬂﬂ ﬂ "o 6" po Ml "
Cs Hg TI P‘h B| Po Ftn

ﬁﬂmﬁﬁﬁﬁ ﬂ-ﬂﬂﬁﬁ

The LOHENGRIN fission fragmentseparator

mass-separated fission fragments, AA/A=3E-4 - 3E-3
AE/E=1E-3-1E-2

upto 10° p:er second, T 12 2 microsec.
|Gnization crfarna:-er

in focalplane -~ RED magnet flux 5.5-10% n./cm ?/s
Exin T Pl rE?DﬂdenSﬂ_r few mg fission target
k Q separalon
, | 5 %“';;Q:E;?;,, several 10 12 fissions/s
2 >~ energy | ionic charge Aokttt
~.aeceptange fraction :

x\o 1 0.7| 0.1p-0.2 Source troliey

mv2/ry=qE M V2/ rpagn =
Exin/A=EIl 21y mv/q=Bryagn
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lonic charge separation

/Q+1
2 q
ﬁ — (]
B \ q_l
lonic charge state distribution
20%
* o
15% - o
C
e
S 10% -
£ .
5% ®
¢ .
TS
0% T 2 : 2 : 2 : 2 : 2 :
16 18 20 22 24 26 28
lonic charge
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lonic charge separation
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2 q;

Separation with gas-filled magnet

He or N, at few mbar

q average

- a
q average — V/V Bohr Z

O iheo = 1/3 (Bohr)
Oeyp=0.33—

0.7

Isotope selection with gas-filled separators

*» Gas collisions give average q = fkt(Z,v)

* p/q selection by magnetic deflection
« Bp O A/ZY3 (A. Ghiorso et al., Nucl. Instr. Meth. A269 (1988) 192)

82
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Z selection by specific energy loss

" AE=C Z2/v? (Bethe-Bloch)

_ Half-life Range

__| Unknown

L1 <0.1s

[loi1-5s

M5 -100s

M 100s-1h

Minay
1y-1Gy

™ Stable
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Multistep-Separation in Accelerator Mass Spectromet  ry

time-of-flight
- gas-filled

magnet

90 deg analyzing magnet
Wien filter —

ol
25 aFe + 58N
14MV MP tandem :

10m

18 ded. electrostatic deflection
AMS ion source

10-15 sensitivity!

From ISOL beams to RIBs with higher energies

ISOL beams

» have well-defined energy ( AE/E=1eV /60 keV)

* have usually small emittance (e.g. 10 1T mm mrad),
i.e. limited opening angle

* have often well-defined ionic charge q=1

» Zselection is performed before the mass separator

Recoils or fragments of nuclear reactions:

* have large energy spread

» large angular spread

« differentionic charge states

» depending on nuclear reaction different Z
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Fusion-evaporation i
58Ni(58Ni,2n)114Ba < m ) - e
S8Ni(58Ni, a0 2n) 110X e pabiaeic” - ‘

50 afes:
= I
I . . 82
28 g .
20 -
| 50
ety 28
8§ ——> N
Multinucleontransferreactions
e :
186w(64Ni’X)184|_u o ol
K. Krumbholz et al., it
Z. Phys. A352 (1995) 1. e
- i ﬁ . 126
(o Half-life
i Unknow|
[]<01s
R mmn ; HH; 8'2 uOI*SS
28 ] s ] 5 -100
- it M 100s-1
20 lh""”u .lh—ly
<15 % Miy-1G
p BB L’i‘” - Stable
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Requirements for in-flight separators

marmantun spread S T
-
-

Gnpriii

AN
i I

q L]

sl anghe Imar)

m a L] L] e
Blement number .
Fig. 1 Domadms of lnnetic encrgies of the reaction prodwcts
from variows nuclear reactions.

G. Minzenberg, Nucl. Instr. Meth. B70 (1992) 265.

Fig. 3, Solid angle and momenium spread of the reaction
producty compared 1o the scceplances of speciromelers.

Recoil separators

» separate the products of a nuclear reaction (recoil
from the projectile beam

» early dumping of unwanted beam
» optionally also A/g separation of reaction products
» usually kinetic energies up to 10 MeV/nucleon

» mass dispersion achieved by combination of
magnetic dipoles, electric dipoles or Wien filter

» usually additional quadrupoles for focusing
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SHIP at GSI| Darmstadt

Y-
Detectors

> Si-
Detectors

TOF

SHIP 94

Electric Field

Projectiles

G. Minzenberg et al., Nucl. Instr. Meth. 161 (1979) 65.

P53 7

"1CN 75 06 mm-
Observed events at G§I L 45 Mev
in 298P +79Zn reaction 280s 2009 MeV
73Dy 17.85mm ;
09-Feb-1996 T "1CN
E("%Zn) = 343.8 MeV 110us 1.17 MeV
269Hd 17.77 mm 1406ps
273D 26.03 mm
.23 MeV
19.7s 1.20 MeV
26554 17.81 mm 310ps
269Hg 26.01 mm
.60 MeV
7.4s .18 MeV
261Rf 17.57 mm 22.0s
26559 26.16 mm
.52 MeV
4.7s .2 MeV
57N 17.96 mm 18.8s
261Rf 27.33 mm
.34 MeV 05-May-2000
15.0s 153 MeV E ("°Zn)= 346.1 MeV
17.91 mm 14.5s
26.70 mm
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VASSILISSA
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Fig. 5 Towsopimol ¢legments of the VASSILISSA ol covmypmiter smdbidosd rajettongs of ™ Po

A.G. Popeko et al., Nucl. Instr. Meth. A510 (2003) 371.

4 =18

.||-||.l

DGFRS: Dubna Gas-Filled Recoil Separator

Exil H ( | T ) Bmaxi_‘T
M}]ar 24~ orr p =2 1'm
TOF .
Proportional window
chambers / Rotating
Ql ‘[argct

Pentane [L
\ (~1.5 Torr)
Position-sensitive N\ Rotating
Si detector array EVRs Suppressed beam entrance

E, x,y (Faraday cup) window

K. Subotic et al., Nucl. Instr. Meth. A481 (2002) 71.

Beam
control
system
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RIKEN Gas-filled Recoil Separator GARIS
D1
Bending angle 45 degree
Pole gap 150 mm
Differential pumping section [Radius of central ray 1200 mm
[Maximum field 154T
Q1, Q2
Pole length 500 mm
Bore radius 150 mm
IMaximum field gradient 52T/m
D2
[Bending angle 10 degree
Pole gap 160 mm
Pole length 400 mm
[Maximum Field 104T
[Magnification X -0.76
Y =ILEY
Dispersion 0.97 cm/%
[Total length 5760 mm
i . _ |Acceptance A® +68mrad
A 57 mrad
AQ 122 msr
I I

Decay chains from %Ca + 238U => 286{12*

DGFRS mean values SHIP mean values
BRI CN 283 CN
a, o
';:- = 9.35; +0.06 MeV 9.520 £ 0.015 / 232 * 15 MeV
w2 =388 +6.9
o b, = 0.10 T,2=69,55s
2 be = 0.5
9,70 / 228 MeV
2754g Ty2=020s
0, b, = 0.10 210 jf;’ MeV
9.30 MeV T2 =082557 s
T =019s
oy %10 "5 =(2.5+1%_, ypb (DGFRS)
8.54 / 248 MeV _ 1
Tir2 = 1.9 min o= (1-0 10/-0.6) pb (SHIP! 238Umetal) 5. Hofmann et al,,
by =0.70 G=(0.7 "% _,.)pb (SHIP, U+ UF) |Eur. Phys. J. A32, 251 (2007}
260 MeV TKE

[ ] — n
;,‘:251.1&3 h IKF“ ﬁ% @)

InSTEC 2,y itk
¥u.Ts. Ocanessian et al,, JH_“F;‘?
Phys. Rev. C74, 445602 (2005) E o




|upperend of nuclear chart2007 |

Mt

Hs 64]265 266267

Bh 261262 2641265266267 271272
Sg [259[260[261 265|266

Db [258]259]260] 21 21 .

Rf |257 59

162

-Spontaneousfission 01 2 3 45 6 7 8
Barrier height (MeV)
!B*orEC decay

SP2 Beam time: 44 weeksly
GANIL Beam time: 35 weeksly

ISOL RIB Beams: 28-33 weeksly
GANIL+SP 2 Users: 700-800/y

GANIL/SPIRAL 1 today

CIME cyclotron RIB at 1-20 AMeV
(upto 9 AMeV for fiss.fragments)

DESIR Facility
low energyRIB

| HRS+RFQ Cooler |

RIB Production Cave
Upto 10 fiss./sec.

S3 separator-
spectrometer

LINAC: 33MeV p, 40 MeV d, 14.5 AMeV HI

A/g=3 HIl source
Upto 1mA

Neutrons For
Science

Cost: 200M€

Alg=2 source
p,d, 3He 5mA

A/g=6 Injector option
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S3at SPIRAL2, GANIL, Caen

First Rejection Second Rejection
A A
r L ™
Separalor Spectrometer

Fig. 1. Schematic idea for S showing the two stage separator.

S3at SPIRALZ2, GANIL, Caen

A. Drouart et al., Nucl. Instr. Meth. B266(2008) 4162.
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VAMOS at GANIL

Very wide acceptance = trajectory reconstruction for
aberration correction
Focal Plane

detection at 60°

QUADRUPOLES

9

H. Savajols for the VAMOS Collaboration, Nucl. Instr. Meth. B204 (2603) 146.

Gas
Target Magnetic
/ Dipole

Charge Slit
~ Box

Detector of Recoils And
Gammas Of Nuclear reactions

Recoil Detectors
Final Focus

BM/

Magretic g0 yrostatic

Magnetic
Dipole

D. Hutcheon, Nucl. Instr. Meth. A498 (2003) 190.
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Spallation + Fragmentation + Fission
238 + H (1 A GeV)

TJ. Taieb et al., NPA 724 (2003) 413.

M. Bernas et al., NPA 725 (2003) 213.

Z L

50 mb
10 mb
1 mb
100 b
10 wb
1 ub

N

Normalkinematics: n, p or lightions on heavy targ et

* “conventional” accelerator providing
“easily” high beamintensity =~ ~ Ss=2vt—

T

* dedicated target required

* reaction products emitted into 41t
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Inverse kinematics: heavy lons on light target

» complex and expensive

accelerator (fﬁ ﬁ$ o *

* reaction products forward focused

> \\“ "M\.% S‘P

")

Mind the losses during stopping!

(graphical representation censored)

Spallation + Fragmentation + Fission

238U + H (1 A GeV)

J. Taieb et al., NPA 724 (2003) 413.
TM. Bernas et al., NPA 725 (2003) 213.
Z

N

50 mb
10 mb
1 mb
100 b
10 wb
1Tub
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Momentum-loss achromat (Wedge separation)

Dpole

Crusdnapoles

Ve

Primary Target Secondary Target
Beam

Fig. 4. S hematic representation of i e ion-optics =k inoa mmentn-loss acliro-
At to separate project ile fragiments

D.J. Morrissey and B.M. Sherill, Lecture Notes in Physics 651 (2004) 113.

LISE

Faisceau

Filtre de Wien

CLIM g
Ralentisseur
Dipdle 1

- AW

Dipdle 2

e |
|

R. Anne et al., Nucl. Instr. Meth. A257 (1987) 215.
R. Anne et al., Nucl. Instr. Meth. B70 (1992) 276.
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Dispersive ion optical elements

magnets are momentum dispersive

electrostatic deflectors are energy dispersive

Wien filters are velocity dispersive

achromatic wedges are dispersive in mZ  2?/E or (Z/v)?

RF kicker are flight time selective

Effect of wedge selection

—t—p————1 ———
92 | 0.6 GeV/u -
! P S0 MeV/u ]
& 90t 7 A
= | GeV/u g \ 4
- [ 4
c 88
c 2 GeV/u .
F
2 86}
o
E -
gL}  A/Z=232/86

1 — Y | . 1 i i i

R
128 130 132 13& 136 138

Neutron number
K.H. Schmidt et al., Nucl. Instr. Meth. A260 (1987) 287.
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Effectof wedge selection d/R=0.5

80 E [MeV/nucleon] 182pp
N muzﬂulnn
: Eniﬂﬂp
_g 60 20208
100
= . 1328n
g 40
o 48 stability line
T Ni 781
20 — A/Z separation
- Energy-loss
40Mg separation
1]
0 25 50 75 100 125 150

Neutron number N

T. Kubo, Nucl. Instr. Meth. B204 (2003) 97.

In-flight productionofrare isotopes

g

. e ks e !{- "l
T . :_'l 1 A -
Pt ‘h"t 5{ st
- Reaction productidentification
S800 spectrograph
Fragment separator i a., - Identification andbeam transport

A1900 fragment separator

Driver accelerator (v=0.25-0.6 ¢)
» Fragmentseparator (A1900 nsc, FRS esi, BIgRIPS riken, ALPHA spectrometer/LISE  caniL)
» ldentification andbeam transport
» Stopped beam experiments, reaccelerated beam experiments
» Fastbeam experiments
» Secondary reaction

» Reaction product identification (S800 spectrograph, CATE/Aladin, Silicon
telescopes/TOF w all, SPEG)
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In-flight production ofrare isotopes
Example: 78Nifrom 86Kr at NSCL

Fragments at
production target

65% of the
e # produced ®Ni
A TN transmitted

Fragments at
focal plane

) Fragments at
Driver accelerator achromatic degrader

» Fragmentseparator (A1900 nsci, FRS esi, BIgRIPS riken, ALPHA/LISE caniL)
> ldentification and beam transport
» Stopped beam experiments
» Fastbeam experiments
» Secondary reaction

» Reaction productidentification (S800 spectrograph, CATE/Aladin, Silicon
telescopes/TOF w all, SPEG)

Isotope selection at (high E) in-flight separators

* lonization to q = Z (high energies!) Lo ofs"

* A/Z selection by magnetic deflection

*BpOA/Zvy

« v can be measured by time of flight

or selected by Wien filter

Z selection by specific energylossw

AE = C Z?/v? (Bethe-Bloch)

e _wm\‘ \ ﬁ plastic scintillator: AE, timing

| il . Xy : - .
Z H 2 m /. time projection chamber: X, y
r k N - QQ ionisation chamber: Z

2 ' A production breakup
/ > N target target
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Perfectisotope identification athigh energy

1 A GeV 238U on titanium

e

2%
2|
20 -
18 L
16 |
%
2k
10-_‘_."

18 19 20 21 22 23 24 25 26 27 28
A/Z

M.V. Ricciardi et al.,Nucl. Phys. A733 (2004) 299.

Optimum energy for FRS-like momentumachromat

(E/A) [MeV]

1200

1000

800

600

400

200

50% secondary reactions

80% fully stripped

20 40 60 80 100
Proton number

K.H. Schmidt, Euroschool Leuven 2000.
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BigRIPS at RIKEN, Japan

T

LY

Y-MAX = +/-  0.200 TLU Z-MAX = T7.200)

X
s ~ ol
B
b = i
XWX = /- 02007 T T T 2 = 77200
BigRIPS at RIKEN, Japan
BigRIPS : Tandem (Two-stage ) Separator |
151 stage (2-bend FRS)
o : N T Prodduction mod
r:'gl‘-fd RI-beams ¢ l":l"t"_]_'ll beams Separation of R1 heans
F7 Fi Fa
- ED My, 6 I4 @8 0D- 00 {0 Pl
Fs @,@ ! =,
- n & lsctonpee i _
separaiion |/ -
f Target
Wedge ]

Inel stagee (d=bemd FRS)

| Tagging of RI beams ‘_ degrader  from SRC

TOF, Bp, AE — Z, AQ (A, Q) P

T. Kubo, Nucl. Instr. Meth. B204 (2003) 97.




Super-FRS at FAIR, Darmstadt

x
s
-
- b4
[ . [
- £ LR— 7 1
f N
] f i §
L 1) [ [ el o
Targat =) ll..- ﬁ
Eﬁ 4 T g i

BCa

Fig. 4 Beam cotcher locations tn the first dipole stape of the pre-
scparator. Depending on the frapment sctting the primary beam will be
dumped at the position given by the relative difference m miagnetic ngadity
Plotted are tragectones of primary bewms with different dg, values in steps

of 1%

Fig, 5 Layout of the front purt of the beam éatcher, The Y-shaped
griphite block will absorb the beam energy of up o 50 KW and 15 actively
cimled

M. Winkler et al., Nucl. Instr. Meth. B266 (2008) 4183.

Q3D Spectrometer

Fig. 1. lon optical layout of the QDD spectrograph, T — target chamber; ME - multipole element; D1, D2, D3 — dipole
magnets; E.D. - electrostatic deflector; F - focal surface; D — detector chamber.

M. Loffler et al., Nucl. Instr. Meth. 111 (1973) 1.
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Example spectrum 18°Hf(d,p)

F Sonieremim ;e ol Nucksr Piorics A 700 (00000 458

Fix 1 A eszmple of proton. spectrs fiom the reechon ’“ilﬂ&.p'l-'"l'lf The pealn me labelied by e o
energy an ke The proios prouge babeled woth ¢ belonsg 1o contemenmn soiopes

The SPEG spectrometer at GANIL

r w — ™
'“M“ﬂ‘. ﬁ‘. “"l |

t“ﬂ = THE WY
wbo

- g r._{ Qg

'I-!'
1
W

COUKTS

Fig 20 Zero depree spocaram mesusred for ihe **Phi 00
“N-'”llqd.um

L. Bianchi et al., Nucl. Instr. Meth. A276 (1989) 5009.
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Beam line WS-course at RCNP

T. Wakasa et al., NIM A482 ('02) 79.
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‘Be(3He,1)°B spectrum (at various scales)

250 A a1 . a1 PR T 1 = o s 0 » o & o i = 2 & 1 l_» A x _u
8 *Be(®He)’B  E=t40Mevi
3 2001 8=0°, narvow angle cut |
o |
150
100
50.
% 1500 2000 2500 3000 3500 4000
GChannsl
Y. Fujita
‘Be(3He,1)°B spectrum (II)
zﬁu aa . n a1 . a L. PR ) L s a 0 s 5 o ‘N’ 1
R “Be(*He,t)’B S
3 200w2 o E=140 MeV/u g -
© A 32
150 ﬂ% = 8% -
Bl E :
100 3 | -
o [l o™ l ‘ L
50+ ' U “ﬁ
| i bl

%00 1000 iS00 2000 2800 3000 35@0 4000
g.s. decays info p+2a _ o hannel
| sospin selectionrule prohibits

proton decay of T=3/2 state! C. Schol. Kol
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Outline

. Definitions and history
. Basics of ion optics and dispersive elements
. Static fields
a) deflection spectrometer
b) retardation spectrometer
. Dynamic fields/separation
a) Time-of-Flight spectrometer
b) Radiofrequency spectrometer
c) Traps
. Technicalrealization (ion sources, etc.)
. “Realexamples” for nuclear physics applications
a) ISOL
b) Recoil separators
c) Fragment separators
d) Spectrometer

References

Inorganic Mass Spectrometry: Principles and Applica tions,
Sabine Becker, Wiley, 2007.

Optics of Charged Particles, Hermann Wollnik,
Academic Press 1987.

Mass spectroscopy, H.E. Duckworth et al.,
Cambridge Univ. Press, 1986.

The transport of charged particle beams,
A.P. Banford, E. & F.N. Spon, 1966.

Proceedings of the EMIS (Electromagnetic Isotope
Separation) Conferences:
Nucl. Instr. Meth. B266, NIM B204, NIM B126, NIM B7 O, ...

53



