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C O N T E N T S

• Lecture 1 

• Part 1: basics and definitions 

• Part 2: methods and instruments based on Ion Optics 

• Lecture 2 

• Part 1: tools and live demos 

• Part 2: real life Ion Optics
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PA R T 1 :  B A S I C S  A N D  D E F I N I T I O N S

• What is the purpose of Ion Optic? 

• Manipulate charged particles (not just ions!) 

• Bunching and acceleration 

• Transport and separation 

• Measure properties to realize experiments
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M AT R I X  N O TAT I O N

• Propagation of a straight ray 

• !  

• !  

• In transfer matrix notation 

• !  

• !

x2 = x1 + (z2 − z1) × tan α1

y2 = y1 + (z2 − z1) × tan β1

[ x2
tan α2] = [1 ℓ

0 1] [ x1
tan α1]

[ y2

tan β2] = [1 ℓ
0 1] [ y1

tan β1]
!4

H. Wollnik, Optics of charged particles, Academic Press, INC (1987)
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C O O R D I N AT E  S Y S T E M  &  T R A N S F E R  M AT R I X

• Six-dimensional coordinate system 

• Necessary to fully describe the motion 
of particles in 3D space 

• Geometrical dimensions used on 
perpendicular axises (x and y) 

• Momentum (energy) dimensions used 
on longitudinal axis (z) 

• Full matrix of a drift space of length !  

• Also called Transfer matrix 

•

!  

• !   

• !  

• ! path length difference 

• !  momentum difference

ℓ

x
a
y
b
l
δ 2

=

1 ℓ 0 0 0 0
0 1 0 0 0 0
0 0 1 ℓ 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

x
a
y
b
l
δ 1

a =
sin α

1 + tan2 β + cos2 α

b =
sin β

1 + tan2 α + cos2 β

l =

δ = Δp/p
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I N T E R P R E TAT I O N  O F  M AT R I X  E L E M E N T S

• Restricted general matrix 

• Momentum conserving 

• No cross horizontal/vertical 
elements 

• Magnifications: diagonal 
elements 

• Dispersions: last column 

• Focussing: off-diagonal 
elements

(x/x) (x/a) 0 0 0 (x/δ)
(a/x) (a/a) 0 0 0 (a/δ)

0 0 (y/y) (y/b) 0 (y/δ)
0 0 (b/y) (b/b) 0 (b/δ)

(l/x) (l/a) (l/y) (l/b) 1 (l/δ)
0 0 0 0 0 1

[x a y b l δ]
x
a
y
b
l
δ

!6



D. Bazin, NUSYS 2019 , 12-18 August, Lanzhou, China

B A S I C  T Y P E S  O F  O P T I C S  S Y S T E M S

• Point to point 

• Parallel to parallel 

• Parallel to point 

• Point to parallel

[(x/x) (x/a)
(a/x) (a/a)]

(x/a) = 0

(a/x) = 0

(x/x) = 0

(a/a) = 0

!7
H. Wollnik, Optics of charged particles, Academic Press, INC (1987)
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E Q U AT I O N S  O F  M O T I O N

• Coulomb and Lorentz forces: !  

• ! : electric field, ! : magnetic field, ! : velocity, ! : charge, ! : mass 

• Exercise 1: can you tell why magnetic fields cannot change the kinetic energy? 

• Magnetic rigidity: measure of how difficult it is to bend trajectory 

• !  in Tesla.meter (T.m.) 

• Exercise 2: calculate rigidity of 12C5+ at 100 MeV/u

⃗F = q ⃗E + q ⃗v × ⃗B =
d(m ⃗v )

dt
⃗E ⃗B ⃗v q m

Bρ = 3.107
m
q

βγ, β =
v
c

, γ =
1

1 − β2
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E M I T TA N C E  A N D  P H A S E  S PA C E

• Representation of ensemble of 
particles forming a beam 

• Six-dimensional ellipsoid phase space 
volume containing all trajectories 

• Emittance (! ) represents the volume of 
the ellipsoid 

• Orientations of the ellipsoid indicate 
correlations between coordinates 

• Transverse emittance (! ) and (! ) 

• Longitudinal emittance (! )

ϵ

x, a y, b

ℓ, δ

From: https://www.comsol.com/blogs/phase-space-
distributions-and-emittance-in-2d-charged-particle-beams/
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E V O L U T I O N  O F  B E A M  P H A S E  S PA C E

• Liouville’s theorem 

• Phase space distribution 
function evolves along the 
beam axis 

• Volume of six-dimensional 
ellipsoid is constant in 
Hamiltonian (energy 
conserving) system 

• Non energy-conserving 
system make emittance grow 
or shrink

x¢

x

x¢

x

x¢

z
beam envelopebeam waist

x¢
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S I G M A  M AT R I X

• Representation of phase space ellipsoid 

• 6x6 symmetric matrix 

• Diagonal terms represent size of ellipsoid in 
each dimension 

• Off diagonal terms represent correlations 
between dimensions 

• Evolution 

• Propagation of the sigma matrix follows the 
equation: !  

• !  and !  are the Transfer matrix and its 
transposed matrix

σ2 = Rσ1RT

R RT

!11



D. Bazin, NUSYS 2019 , 12-18 August, Lanzhou, China

B E A M  E N V E L O P E

• Space taken by the beam phase space along the optics system 

• Can be calculated by propagating the sigma matrix along the optics system 

• Density function inside beam envelope can be assumed uniform or gaussian
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A C C E P TA N C E S  A N D  T R A N S M I S S I O N S

• Acceptance: physical limits of elements that compose the optics system 

• Transmission: percentage of beam phase space that fits inside acceptance 

• Also depends on density distributions in phase space
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S O M E  T Y P E S  O F  B E A M  O P T I C S  E L E M E N T S

• Dipoles: deflect ions 

• Magnetic: perpendicular field 

• Electrostatic: radial field 

• Quadrupoles: focus ions 

• Magnetic  

• Higher order N-poles: corrections 

• Cavities: accelerate

Andre Holzner
!14

H. Wollnik, Optics of charged particles, 
Academic Press, INC (1987)
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Q U A D R U P O L E  M AT R I X

• Analytical solution for ideal quadrupole 

•
!  

• ! : Effective length 

• !  with !  field at pole tip, !  

radius and !  particle magnetic rigidity

TQ =

cos kL k−1 sin kL 0 0 0 0
−k sin kL cos kL 0 0 0 0

0 0 cosh kL k−1 sinh kL 0 0
0 0 k sinh kL cosh kL 0 0
0 0 0 0 1 0
0 0 0 0 0 1

L

k =
BT

aBρ
BT a

Bρ    
   

   
   

D
G

E
G

A
G

E
G

E
G

D
G

E
G

D
G

E
G
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Q U A D R U P O L E  D O U B L E T

• Necessary to achieve focussing in both 
horizontal and vertical planes 

• Quadrupoles are focussing in one direction and 
defocussing in the other 

• Point-to-point optics 

• Point-to-parallel optics 

• Exercise 3: calculate the Transfer matrix of a 
single quadrupole with drifts D on either side 
(only in x direction) 

• Can you find a analytical solution for a point-to-
parallel optics? 

• What is the length of the quadrupole if k=1.304 
and D=1 m?
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[1 D
0 1] × [ cos kL k−1 sin kL

−k sin kL cos kL ] × [1 D
0 1] = [cos kL − Dk sin kL 2D cos kL + k−1(1 − D2k2)sin kL

−k sin kL cos kL − Dk sin kL ]
• Point-to-parallel in x 

• (a/a) = 0 

• Solve: !  

• !  

• For quadrupole with k=1.304, D=1 m, 
the length is 0.5 m

cos kL − Dk sin kL = 0

L =
1
k

arctan(
1

Dk
)
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Q U A D R U P O L E  D O U B L E T:  S O L U T I O N S
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F O C U S S I N G  T R I P L E T

• Advantages of triplet vs doublet 

• More flexibility to achieve desired 
optics 

• Diagonal elements can also be chosen 

• Example: system with all magnifications 
set to ||1|| 

• Imaging optical system for a point-to-
point configuration

-0.10

-0.05

0.00

0.05

0.10

m

4321

 T
1A

 T
2A

 T
3A

Fo
cu

s

-0.10

-0.05

0.00

0.05

0.10

m

4321

 T
1A

 T
2A

 T
3A

Fo
cu

s

!17



D. Bazin, NUSYS 2019 , 12-18 August, Lanzhou, China

D I P O L E  M A G N E T

• Transfer matrix includes dispersive terms 

• Only in one direction: !  lateral dispersion and 
!  angular dispersion 

• No field gradient (radial variation) 

• ! : bending angle, ! : bending radius 

• Resolving power for a given beam spot size !  is

!  (ability to separate particles with 

different momenta) 

• More complex geometries are possible 

• Field gradient and/or edge angles to produce 
focussing in x/y directions

(x/δ)
(a/δ)

α ρ

x0

R = −
(x/δ)

x0 × (x/x)

TD =

cos α ρ sin α 0 0 0 ρ(1 − cos α)
−ρ−1 sin α cos α 0 0 0 sin α

0 0 1 0 0 0
0 0 0 1 0 0

sin α ρ(1 − cos α) 0 0 1 −L + ρ sin α
0 0 0 0 0 1

Dispersion !  scales with !  
Maximum dispersion for !  
No dispersion for !  (cyclotron)

(x/δ) ρ
α = 180∘

α = 360∘
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• Exercise 4: consider sector dipole 
with equal drift space D on either side 

• Calculate the transfer matrix as a 
function of !  

• Find the drift length necessary to make 
the system focussing in x 

• What is the lateral dispersion of the 
system if ! ? 

• What is the resolving power assuming a 
beam spot of 1mm?

ρ, α, D

ρ = 1m, α = 45∘

ρ α

D

D

!19



• Focussing condition: !  

• Solve !  

• !  

• For !  

• Lateral dispersion: !  

• Resolving power: !

(x/a) = 0

2D cos α + (ρ −
D2

ρ
)sin α = 0

D = ρ(
1 + cos α

sin α
)

ρ = 1m, α = 45∘ : D = 2.414m

(x/δ) = 2cm/ %

R = −
2

10−3 × (−1)
= 1000

[
1 D 0
0 1 0
0 0 1] ×

cos α ρ sin α ρ(1 − cos α)
−ρ−1 sin α cos α sin α

0 0 1
× [

1 D 0
0 1 0
0 0 1] =

cos α − D
ρ sin α 2D cos α + (ρ − D2

ρ )sin α ρ − ρ cos α + D sin α
−1
ρ sin α cos α − D

ρ sin α sin α

0 0 1
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C O M P L E X  O P T I C A L  S Y S T E M S

• Primarily composed of bending and focussing elements 

• Several focussing, waist points and geometrical constraints 

• Analytical calculations of optics in general not practical 

• Numerical solutions become a multi-dimensional minimization problem (Lecture 2)
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PA R T  2 :  M E T H O D S  A N D  I N S T R U M E N T S

• Ideal magnets versus real magnets 

• Effective length 

• Fringe fields 

• High order aberrations 

• Instruments based on ion optics 

• Beam lines 

• Spectrometers and separators 

• Isochronous systems

!21
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R E A L  M A G N E T S

• Ideal magnets have straight edges 

• Real magnets have smooth edges 

• The region where the field decays 
from maximum to 0 is called fringe 
field region 

• The straight edge location 
corresponding to the same amount of 
field is called effective field boundary

Same integral inside and outside EFB

EFB

!22

H. Wollnik, Optics of charged particles, Academic Press, INC (1987)
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VA R I AT I O N S  W I T H  F I E L D

• Iron used for magnet poles saturates at 
about 1.2 Tesla (curve n°5) 

• As the field changes in magnet, the 
location of the EFB moves 

• Example shows effective length evolution 
for type A quadrupoles of the A1900 

• Total variation is around 5% 

• Optics calculations need to take this 
variation into account
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M O D E L I N G  O F  F R I N G E  F I E L D S

• Shape of fringe fields modeled using 
Enge function 

• !  

• ! : distance perpendicular to EFB, ! : 
aperture of magnet, ! : Enge 
coefficients 

• Enge coefficients are fitted to field map 
data 

• Stability of Enge function required from 

-3 to +5 of !  (COSY infinity)

F(z) =
1

1 + exp[∑n
i=0 ai(

z
D )i]

z D
ai

z
D
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Out Enge Fit:
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In Enge Fit:
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3.3 Supported Elements 25
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Figure 2: COSY LaTeX picture of the S800 D1 magnet’s entrance Enge function.

a1 a2 a3 a4 a5 a6
Quad. I Entr. 0.150894 7.26981 −2.73798 2.0669 −0.256704 0.00

Exit 0.15839 7.22058 −2.93658 2.62889 −0.333535 0.00
Quad. II Entr. 0.0965371 6.63297 −2.718 10.9447 1.64033 0.00

Exit 0.235452 6.60424 −3.42864 4.38392 −0.573524 0.00
Dipole I Entr. 0.31809 2.11852 −1.0255 0.797148 0.00 0.00

Exit 0.38027 2.01144 −0.900505 0.773862 0.00 0.00
Dipole II Entr. 0.395308 2.03151 −0.910001 0.784602 0.00 0.00

Exit 0.326167 2.08628 −1.01685 0.803716 0.00 0.00

Table 4: Enge coefficients of the S800 spectrograph at the NSCL [33].

Therefore, if all dipoles, all quadrupoles, etc. in the system have the same fringe field falloff, it is sufficient
to call FC only once for each type. In case there are different types, FC has to be called each time before
the specific element. Sometimes it has proven helpful to lump several calls of FC into a procedure. One
such procedure that is already part of COSY is

FD ;

which sets all values to the default; this procedure is automatically called when COSY’s DA system is
initialized, and it must be called again to reset the Enge coefficients to their default value, in case they have
been changed. The accuracy of this computation mode is limited only by the accuracy of the numerical
integrator, which can be set with the procedure

ESET < ϵ > ;

where ϵ is the maximum error in the weighted phase space norm discussed in connection with the procedure
WSET (see index). The default for ϵ is 10−10 and can be adjusted downwards if needed.

Since very detailed fringe field calculations are often computationally expensive, COSY allows to

EFB

-3
+5

!24
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H I G H  O R D E R  A B E R R AT I O N S

• Due to non-linear effects (such as fringe fields 
for instance) 

• Model of optics as linear combinations 
between final and initial coordinates only an 
approximation 

• Terms of order greater than 1 are called 
aberrations 

• Terms that depend on geometrical 
coordinates are called geometrical aberrations 

• Terms that depend on momentum/energy 
coordinates are called chromatic aberrations

xf = (x/x)xi + (x/a)ai + (x/δ)δi

+(x/xx)x2
i + (x/xa)xiai + (x/aa)a2

i

+(x/xδ)xiδi + (x/δδ)δ2
i

+(x/xaa)xia2
i + (x/xaδ)xiaiδi + . . .

Polynomial expansion similar to Taylor series

!25
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I L L U S T R AT I O N  O N  S I M P L E  D I P O L E

• Dipole magnet x focussing 

• First order calculation shows perfect 
focussing of all 5 angles for the 3 
different momenta 

• Third order calculation shows blurring 
of images due to aberrations 

• Blurring larger for momenta different 
from central ray indicate presence of 
chromatic aberrations

DI

DI

1st order

3rd order

!26
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A B E R R AT I O N  C O R R E C T I O N S

• High order multipoles can be used to 
correct aberrations 

• Sextupoles can correct 2nd order terms 

• Octupoles can correct 3rd order terms 

• And so on … 

• Example on simple dipole 

• Largest aberration is !  

• Adding a sextupole reduces it by ~ 2 

• But it increases !  by almost 7!

(x/aδ)

(x/aa)
DI MH

DI

-8.99E-04 (x/aa)

2.57E-03 (x/ad)

-6.81E-04 (x/dd)

-6.14E-03 (x/aa)

1.17E-03 (x/ad)

-9.79E-04 (x/dd)
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S Y M M E T R I C A L  S Y S T E M S

• Aberrations can be better controlled 
when using symmetrical systems 

• Many aberrations with even powers 
cancel out in symmetric system 

• Example from simple dipole 

• Solution: add another sextupole 
symmetric to first with opposite field 

• !  goes back to original value while 
!  is still reduced
(x/aa)
(x/aδ)

MH DI MH

-9.00E-04 (x/aa)

1.17E-03 (x/ad)

-9.79E-04 (x/dd)
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I N S T R U M E N T S  B A S E D  O N  I O N  O P T I C S

• Simplest type: beam lines 

• Purpose: transmit ions from one location to another with minimal losses 

• Design principally depends on type of beam to be transmitted 

• Beam from accelerator (usually called primary beam): small emittance 

• Beam from separator (also called secondary beam): large emittance

!29
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S P E C T R O M E T E R S

• Chromatic systems: final position depends on momentum 

• Optics system designed to measure characteristics of charged particles 

• Usually located after a reaction target 

• Has large acceptances to collect as many reaction products as possible 

• Needs detection system to actually perform the measurements 

• Can be moved to different angles relative to the incoming beam direction 

• Resolving power designed to obtain a certain momentum resolution

!30
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E X A M P L E 1 :  G R A N D  R A I D E N  @  R C N P

• Optics configuration: QSQMDDD 

• Characteristics 

• Maximum rigidity: 5.5 T.m. 

• Deflection angle: 162° 

• Momentum acceptance: 5% 

• Solid angle: 5 msr 

• Resolving power: 37,000 in momentum 

• Used with primary beams from cyclotron

!31



Target

Platform 
!5∘ < θ < 90∘

Incoming beam

Focal plane
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H A R D W A R E  S P E C T R O M E T E R

• Multipoles used to correct some aberrations 

• Other aberrations mapped from data 

• Use of “angle sieve” to calibrate angles 

• Use of dispersion matching technique (see later)Y. Fujita et al.: Gamow-Teller transitions from 58Ni to discrete states of 58Cu 413
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Fig. 1. High-resolution 58Ni(3He, t)58Cu spectrum measured
at 0◦. Major states with L = 0 character are indicated by their
excitation energies.

ray made it possible to subdivide the acceptance angle of
the spectrometer by a software.

Figure 1 shows the spectrum obtained around θ = 0◦
for the angular range ±12 mr in the x-direction (no cut
is made in the y-direction). Precise dispersion matching
and angular dispersion matching were realized by using
the newly commissioned WS beam line [18,19]. Owing to
the development of a new diagnostic method for the re-
alization of matching conditions [20,21], a resolution of
50 keV (FWHM) has been realized.

The experimental knowledge on 0+ and 1+ states in
58Cu is scarce [22]. The ground state and the 1.052 MeV
level are assigned to be 1+, T = 0, whereas 0+, T = 1 is
proposed for the 0.203 MeV level.

The excitation energies of newly observed states were
calibrated using well-known low-lying discrete states of
12N and 13N [23] observed in the natC(3He, t) spectrum
as reference. Owing to the small Q value of the (3He, t)
reaction on 13C and the large Q value on 12C, the exci-
tation energies of 58Cu states were determined by inter-
polation. We estimate an error of ±10 keV in the region
up to Ex = 5 MeV and ±20 keV in the 8 MeV region.
The excitation energies of low-lying states from ref. [22]
and those of the states determined in the present work are
listed in table 1.

As the scattering angle θ increases beyond 0◦, the
cross-sections of L = 0 states decrease, whereas those
of L = 1 and higher multipoles increase. The spectra at
three different angle cuts (θ ≤ 0.25◦, θ = 0.25◦ − 0.5◦
and θ = 0.5◦ − 0.75◦) were compared. The 58Cu states
with a relative decrease in strength similar to that of the
known 1+ state at 1.052 MeV were assigned to be L = 0
GT states. For these states, GT transition strengths are
listed in table 1. It was found that almost all prominent
peaks, except for the peak seen between the 3.460 and
3.678 MeV states, showed the similar relative decrease.
The L = 0 assignment was less certain for the three states
above Ex = 8.1 MeV.

2.3 Experimental determination of the GT strength

The Sp value of 58Cu is 2.873(3) MeV [9]. Above this en-
ergy, a gradual increase of the underlying continuum is

Table 1. Discrete states in 58Cu and B(GT) values deduced
from 58Ni(3He, t) measurements. The Ex values are in units of
MeV. The literature Ex values are accurate within less than
1 keV. The B(GT) values are given to the states assigned to
have L = 0 character. For details of the derivation of Ex values
and B(GT) values, see text. Isospin value T = 0 is assigned to
all the L = 0 states unless T = 1 is indicated.

Nucl. data sheets(a) (3He, t)

Ex Jπ Ex B(GT) Isospin

0.0 1+ 0.0 0.155(1)(b)

0.203 0+ 0.204 – T =1
0.444 (3+) 0.444 –
1.051 (1+) 1.051 0.265(13)
1.428 2+ 1.427 –
1.652 2+ 1.651 –

2.949 0.025(3)
3.460 0.173(11)
3.678 0.155(10)
3.717 0.050(5)
4.720 0.042(4)
5.065 0.040(4)
5.160 0.250(14)
5.451 0.082(7)
5.645 0.016(3)
6.038 0.029(4)
6.086 0.033(4)
6.497 0.061(7)
6.844 0.044(5)
7.105 0.057(6)
7.143 0.014(4)
7.586 0.073(7) T =1
7.700 0.021(4)
7.752 0.028(5)
7.907 0.052(5) T =1
7.993 0.049(5)
8.063 0.035(5) (T =1)(c)

8.159(d) 0.037(5)
8.199(d) 0.033(4)
8.282(d) 0.016(4)

(a) From ref. [22].
(b) Value from β-decay measurement, which is used as a B(GT)
standard.
(c) See text for the discussion of T assignment.
(d) L = 0 assignment is less certain.

observed in the spectrum shown in fig. 1 because of the
three body kinematics. In order to determine the intensi-
ties for the “structure part”, the continuum part should
be removed. Since there is no established theory for reli-
ably calculating the cross-section of continuum, a smooth
line connecting the “valleys between the peaks” was sub-
tracted in the analysis. Because of the good energy resolu-
tion of 50 keV, there is almost no ambiguity in drawing the
line of the continuum in the energy region Ex ≤ 8 MeV
in which we are interested. The intensities of individual
peaks were obtained by employing a peak decomposition
program using the peak shape of the well-separated peak
at 1.05 MeV as reference.

Y. Fujita et al., Eur. Phys. J. A 13, 
411 (2002) 

Energy resolution: 50 keV 
Resolving power: 9,000 in energy

From G. Berg!33
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E X A M P L E 2 :  S 8 0 0  @  N S C L

• Designed for reactions using secondary beams (large emittance) 

• Large acceptances (5% momentum, 20 msr solid angle), resolving power: 10,000 

• Has preceding beam line that can be used for dispersion matching (see later)

Object

Target

Focal plane

150° bend

S-shaped 
beam line

45° bend

45° bend

!34
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S 8 0 0  O P T I C S

• Optics design: QQDD 

•  Maximize Y angular acceptance (waist 
between the two dipoles) 

• X focus at the focal plane 

• Dispersion: 96 mm/% (momentum) 

• Magnification (x/x): 0.9 

• Focal plane measurements 

• Two tracking detectors to measure (x,y) 
positions 

• Followed by energy loss, timing, Energy
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D I S P E R S I O N  M AT C H I N G

• Incoming secondary beam has large momentum emittance (up to 1%) 

• Momentum measurement after reaction is blurred by this large emittance 

• Use preceding beam line to compensate for spectrometer dispersion 

• Position at focal plane only depends on momentum change in target 

• Lateral and angular dispersion matching calculations 

• Exercise 5: find !  and !  so that !  and ! , assuming focussing !b16 b26 t16 = 0 t26 = 0 s12 = 0
s11 s12 s16
s21 s22 s26

0 0 1
×

b11 b12 b16

b21 b22 b26

0 0 1
=

t11 t12 t16
t21 t22 t26

0 0 1

!37



• Solve the system of equations:  

• !  

• !  

• Lateral dispersion of beam line: !  

• Angular dispersion of beam line: !  

• Solutions more complicated if spectrometer not at 0°

s11 × b16 + s16 = 0

s21 × b16 + s22 × b26 + s26 = 0

b16 = −
s16

s11

b26 = s21 × s16 − s11 × s26

D I S P E R S I O N  M AT C H I N G :  S O L U T I O N

!X



D. Bazin, NUSYS 2019 , 12-18 August, Lanzhou, China

D I S P E R S I O N  M AT C H I N G  I N  S 8 0 0

• Drawbacks 

• Reduced momentum 
acceptance: 0.5% 

• Large beam spot on 
target
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S O F T W A R E  S P E C T R O M E T E R

• No multipole to correct aberrations 

• Aberrations are corrected “in software” 
from model of the spectrometer 

• Model calculated from field maps of 
magnets and COSY calculations

Reaction: 12C(7Li,3H)16O at 19 MeV/u

GAMOW-TELLER UNIT CROSS SECTIONS FOR ( . . . PHYSICAL REVIEW C 83 , 054614 (2011)

10-2

10-1

1

10

0 2 4 6 8 10 12 14 16 18 20
θcm (deg.)

dσ
/d

Ω
cm

 (m
b/

sr
)

6Li(t,3 He) 6He(g.s.)
Et=112A MeV

Nakamura et al.
(reevaluated)

DWBA
∆L=0+∆L=2
∆L=0
∆L=2

FIG. 3. Differential cross section for the 6Li(t ,3He) 6He(g.s.)
reaction at 112A MeV. The experimental data have been reevaluated
as discussed in the text. The solid lines show the result of the DWBA
calculation; the contributions from the !L = 0 (dashed line) and
!L = 2 component (dotted line) were deduced in a fit.

The experimental differential cross sections were compared
with DWBA calculations by using the code FOLD [35].
Following Ref. [28], one-body transition densities (OBTDs)
were calculated in OXBASH [36] using the CKHE interaction
[68] in the p-shell model space. The CKHE interaction is a
modified version of the CKI interaction [69] that reproduces
the binding and excitation energies of the He isotopes [68].
Radial wave functions were generated in OXBASH as well,
by using the SK20 interaction [38] while forcing the binding
energies of the p3/2 protons (neutrons) in 6Li (6He) to match
the experimental values. The optical potential parameters
determined from elastic scattering of 3He on 6Li [28] were
used for the in- and outgoing scattering channels.

To determine the experimental cross section at 0◦, the
DWBA calculations were scaled to fit to the data, as shown
in Fig. 3. The relative contribution from !L = 0 (GT) and
!L = 2 components were deduced in a fit with a linear
combination of the two components. A good correspondence
between data and theory was achieved up to θcm = 11◦; at
higher angles the DWBA calculation underestimates the data.
The 0◦ cross section extracted was 51 ± 4 mb/sr (!L = 0
component only), where the error also indicates the uncertainty
in the absolute normalization. The DWBA calculation was
used to extrapolate this value to the q = 0 limit with a result
of 52 ± 4 mb/sr. By dividing this number with the known
B(GT ) of 1.577, a GT unit cross section of 32.9 ± 2.5 mb/sr
was deduced.

D. 12 C(t ,3 He)12 B(g.s.) reaction

The 12C(t ,3He) reaction was measured in the same ex-
periment as the 13C(t ,3He) reaction. The results of the latter
reaction were published in Ref. [32] and we refer to that paper
for the experimental details. A 10.0-mg/cm2-thick natCH2
target was used. The measured excitation-energy spectrum
of 12B is shown in Fig. 4(a). The prominent peak at 0 MeV
corresponds to the 12C(0+, g.s.) → 12B(1+,g.s.) transition, for

0

0.5

1

1.5

0 5 10 15
Ex(

12B) (MeV)

d2 σ/
d

Ω
dE

 (m
b/

sr
 1

00
 k

eV
)

12C(t,3 He) Et=115A MeV

θcm<5.85o

(a)

0

10

20

0 2 4
θcm (deg.)

dσ
/d

Ω
 (m

b/
sr

)

(b) 12C(t,3 He)12B(g.s.)

∆L=0

∆L=2

∆L=0+2

FIG. 4. (a) Excitation-energy spectrum for the 12C(t ,3He) re-
action at 115A MeV. (b) Differential cross section for the
12C(t ,3He)12B(g.s.) reaction. The data are compared with the DWBA
calculation (solid line), in which the total cross section is decomposed
in !L = 0 (dashed line) and !L = 2 (dotted line) contributions.

which the B(GT ) = 0.99 is known from β-decay data. The
extracted differential cross section for this transition is shown
in Fig. 4(b). The !L = 0 (GT) contribution was extracted
by decomposing the measured differential cross section in
!L = 0 and !L = 2 contributions. The code FOLD [35] was
used to calculate the theoretical angular distributions. OBTDs
were calculated in OXBASH [36] using the CKII interaction [70]
in the p-shell model space. Optical potential parameters were
taken from Ref. [71]. Following Ref. [72], well depths of the
real and imaginary potentials for the t+12C channel were set
to 85% of the well depths for the 3He+12B channel.

The result of the multipole decomposition is shown in
Fig. 4(b). The extracted cross section at 0◦ for the !L = 0
component is 16.55±1.2 mb/sr. The error includes a statistical
component and a systematic component related to the absolute
normalization of the cross section. Owing to the relatively large
Q value of −17.357 MeV for this transition, the effect of the
extrapolation of this cross section to q = 0 is significant. Using
Eq. (6), a value of 20.4±1.5 mb/sr is found, resulting in a unit
cross section of 20.5±1.5 mb/sr. This is close to the unit cross
section extracted via the analog 12C(3He,t) reaction [34], for
which a value of 22.6±1.1 mb/sr was found. It is another
confirmation that the (t ,3He) reaction at 115A MeV is very
similar to the (3He,t) reaction at 140A MeV, in spite of the
slight difference in beam energy.

054614-7

Perdikakis et al., 
Phys. Rev. C 83, 
054614 (2011) 

Tritium radioactive 
beam from 16O
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S E PA R AT O R S

• Achromatic systems: final position does not depend on momentum 

• This needed from separators that produce secondary beams 

• Previous dispersion matching systems are in effect achromatic 

• Spectrometers can also be separators: just need to add some aperture or 
slits at the focal plane! 

• Separators are designed to transmit particles into a beam for further use 

• Care is needed to avoid beam spot size growth (aberration corrections)

!40
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B A S I C  C O N C E P T

• Optics configuration of a typical separator 

• Two dispersive sections mirror to each other 

• Dispersions cancel to produce an achromatic image at the focal plane 

• Slits placed at the dispersive mid point select particles with the same !Bρ

!41
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E X A M P L E  1 :  L I S E  @  G A N I L

• One of the first fragment separator 

• Simplest optics configuration: one dispersive focal plane in the middle 

• Later expanded with Wien filter (velocity filter) to improve purity of beams

!42
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E X A M P L E  2 :  A 1 9 0 0  @  N S C L

!43
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E X A M P L E  2 :  A 1 9 0 0  @  N S C L

• Second generation of fragment separator designed for radioactive beam production

!43
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E X A M P L E  2 :  A 1 9 0 0  @  N S C L

• Second generation of fragment separator designed for radioactive beam production

• 3 dispersive focal planes with dispersions 29 mm/% (sides) and 59 mm/%
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E X A M P L E  2 :  A 1 9 0 0  @  N S C L

• Second generation of fragment separator designed for radioactive beam production

• 3 dispersive focal planes with dispersions 29 mm/% (sides) and 59 mm/%
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E X A M P L E  2 :  A 1 9 0 0  @  N S C L

• Second generation of fragment separator designed for radioactive beam production

• 3 dispersive focal planes with dispersions 29 mm/% (sides) and 59 mm/%

• Optics configuration maximize vertical acceptance with waists in the middle of dipole magnets
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E X A M P L E  2 :  A 1 9 0 0  @  N S C L

• Second generation of fragment separator designed for radioactive beam production

• 3 dispersive focal planes with dispersions 29 mm/% (sides) and 59 mm/%

• Optics configuration maximize vertical acceptance with waists in the middle of dipole magnets

• Middle focal plane used for wedge selection (see later)

!43
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E X A M P L E  3 :  F R S  @  G S I

• Very similar design to A1900 

• Adapted to higher energies (~1 GeV/u)

!44
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E X A M P L E  4 :  R I B L L S  @  I M P

• Lanzhou has two fragment separators! 

• RIBLLs are s-shaped: no lateral dispersion 
at mid-point when in achromatic mode 

• Second half used for tagging or as 
spectrometer

!45
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E X A M P L E  5 :  B I G R I P S + Z D S  @  R I B F

• Third generation fragment separator 

• Second tagging stage used to identify (tag) isotopes contained in beam 

• ZDS downstream of reaction target located at F8

SRC

primary beam
18O, 48Ca, 70Zn, 124Xe, 238U etc.
up to 345 MeV/u, 1 pPA (max)
RI beam is produced via in-flight fission 
of 238U or projectile fragmentation

BigRIPS

IRC

1) Large acceptances

Comparable with angular / momentum spreads of in-

flight fission (100 mrad / 10%)

2) Superconducting quadrupoles with a large aperture, 

and strong field Æ high magnetic rigidity

Pole tip radius: 170 mm

Max. pole tip field: 2.4 T

3) Two-stage separator scheme

− 1st stage: two-bend, fully achromatic

RI beam production and separation

− 2nd stage: four-bend, mirror symmetric, fully achromatic

event-by-event particle identification

2nd stage separation

1st stage 2nd stage

Wedge
Wedge

Production & 

separation

Particle identification & 

2nd-stage separation

BigRIPS separator

two-bend, anti-mirror sym.

flexibility to be operated in

both achromatic and dispersive

modes

ZeroDegree

Matching

section

Matching

section
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W E D G E  S E L E C T I O N

NSCL05 stolz@nscl.msu.edu   2005-01

Experimental Setup at the NSCL
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• First stage selection: magnetic 
rigidity !  

• Second stage selection: energy 
loss in material 

• Energy loss varies as function of 
energy: uniform thickness 
changes dispersion! 

• Angle of wedge-shaped material 
calculated to preserve dispersion 
therefore achromatism

Bρ

Δpi/p Δpf /p ≠ Δpi/p

Δpf /p = Δpi/pΔpi/p
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W E D G E  S E L E C T I O N
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W E D G E  S E L E C T I O N
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• First stage selection: magnetic 
rigidity !  

• Second stage selection: energy 
loss in material 

• Energy loss varies as function of 
energy: uniform thickness 
changes dispersion! 

• Angle of wedge-shaped material 
calculated to preserve dispersion 
therefore achromatism
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Δpi/p Δpf /p ≠ Δpi/p

Δpf /p = Δpi/pΔpi/p
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M A S S  S E PA R AT O R S

• Examples: FMA (ANL) and EMMA 
(TRIUMF) 

• Use of both electric and magnetic 
dipoles 

• Gives possibility to achieve M/Q 
focussing and separation (hence 
the name “Mass separator”) 

• Limited to energies around 10 
MeV/u due to limits on electric field 

• Resolving power: 480 for 1mm 
beam spot, 10mm/% dispersion
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R E C O I L  S E PA R AT O R S

• Examples: DRAGON (TRIUMF) and 
SECAR (NSCL/FRIB) 

• Achieve very high resolving power to 
select recoils close to beam velocity, 
to measure very small cross sections 

• SECAR beam rejection is 10-13 

• Aberrations need to be corrected via 
sextupoles and octupoles 

• Use of Wien velocity filters (!  
perpendicular to ! ) 

• Exercise 6: show that the force is 
proportional to the velocity

⃗E
⃗B

2. Design of the recoils separator

The floor plan of the recoil separator SECAR is shown in Fig. 1.
The system consists of four Sections (1–4) with four focal planes
(FP1– FP4) at the end of each section. Section 1 starts at the win-
dowless gas jet target JENSA [3] and ends at focal plane F1. JENSA
is already constructed and installed and is presently used as stand
alone facility. Only minor modifications are needed to adapt JENSA
for the use with SECAR. Sufficiently high dispersion at FP1 is pro-
vided to select a single charge state of the beam and reaction prod-
ucts or recoils. Section 2 with velocity filter WF1 has a mass
resolving power of about m/dm = 750 that is reduced to about
m/dm = 500 by higher order aberrations. To achieve this there is
an achromatic focus at FP2 where the beam and recoils are sepa-
rated. Most of the beam is stopped while the recoils, still riding
on a tail of the beam, will be fully transmitted through Section 3.
This section includes a second velocity filter increasing the mass
resolving power to the required m/dm = 750. In the focal plane
F3 the tail of the beam is further separated from the recoils and
stopped by a slit. The final Section 4 has two functions (a) to reduce
background and (b) to prepare the beam for full transmission
through the detector system. The background consists of beam
particles scattered from upstream beam apertures, scattering and
charge exchange from the residual gas, and beam tails. The com-
plete system consists of 2 velocity filters, 8 dipole, 14 quadrupole,
3 hexapole, and 1 octupole magnets. In addition there is a com-
bined function magnet (Q1 + Hex) that includes a quadrupole and
hexapole at the very beginning of the system.

3. Ion optics

One of the critical design parameters of SECAR is the high mass
resolving power.The ion- optical concept was developed and opti-
mized using the code COSY Infinity [10]. The first-order mass
resolving power is defined by Rm = R17/(R11*2x0) where R17 is the
mass dispersion, R11 the magnification and 2x0 the full object spot
size. However, a mass resolving power as high as Rm is only

achieved if the higher order (HO) aberrations are corrected to neg-
ligible contributions. Ideally, the minimization of the image spot
size including HO aberrations would be performed using a large
number of rays with realistic image phase space distribution. Since
this is not practical mainly because of the long computing time,
we defined an array of 189 ‘‘characteristic rays” to derive the image
size, as a compromise. These rays cover the maximum design
acceptances in an equal-distance grid-type distribution of the hor-
izontal (!25 mrad), vertical (!25 mrad), and energy acceptances
(!3.1%) as well as horizontal and vertical target spot sizes of
!0.75 mm. The image size is defined as the maximum of distances
between all 189 rays in the horizontal plane. A comparison of
the image sizes of the optimized ion-optics using this method
and Monte Carlo calculations with 104 rays with Gaussian
phase-space distributions showed reasonable agreement. The
ion-optical concept of SECAR was optimized sequentially for orders
1, 2, 3 and 4. This is accomplished by using appropriate shapes of
the dipole magnet entrances and exit edges. In addition 3 hexapole
and 1 octupole magnets are included in Section 2 for further
improvement and flexibility. The inclusion of orders 5 and 6 do
not change or improve the ion-optics significantly, notably the
mass resolving power. The results of the final, optimized ion-
optics calculation are shown in Fig. 2. In addition to the character-
istic rays, rays representing mass resolving powers of 350, 600 and
900 are shown. Notice the left–right asymmetry in Sections 2 and 3
owing to the HO aberrations. The specifications of the magnets and
other system components like dimensions, good field regions, etc.
are derived from the optimized ion-optics.

4. Project status

SECAR is designed to allow construction in two phases. Phase 2
is the complete system as described above. In Phase 1 Section 3
with Wien filter WF2 is omitted. In this configuration Section 4 fol-
lows immediately Section 2. This is still a complete recoil separator
but with a reduced mass resolving power of "m/dm = 500 instead
of the design goal of 750. This would limit the mass range that can

Fig. 1. SECAR layout in the ReA3 Hall at MSU. The beam enters the hall from the top right, impinges on the JENSA gas jet target. The recoils and unreacted projectiles enter the
first section that selects a single charge state. Two additional sections each have a velocity filter (WF1, WF2) for projectile rejection. The final ‘‘cleanup” section features two
dipoles and a drift section before the recoils enter the focal plane detection system.

166 G.P.A. Berg et al. / Nuclear Instruments and Methods in Physics Research B 376 (2016) 165–167

G.P.A. Berg et al., NIM B 376, 165 (2016)
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I S O C H R O N O U S  S Y S T E M S

• Isochronous = independent of time 

• Systems where the time-of-flight is 
independent of momentum and angles 

• Length of trajectories compensates for the 
differences in velocities 

• Isochronous systems are also usually 
achromatic 

• Principal uses 

• Accelerator systems where beam is pulsed: 
conserve bunch structure 

• Mass measurements systems

78

 

J. M. Wou t ers e t a l . / Op t i ca l des i gn o f the TOM spec t rome t er

way we p l an to measure 30 to 40 new masses o f l i gh t neu t ron- r i ch i so topes w i th an es t i ma t ed s t a t i s t i cs- l i m i t ed
er ror o f 30-1000 keV . W i th de t ec tor i mprovemen t s l ead i ng to be t t er a tom i c number i den t i f i ca t i on i t shou l d
be poss i b l e to ext end these measuremen t s i n to the l i gh t f i ss i on produc t reg i on .

2. TOR - a t i me -o f - f l i gh t i sochronous spec t rome t er

Our approach to a reco i l t i me -o f - f l i gh t spec t rome t er i s to emp l oy an i sochronous des i gn , wh i ch makes
the t rans i t t i me o f a par t i c l e w i th a g i ven mass- to-charge ra t i o pass i ng through the spec t rome t er
i ndependen t o f the par t i c l e ve l oc i t y (see f i g . 1) . Th i s cond i t i on i s ach i eved by an ar rangemen t o f sec tor
magne t s tha t t ransm i t i ons o f equa l mass- to-charge ra t i o bu t d i f f er i ng ve l oc i t i es on t ra j ec tor i es o f d i f f eren t
l eng ths , such tha t the overa l l f l i gh t t i me i s cons t an t . The coro l l ary to th i s ve l oc i t y i ndependence i s tha t the
f l i gh t t i me i s then a d i rec t measure o f an i on ' s mass- to-charge ra t i o . In add i t i on to i t s i sochronous
proper t i es , TOF I i s overa l l momen tum nond i spers i ve and focuses a l l i ons s t i gma t i ca l l y to the same sma l l
spo t . A reco i l spec t rome t er o f th i s t ype a l l ows the s i mu l t aneous measuremen t o f many nuc l e i , i nc l ud i ng

F i g . 1 . Par t i c l e t ra j ec tor i es through TOF I show i ng tha t i ons o f equa l mass- to-charge ra t i os requ i re the same f l i gh t t i mes s i nce more
energe t i c i ons move f as t er bu t a l ong a l onger pa th l eng th as compared to l ess energe t i c i ons. Th i s pr i nc i p l e i s i l l us t ra t ed by show i ng
the par t i c l es a t f i ve d i f f eren t t i mes w i th fu l l c i rc l es represen t a t i ng i ons o f mass- to-charge ra t i os (m / ze ) o and k i ne t i c energ i es Ko and
K1 . Ana l ogous l y , the open c i rc l es represen t i ons o f d i f f eren t mass- to-charge ra t i o (m / ze ) , > (m / ze ) o aga i n w i th energ i es Ko and
K1 . These c i rc l es show tha t i n the t i me the fu l l c i rc l e par t i c l es have reached the s top de t ec tor the open c i rc l e par t i c l es are s t i l l t rave l i ng
through the sys t em ( i . e . , the t i me o f f l i gh t i s a d i rec t measure o f the mass- to-charge ra t i o) .

TOFI mass spectrometer
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E X A M P L E 1 :  C Y C L O T R O N

• Recall dipole first order Transfer matrix 

•

!  

• For !  we get dispersions !  (achromatic) 
as well as !  which is condition for isochronous 
system 

• More sophisticated geometries require complex orbit 
calculations

TD =

cos α ρ sin α 0 0 0 ρ(1 − cos α)
−ρ−1 sin α cos α 0 0 0 sin α

0 0 1 0 0 0
0 0 0 1 0 0

sin α ρ(1 − cos α) 0 0 1 −L + ρ sin α
0 0 0 0 0 1

α = 360∘ T16 = T26 = 0
T56 = − L

Koeth cyclotron
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E X A M P L E 2 :  S T O R A G E  R I N G S

• Can be tuned in isochronous mode 

• Used to make high precision mass 
measurements as well as other 
studies (lifetime of isomers) 

• Example shown on ESR @ GSI 

• Resolution achieved: 172 keV (sigma) 

• IMP Lanzhou has similar ring

3. Methods of Mass Measurements

Figure 3.6.: Principle of Isochronous-Mass-Spectrometry (IMS). In IMS the dif-
ferent velocities of the injected ion species are compensated by dif-
ferent trajectories to yield the same revolution time for each m/q.
Calculated ion trajectories for two different velocities and two dif-
ferent species are shown. The revolution time is recorded with a
Time-of-Flight (ToF) detector.

The mass resolving power of IMS with transition point γt (an explanation follows
in the next chapter) is

R =
m

∆m
=

1

γ2
t

T

∆T
(3.12)

A more detailed consideration of the motions in storage rings will be given in
chapter 4.
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7. Results

Isotope ME ∆ME m ∆ m counts Reference
[keV] [keV] [µu] [µu]

118Rh -64894 24 117930333 26 331 [H+07a]
119Rh -62823 10 118932557 11 118 [H+11]
119Pd -71415 9 118923333 10 55 [H+07a]
122Pd -64616 19 121930632 20 43 [H+11]
131In -68025 2 130926972 2 19 [H+12a]
133Sn -70874 2 132923914 2 184 [H+12a]
133Sb -78921 4 132915275 4 128 [H+12a]
135Sb -69689 2 134925186 2 1892 [H+12a]
135Te -77727 2 134916557 2 2606 [H+12a]
136Te -74425 2 135920101 2 14 [H+12a]

Our systematic error, as stated in equation 6.47, was determined in the following
way. The masses of N reference isotopes (table 7.2) were separately evaluated
by excluding always the one to be determined but using all other N-1 reference
masses for the calculation of the systematic error. The mass difference between
the reference masses and the corresponding mass value of this work is shown in
figure 7.1. The result of this analysis was a systematical error of 172 keV.
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center = 1.29 keV
= 172 keV!

Figure 7.1.: The mass difference between reference mass [JYF12] and this work
is shown on the left hand side. On the right side the projection
of the deviation to the reference is plotted. From this analysis the
systematic error of the new mass measurements was deduced.
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E X A M P L E :  I S L A

• Isochronous Spectrometer with Large 
Acceptances 

• Concept based on the TOFI spectrometer 

• Acceptances: 20% momentum and 64 msr 
solid angle 

• Focussing mainly done from edge angle 
on dipoles 

• Symmetric configuration cancels most of 
the large aberrations

very small values, despite the large acceptances. An illustration of
the calculated vertical and horizontal aberrations is shown in
Fig. 2, which were calculated with the code COSY infinity [7] up
to third order.

The design of ISLA is geared towards its use with re-accelerated
radioactive beams. Contrary to most spectrometers using high
intensity stable beams, a spectrometer for radioactive beams only
needs moderate selectivity, mostly to reject unreacted beam parti-
cles. One advantage in using radioactive beams to induce nuclear
reactions lies in the low background that can be achieved, by
choosing reaction channels that produce among the highest yields.
One prominent usage of radioactive beams for instance are inverse
kinematics reactions where the probe is a light target (p, d, 6,7Li or
9Be), and structure information can be obtained on both the projec-
tile and the reaction products. Existing examples of such devices
are for instance the VAMOS spectrometer at GANIL [3], or the
S800 spectrometer at NSCL [8]. In both instances, the selectivity
is only in rigidity, but the large acceptances require large focal
planes and sophisticated tracking to achieve a reasonable resolu-
tion and particle identification. ISLA will have an m/q resolution
of better than 1 part in 1000, important for the heavy mass region.
The novelty of the ISLA design opens new possibilities, where one
could image c-ray and/or charged particle arrays around both the
target and focal plane locations. For instance, the b-decay of a nu-
cleus could be studied at the same time as its level structure, or
long-lived isomeric decays populated in a reaction could be de-
tected. It is also worth mentioning that some experiments might
use the first half of this spectrometer only, taking advantage of
the dispersive plane to measure the kinematic properties of reac-
tion products for reaction studies.

The m/q resolution of ISLA depends primarily on the time-of-
flight measurement resolution from target to focus and flight time
through the spectrometer. A stop signal can easily be obtained
from a micro-channel plate (MCP) detector located at the focus,
with a typical resolution around 100 ps. The time reference can
be provided from by a MCP or the radio frequency (RF) signal of
the accelerator, giving bunches separated by about 12.5 ns. Time-
of-flight – and therefore m/q – resolution can be estimated to

0.1 ns for an MCP and 1 ns for a RF bunch time reference. For a
1 ns bunch resolution and flight time of about 1 ls for instance,
the m/q resolution is 1 part in 1000. The 12.5 ns period of the RF
will cause several wrap arounds of the time-of-flight measure-
ment, which may severely impair the ability to identify the trans-
mitted ions. An elegant work around is to install a c-ray detector
array with good timing resolution around the target, such as a
CsI or even better LaBr array. The prompt c-ray signal emitted dur-
ing a nuclear reaction can be detected with a good efficiency (up to
50% for a single c-ray), and not only tag the particle bunch but also
provide a better time reference than the RF signal. In this case, and
for MCP timing, the m/q resolution can reach values closer to 1 part
in 2000, taking into account the largest higher order aberrations.
The large solid angle and momentum acceptances can be realized
with a new technology using superconducting helicoidal windings,
that offers promising options for manufacturing the dipole mag-
nets with active shielding.

3. Charge state focusing

An interesting possibility offered by the isochronous character-
istic of ISLA is to use a small RF cavity at the isochronous focus to

Fig. 1. Schematic view of the ISLA spectrometer. A measure of the time-of-flight
between the target and the isochronous focus is a direct measure of the m/q ratio of
the selected ions, independent from their momentum vector. Slits or fingers located
at the dispersive focal plane are used to filter out charge states of the unreacted
beam if they happen to lie within the momentum acceptance. The colored stickers
describe possible detector arrangements and their corresponding measurements.
The detector configuration is highly dependent on the energy of the ions traveling
through the spectrometer. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Dispersive (top) and non-dispersive (bottom) projections of rays calculated
with the program COSY infinity [7] showing how the symmetry of the design
cancels aberrations at the final focus. The calculation was performed up to order 3.
The input rays cover the following ranges: ±200 mrad in horizontal, ±80 mrad in
vertical, and ±10% in momentum. The total broadening due to high order
aberrations is below 1 cm in horizontal and vertical (note that the vertical scales
of the two plots are different). The largest path length aberrations are 3.6 and
8.4 mm in vertical and horizontal, respectively. With a total length of 16.8 m, the
largest aberration corresponds to a resolution of 1 part in 2000 with the full
acceptances filled.
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50% for a single c-ray), and not only tag the particle bunch but also
provide a better time reference than the RF signal. In this case, and
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in 2000, taking into account the largest higher order aberrations.
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