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SpectrometersSpectrometers & & separatorsseparators
PropertiesProperties in in nuclearnuclear physicsphysics

1) Why a spectrometer ?       Part 1

2) Designing a spectrometer
(1rst approach)

3) Beam optics (Basics)
4) Spectrometer’s properties
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Part 2
5 ) Fragments separators

(100MeV/A-500 MeV/A)

6) Recoil Spectrometers
(1-10 MeV/A) 

7) Tuning And Diagnostics



An An experimentexperiment in in nuclearnuclear physicsphysics

Detectors gammas , neutrons

Measuring σ, 
γ spectroscopy,…

A 
X

Q

Z

ACCELERATED             

ION
Thick Target

A 
X Z    +  Target ->  n + 

A-1 
X Z 

*
-> γ + A-1 

X Z 

A 
X Z    +  Target    ->  2n   + 

A-2 
X Z 

*

A 
X Z    +  Target    ->  3n   + 1p+ 

A-3 
X Z-1 

Many reaction channels

Reaction products not identified , ion energy not measured

Reaction of interest, but



An An otherother experimentexperiment
in in nuclearnuclear physicsphysics

Primary beam
very intense         thin target detector

Si
A 

X
Q

Z                            

dipole
Magnet

Eletromagnetic spectrometer

- Eliminate primary beam ( ~  1011-13 particles per second)
- Help to identify the reaction products

- Measure Energy with very good resolution

- Select very rare events (selectivity)



Is a Is a magneticmagnetic spectrometerspectrometer reallyreally neededneeded ??

? Complex question : YES and NO
What observables do yo need ? 

with what resolution ?
(ion energy ,angle, A, Z, photon ,neutrons)

with wich detectors (position, energy)

Do you need to eliminate the Primary beam

55

Do you need to eliminate the Primary beam
from your detectors ?
primary beam separation

Without a magnetic spectrometer : limitation? (selectivity)

With a magnetic spectrometer : limitation ? (efficiency)

Other possible limitations (primary beam intensity, 
ion identification, detector resolution )  



Let’sLet’s design design a simple a simple MagneticMagnetic spectrometerspectrometer

1) dispersion of the 1) dispersion of the particlesparticles as as functionfunction of of M,vM,v ,…,…

Positions Xf ?

Magnetic dipole

Target

Primary
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Xf=F(Mass of ions,…) 

MAGNETIC DIPOLE :  By=Constant

Coils ( a current i induces and magnetic
induction in the pole)

Yoke (guide the field lines to the pole )

2 flat poles :   By=Constant

Primary
Beam

Yoke

Cut view
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=vγ

If  B=const , for an ion  (m ,q , v)  

The Trajectoryis a circlewith a radius  R

We definethe magneticrigidity Bρ =[Tesla.m]

Relativistic

factor:

Equations for an ion Equations for an ion in a in a magneticmagnetic fieldfield ::

dv/dt=  v2/ R er
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R

B    
r

⊗ q

vm
B

def
γρ =

We definethe magneticrigidity Bρ =[Tesla.m]

How  to tune the dipole fieldB=  [Tesla]  ?  

[ ]
][

.

mR

mTB
B refρ

=



2 2 problemsproblems withwith 1 1 dipoledipole magnetmagnet : : 
AcceptanceAcceptance & identification & identification 

Xfinal

Consider a 
secondary beam

Beam losses

88

-1:  Many particles are lost in the magnet (very bad)
-2:   Trajectories are complex ( bad)

Xfinal =f( Bρ ,  θi,  φi , X0,Y0)

Xfinal

- Final position xf depend on the
- Bρ (good for identification or separation)
- position & Angle after the reaction (bad)



BeamBeam divergence divergence afterafter targettarget
2 2 problemsproblems solvedsolved withwith focusingfocusing lenseslenses

Imagine than
focusing lenses exist
like in light optics

Xf
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99

With Focusing lenses Xf=F(Bρ, θi,  φi , X0,Y0)

less unknowns ! Less beam losses!!

At one location s  (the detector location, called focal plan)
The trajectoires are independant of the angles θi, φi 
And the initial position is x0=0, y0=0

Xf=F(Bρ ,  θi, φi , X0,Y0 )



How to construct a How to construct a Focusing lens Focusing lens for ions :for ions :
Magnet with 4 Magnet with 4 poles  (+,poles  (+,--,+,,+,--))

F=q (v X B)

4 coils

+4 hyperbolic poles

L

By
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F
By=G.X

G is called GRADIENT  
[Tesla/m]

The quadrupole magnet is focusing

in HORIZONTAL PLAN

Nota: In the center, the force is zero

X

G=dBy/dx



A A quadrupolequadrupole magnetmagnet
Focusing lens  in horizontalFocusing lens  in horizontal
But defocusing But defocusing in vertical in vertical 

The beam becomes narow in X      and large in Y

X

Y

B.JacquotB.Jacquot// // GanilGanil
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F

Bx= G.Y

By= G.X

Bs= 0

Focusing in X     ( G>0)   

Defocusing in Y  ( G>0)

The beam becomes narow in X      and large in Y

Since the Force  is defocusing in vertical



How to construct a Focusing lens SystemHow to construct a Focusing lens System
In horizontal AND vertical plan In horizontal AND vertical plan 

X

Y
Add 2 Add 2 quadrupolesquadrupoles magnets  :magnets  :

B.JacquotB.Jacquot /  JC2015/  JC2015
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If you tune If you tune i1i1 and and i2i2 with opposite with opposite 
polarities ,  the beam can be focused in polarities ,  the beam can be focused in 

X   and YX   and Y

i1                 i2
2 power supplies
(current generator)



BeamBeam opticsoptics (basics)(basics)

�� Focalisation Focalisation withwith quadrupolesquadrupoles DONEDONE

�� Dispersion Dispersion withwith dipoledipole DONEDONE

�� MagneticMagnetic rigidityrigidity :   :   BBρρ= γ= γ Mv/QMv/Q= P/Q = P/Q DONEDONE

- Particles coordinates

B.JacquotB.Jacquot// // GanilGanil
1313

- Particles coordinates
- Equations in field B &  E
- 1rst order approximation :Optical Matrices

- Resolution
- Angular Acceptance
- Bρ Acceptance



BeamBeam OpticsOptics conventionconvention : : ParticleParticle coordinatescoordinates

x

y

s

particle coordinates ? (energy, velocity, angle, Bρ, ??)

Particles bunches

(RF accelerator) 

s

Ref. axis

1414

At a given S, a particle is
described with 6 coordinates : 

2 positions  (X-X0) ,(Y-Y0)

+ 2 angles θ , φ

+ rigidity Bρ= Bρo (1+δ)  

+(t –to) time advance

Optical convention :
Angle in  Horizontal plan noted as

X’=dx/ds =Tan θ

Angle in Vertical  plan

Y’=dy/ds = Tan φ

Time coordinate expressed in meter
L=vo (t –to)   

DEFINE A REFERENCE PARTICLE (x0,y0,Bρo ,to)



BeamBeam opticsoptics notationnotation
The reference particle :  Bρ0 = P0/Q0 =Bdipole x Rdipole

it is traveling in  the Center of the beam lines

So  X0=0 ,   Y0=0

« angles » : X’ 0=0 ,   Y’ 0=0



















 ntdisplacemehorizontalxz1At the location s0 ,

a particle
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a particle
is represented

by a vector Z(s0)

Z=(x,x’, y ,y’, l, δ)
6Dim



Trajectory equations for 1 particle

We use a 

curvilinear Reference Frame

which follow the reference particle

ρ

How to compute x(s),y(s)  ? 
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ρ
[ ] )( BvEv ×+⋅= qm

dt

d γ
ds

d
s

dt

d .
=

[ ] ...=vγm
ds

d
Coordinate change t        s

x(t),y(t)  =>   x(s),y(s)

We want to compute x,y at a 
detector location s=s0 



Trajectories : exact equations
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Trajectory simulation (  x(s)  ,   y(s)   )

1)  knowing B(x,y,s) AND  E(x,y,s,t) [field map 3D]

2)  Integrate the equations for ALL the particles
(computer+ Numerical method: Runge-kutta )

Generally we can do simpler

Matrix approach (1rst order approximation)



BeamBeam opticsoptics withwith MatricesMatrices

1212 ......),,,(ZZ →

++=

= lEBf

s

x
y

11 ),,',,',( δlyyxxZ =

x
y

B(x,y,s)

E(x,y,s)

Exact Dynamic (non linear)

Taylor expansion   

Spectrometer
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(X and Y Are  small..)

Linear dynamics



The transport Matrix R : allow the computation of a 
coordinate of a particle at the end of a spectrometer

Zin= (x,x’,y,y’,l,δ)0 at the entrance

Zout= (x,x’,y,y’,l,δ)1 at the exit

ZoutZout==RR.Zin.Zin

0
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Interpretation of R

)(
inZj

outZi
Rij

∂
∂=

B.Jacquot// GanilB.Jacquot// Ganil
1919

0

0

0

0

5655

44

31

43

33

5251

1

)(0v

'

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

' p

pp
ttl

l

y

y

RR

R

R

R

R

RRl

y

y −=

−=



















⋅



















=



















δ

δδ

The transport Matrix R=Rij is related to     

- spectrometer geometry

- tuning of the quadrupoles
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SPECTROMETER TRANSPORT MATRIX R

allow the simulation of 1 trajectory (easily )

Xf
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TARGETFINAL
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Typical spectrometer Matrix
is simple

)(
arg

16
etT

Fx
R

δ∂
∂=

xFinal =  R11 xtarget + R16 δ
≈    R16 δ      

δ=(Bρ –Bρo)/ Bρo

Bρo =  Bdipole. Rdipole



More on Transport Matrices:More on Transport Matrices:
how to how to computecompute the the RmatrixRmatrix for a for a spectrometerspectrometer ??
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The total transport matrix R is the product of the  matrices 

representing each elements (drift ,quad, dipole)

Quad matrix
free 
space
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Matrix product R=d4. RM1.Rd3.RQ2.Rd2.RQ1.Rdrift1

drift1  Q1 d2 Q2 d3  M1 d4

2
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Free space: 
Drift

Matrix



The The beambeam size size : important for the design: important for the design

- A particle has 1 trajectory :  Z= Z(s)

We are not interested by only 1 trajectory/particle

A beam is an ellipsoid in 6D with a given size

The beam size(width) has to be simulated to avoid beam losses
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X

S=S1

X’

S
Q1      Q2                  X

Beam losses

The beam size(width) has to be simulated to avoid beam losses

σx (horizontal width) , σy (vertical width) 
∑
=

=
N

x x
N ,..1

212

α
ασ



FocusingFocusing a a beambeam in a simulationin a simulation
getget a a smallsmall size size atat somesome point  Spoint  S

B Beam envelop :
With 1 quad                              with 2 quads

Adjust

Quad gradient
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X

Y

Focusing in X and Y : at less 2 quads required

Beam losses

Beam pipe 
limitations

X

Y

Gq=dBy/dx



AngularAngular distribution (x’)  in a distribution (x’)  in a beambeam line ?line ?
The The beambeam ellipse ellipse isis rotatingrotating in (x, in (x, x’=x’=dxdx//dsds) ) 

1

VERTICAL

Y

Y’

Y

Y’

21
2
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HORIZONTAL
X

X’2

X

X’1

…The Area of the beam ellipse (x, x’) is a constant in a 

beam line… but, Area is not constant in a target



ResolutionResolution of a of a separatorseparator

B    
r

⊗

2.

M,Q,V

M+δ,Q,V

particles are separated

IF    R16*δ > 4  σx

Resolution=4 σx /R16

=Minimal difference in Bρ

R16*δ
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2.

sélection slits

=Minimal difference in Bρ

for the identification 

or for separation∆x

)()(
6

1
16 in

outx

Z

Z
R

δ∂
∂=

∂
∂=

R=1/100 Resolution means : 
capacity for a spectrometer to 
distinguish two beams with
1% Bρ difference



slits

The resolution (separation)

is optimal at the focus point (size is minimal)

The 2 beams with ≠rigidities

Bρref= Bρ0 = B x Rdipole

Bρ= Bρ0(1-δ)

Bρ= Bρ0

Bρ= Bρ0(1-δ)

The 2 beams are separated
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Horizontal Plan 

By

R=1/10

R=1/1000

The 2 beams are separated

« at the  focal plan » 

But not everywhere !!

Resolution ( R= σx/R16) is optimal

When σx is small

and R16(dispersion) is large



Angular acceptance

The reaction products exit from the target with an

Angular dispersion

Vacuum chamber limitation induces beam losses = less transmission 

The acceptance

target

Primary 
beam

2727

2
)(

r

dS
strdd =Ω

is measured in steradian.

dS

Example: If particles inside ±50mrd 
(Horizontal & vertical) are transmitted

Acceptance is dΩ ≈0.01strd = 10 mstrd

at r=1m

dS#0.1m*0.1m=0.01 m2

r

Q1      Q2                  

Beam losses



« Bρ » Acceptance

The particles are dispersed
by dipole magnets with

δ = [Bρ− Bρ0]/ Bρ0

Xfinal = R16 δ

Beam pipe limit: Xmax

Xmax

2828

Beam pipe limit: Xmax

Bρ Acceptance = ± Xmax /  R16

⋅
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Example :  If  R16=5 cm/%  and Xmax=10 cm

Bρ Acceptance= ± 2 %



How to How to simulatesimulate an an experimentexperiment withwith a a 
spectrometerspectrometer

LISE++

code*code*

Tarasov et Al.

To be
Downloaded



HOMEWORK  :

Exercise 1: Imagine a spectrometer with a 

dispersion R16=2 m (=2cm/%)  and  

beam width σx =0.5 mm on the focal plan detector,

What is the resolution R in Bρ ?

Exercise 2  :
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Exercise 2  :

A spectrometer (R16=1.5 cm/%  ) is tuned for  Bρ0=2.0 T.m

A particle arrives on the focal plane at Xf=3cm,   

What is the particle rigidity?

Exercise 3  :

How to measure the dispersion (R16) in a spectrometer ?



End part n°1

Part  1  : 

- The need of focalisation (quad)

- Magnetic rigidity define the trajectory

- Dynamics can be approximated with a matrix R 

q

vm
B

def
γρ =
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Part  2 :  technical details and examples

- Resume of part 1

- Fragment separators (E>100 MeV/A) 

- Recoil Spectrometers (E<10 MeV/A) 

- Diagnostics and tuning



Part n°1  : Spectrometer components

Magnetic Dipole :  2 poles    : By= B0   

Coils (i)

poles

Cut view
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Yoke yoke

Magnetic quadrupole :  4 poles

By=  G x

focusing is good 

for Angular acceptance and Resolution



BeamBeam opticsoptics coordinatescoordinates
�� AtAt the location S , the location S , a a particleparticle isis representedrepresented

by by a a vectorvector Z(s) =(x, x’,Z(s) =(x, x’,y,yy,y’, l, ’, l, δδ))























=









anglehorizontal

ntdisplacemehorizontal

dx
x

x

z

z

""'2

1

B.Jacquot// GanilB.Jacquot// Ganil
3333

HORIZONTAL ANGLE     

X’= dX/ds=tan(θ) ≈ θ       
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Magnetic Spectrometer :

A tool for identification 

Beam Profil

84Kr15+
xf

?

x1

Suppose 2 ions beams

xf
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84Kr15+

M=84  Q=15

x1

-Field measurement B       Bρo = Bdipole*Rdipole

-Position measurement (Xf =x1)              

δ=(Bρ1 –Bρo)/ Bρo = X1 / R16 Bρ1=Bρo ( 1+X1/R16)

If  same velocity v     M1/Q1 ≈ Mo/Qo (1+ X1 /R16)



The R matrix of spectrometer

: first order theory
A spectrometer

A) starts with a focus (on target)

B) End up with a focus (R12=R34=0)            

C) The spectrometer is chromatic (R16≠  0) 

R16 is called

typical matrix ( 8 coefficients)
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R16 is called

dispersion

R11 is called
MAGNIFICATION

R11 =∆xF /∆xTarget

Coordinates

on target

Coordinates

At focal  (detectors)

0
16

0
15014013012011

0

6...1
1 ..'..'.. δRlRyRyRxRxRZRx i

j
j

F +++++=≈ ∑
=



Fragment Fragment SeparatorsSeparators :: 100100--500 MeV/A500 MeV/A

ReactionReaction :    :    inin--flight fragmentationflight fragmentation
( 0( 0°° degreedegree ))

Goal :  Goal :  
1) 1) PrimaryPrimary beambeam suppression suppression ((SeparatorSeparator))

2) Identification of 2) Identification of particlesparticles
3) 3) purificationpurification ((selectionselection of of somesome reactionreaction productsproducts))

3636

3) 3) purificationpurification ((selectionselection of of somesome reactionreaction productsproducts))



Fragment Fragment separatorseparator

2 2 symmetricsymmetric sections : sections : 
«« ACHROMATICACHROMATIC »  »  MAGNETIC  SPECTROMETERMAGNETIC  SPECTROMETER

From the top

section A section B

HOrizontal
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Rotative Target 

(high intensity primary beam)

Nuclear fragmentation  reaction

Selection slit

QUADs
2 magnetic
Dipoles

Total Transport matrix R

R = RB . RA



Fragment Fragment separatorseparator : : principleprinciple

HOrizontal

VErtical
B
e
a
m

 e
n
v
e
lo

p
 H

O
B
e
a
m

 e
n
v
e
lo

p
 V

E

Ion trajectory

XA=F(Bρ)

XB ~ 0

« Achromatic »

Position XA
XB
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3838

B
e
a
m

 e
n
v
e
lo

p
 V

E

A: 1rst section

Bρ selection

R16(A)≠0

B: 2nd section

Bρ compensation   

R16(A+B)=0 (achromatic)

R16(A) ≠0

R16(B) ≠0

R16(A+B)=0

A B



2 2 TrajectoriesTrajectories in a  Fragments in a  Fragments separatorseparator

Trajectory N°1 : 
reference

Bρ=Bρ0
δ=0     

XA=0  and   XB=0

position
XA

B.Jacquot// GanilB.Jacquot// Ganil

Trajectory N°2
Bρ=Bρ0 (1+ δ)

XA=R16 δ and    XB=0
XB
position



Fragments Fragments separatorsseparators : : dispersivdispersiv sectionsection opticsoptics

Section A : 

Focusing
R12=0 (Horizontal)

R =0  (Vertical)

δ=+1%

B.JacquotB.Jacquot// // GanilGanil
4040

R34=0  (Vertical)

dispersion
R16 (A) ≠ 0

⋅
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4443

33

2221

11

γL

R

R

RR

R

RR

R

ARmatrix

δ=0

δ=-1%

δ=(Bρ –Bρo)/ Bρo

Bρo =  Bdipole. Rdipole



1 1 SelectionSelection in Fragments in Fragments separatorsseparators isis not not sufficientsufficient

After the section A
We can select in Bρ

with movable slit

Bρ Selection
Is not 
good  enough

identification

B.Jacquot// GanilB.Jacquot// Ganil
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After the section B
No  selection

Primary beam is eliminated, but
Too Many isotopes (≠Z)

produced by fragmentation
are transported up to the end

identification



MagneticMagnetic separatorseparator withwith degradordegrador
increaseincrease the purification (Z the purification (Z dependancedependance))

We consider 2 isobares (A=34,Z=14) ; (A=34,Z=15) with same Bρ

in a target Energy loss

Bρ selection is
independant from Z

Bρ= γM v /Q
Selection 2: Energy loss

Target   ∆x~1mm
« degrador »

B.JacquotB.Jacquot// // GanilGanil
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in a target Energy loss
is

« Z dependant »

Bethe-Bloch   
formula

∆Ε =k Z2/A * ∆x



2 2 SelectionsSelections in  Fragments in  Fragments separatorsseparators
BBρρ + Z (+ Z (degradordegrador))

1)After the section A
We can select in Bρ~Μ/Q (v+∆v)

Degrador

B.Jacquot// GanilB.Jacquot// Ganil
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2)After the section B
Z  selection

(energy loss separation)

BρREF = Bρ1

BρREF = Bρ2



SelectionSelection in  Fragments in  Fragments separatorsseparators & identification& identification

∆
E

∆
E

Many
isotopes

few
isotopes

∆E
~Z

∆E

Bρ +degrador selection

4444

TOF=Tdetector-TRFTOF=Tdetector-TRF

Detector  :

Thin Silicone 

2 selections
Is much

better for
purety

Time of FlightTime of Flight~M/Q



Often, Isotopes are not well identified (∆E,TOF)

∆E

detector Plot (TOF, ∆E) 

Time Of Flight ~ 1/v

Isotopes

are mixed in TOF

Large velocity

distribution  ∆v

B.Jacquot// GanilB.Jacquot// Ganil
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Solution :  Measure XA for each ion :  Bρ=Bρ0 (1 + XA/R16) 

The two measurements (TOF,Bρ)  => give M/Q 

v=TOF/L

M/Q= Bρ /( v .γ) 

∆E

Bρ/γv ~ M/Q

XA
position



Isotopes are not well identified with (∆E,TOF)

Install a Detector position for  XA  : Bρ=Bρ0 (1+XA/R16)

NOT POSSIBLE 
(too much intensity before Z selection)

Separation In Bρ
In Z

second separator: 
Bρ measurement XA
TOF measurement

Separator 1

Solution choosen in BigRIPS :   
Construct an additiv spectrometer
to measure Bρ ( € !!  )

Install the
position Detector

in the second separator



1 1 exampleexample :BIG RIPS (:BIG RIPS (RikenRiken))
Specifications

L=77m

Bρmax = 7 Tm

∆p/p = ± 3%

∆θ =∆x’= ± 50mrad

∆φ =∆y’ =± 60mrad
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Beam very rigid :     Bρ=γ mv/Q =7 T.m (Beam 300MeV/A)

with high v !

Super-ferric quadrupole triplet :

Very strong focusing : supraconducting coils (NbTi), with pole (Fe) 

BIG RIPS (BIG RIPS (RikenRiken) quads) quads

B.Jacquot// GanilB.Jacquot// Ganil
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- Supra-conducting coils (i very large, B close to saturation)

-Raperture very large =0.1m  ; Bpole-max# 2 Teslas

- GradientMax=2T/0.1m=20.T/m



Comparaison of the fragment Comparaison of the fragment separatorsseparators

Lise3Lise3
GanilGanil

FRS FRS GSIGSI

Mode1 or mode2Mode1 or mode2

A1900A1900
MSU //NSCLMSU //NSCL

BigRipsBigRips
RikenRiken

AngularAngular

AcceptanceAcceptance

BBρρ
AcceptanceAcceptance

1.6 1.6 mstrdmstrd

±±2.5%2.5%

0.32mstrd  or  0.32mstrd  or  

3.4 3.4 mstrdmstrd

±± 2.0%2.0%

8mstrd8mstrd

±±40* 40* ±±50mrad50mrad

±± 3.0%3.0%

10 mstrd10 mstrd

±±50* 50* ±± 60mrad60mrad

±± 3.0%3.0%

R16R16 (m=cm/%)(m=cm/%) 1.7 m1.7 m

1/6001/600

6.8m6.8m

1/1600 or1/1601/1600 or1/160

5.95m5.95m

1/29001/2900

3.3 m3.3 m

1/33001/3300

B.Jacquot// GanilB.Jacquot// Ganil
4949

R16R16

BBρρ ResolutionResolution

LengthLength

1/6001/600

42 m42 m

1/1600 or1/1601/1600 or1/160

69m69m

1/29001/2900

35m35m

1/33001/3300

77 m77 m

BBρρmaxmax 4.3T.m4.3T.m

//3.2T.m//3.2T.m

118T.m 8T.m or 8.6T.mor 8.6T.m 6.3 6.3 T.mT.m 9.  9.  T.mT.m

CommentsComments 2 Dipôles2 Dipôles

+ + 

Wien Wien filterfilter

4 4 dipolesdipoles 4 4 dipolesdipoles 1 1 prepre--
separatorseparator (2 (2 
dipolesdipoles))

+ 1 + 1 separatorseparator
(4 (4 dipolesdipoles))



«« RecoilRecoil » » spectrometerspectrometer : : 
atat lowlow energyenergy (1(1--10MeV/A10MeV/A))

ReactionsReactions :    :    fusionfusion--evaporationevaporation, , transfertransfer,..,..

Goals :Goals :

1) 1) VeryVery efficient efficient primaryprimary beambeam suppressionsuppression
2) Help identification2) Help identification

B.JacquotB.Jacquot// // GanilGanil
5050

2) Help identification2) Help identification

ManyMany experimentalexperimental problemsproblems => A => A Large Large varietyvariety of of devicesdevices

RITU

VAMOS

PRISMA



RecoilRecoil spectrometerspectrometer atat lowlow energyenergy (1(1--10MeV/A)10MeV/A)

* Velocity filter

ship@GSI  :  1MeV/A (heavy superheavy)

* « RMS » (Recoil Mass Spectrometer) 1-5 MeV/A

(fusion evaporation,…)

* Gas filled(Dubna, Darmstadt, Berkeley, Jyvaskyla, Riken)

B.Jacquot// GanilB.Jacquot// Ganil
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1-5MeV/A  (Fusion evaporation

susuper-heavy production)

* Large Acceptance & Ray tracing Spectrometer

Ganil (VAMOS) , Legnaro (Prisma), NSCL (S800))

(transfer reactions, fission,..)

….



11rstrst problemproblem atat E<15 MeV/A :  charge state distributions E<15 MeV/A :  charge state distributions 

A 
X

Q+
@ 5MeV/A

Atomic reactions (xray ,stripping)

#1mg/cm2

Stripping Probability

I(x)
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Q distribution connected to :

-Z target -Z projectile

-Exit energy -Target thickness

Many charge states   

many sources of pollution of the focal plan detectors  

(Bρ is not a perfect for selection)

X ~  Bρ=γ Mv/Q



Magnetic selection =   Bρ= γ Mv/Q

magnet

Electrostatic

Dipole N°1

Electrostatic

Dipole n°2

Emma 
@Triumf

+

-

RRecoilecoilMMass ass SSeparatoreparator

E# [1E# [1--3MeV/A]     3MeV/A]     LengthLength=12 m=12 m
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Magnetic selection =   Bρ= γ Mv/Q

Electrostatic selection =  Eρ= γMv2/Q

« RMS like Spectro.» Implemented in 6 different Laboratoires

(Oak ridge, Argonne, Legnaro, Jaeri, New Dehli, Vancouver) :

For Fusion Reaction : the Velocity is a good parameter for 
the selection

Electrostatic devices are efficient  (but sparking)



RMS (Recoil « Mass » Spectrometer) :
beam optics , M/Q dependance

With E + B selection :

Beam dump X position~  M/Q

Electrostatic selection
compensates

Magnetic selection

x

X’

B.JacquotB.Jacquot// // GanilGanil
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With E + B selection :

Achromatic Selection X=f( M/Q,  velocity)

Resolution :       RM/Q=1/300

Resolution =4 σxfinal/R17

« R17 »  is the « M/Q dispersion »   

x
M/Q=f(x)
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1/3
gas Zvq ∝><

m

<q>

At low energy : too Many charge states

Beam charge are spilled over the focal plan

Gas filled separator for heavy ion

P=0mbar+ B

dipole

P=1mbar + B

dipole+gaz

B.JacquotB.Jacquot// // GanilGanil
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In the gaz, the collision S make the charge

State oscillating around an average <q>

« Charge focusing »+ selection Mass 

= good rejection

1/3-Zm v ∝
><

>=<
q

m
Bρ

Beam dump

(stop primary beam)RITU



Large Large acceptanceacceptance spectrospectro
Optics is non-linear in x,x’,y,y’ 

(Aberrations come with large angle x’,y’)

Bρ =B ρ 0 (1+x /R16 + a x’2 + b x2+ c x3+….)
Vamos example :

In the focal plane, 7 
quantities are measured : 
T, x1, y1, x2, y2, ∆E, E

T : Multi Wire PPAC

56565656

MWPPAC
(Tof)

Drift Ch. 
(X,X’,Y,Y’).

Ionis. Ch.
(∆E,E)

T : Multi Wire PPAC

x1,y1
x2,y2 :

x’=(x1-x2)/d  =tan(θ)

y’=(y1-y2)/d  =tan(φ)

∆E,E : ionisation CHAMBER



SPECTROMETER TUNING

AND   DIAGNOSTICS

Tuning rely on    - B field measurement
- Beam measurement

Beam Diagnostics : dedicated Robust detectors for
beam tuning
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beam tuning

Statistical information on the beam (x, σx, σT,<I>…

1rst step : check the primary beam

- profil measurement (alignement, focus)
- intensity check 



SPECTROMETER TUNING

Beam diagnostics : scintillator screen

beam movement

beam spot

B.Jacquot// GanilB.Jacquot// Ganil
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beam spot

Scintillation screen
(Y2Al5O12,…

CCD Camera

Relatively low cost , but     - only 1 profil measurement
- not very precise



SPECTROMETER TUNING

Beam diagnostics : profil monitor

Reconstruct the beam intensity in X and Y

Profil monitor : HORIZ. and VERT. wire

Beam pipe

R16*δ

B.Jacquot// GanilB.Jacquot// Ganil
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Intensity meas.

Usefull for beam alignement
focusing check

R16 measurement

∆x



SPECTROMETER TUNING

Many Profil monitors 

for different beam intensities

« Gas Profil »
i# 103-7  pps
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Rotating wire
ibeam# 1012-14pps
(Cern)

Wires
i# 109-11pps

( Ganil)
Gas ArC02 +HV

Proportional counter

Specific technologies
adapted for ≠(intensities, Energies)



x

s1               s2              s3                  s4                s5

TUNING

Checking size and alignement                              
with profil monitor 

Steerer
magnets

B.Jacquot// GanilB.Jacquot// Ganil
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x x x x

Q

Emittance = constant  if Energy=constant

Beam

Profil

monitor

x

ellipsoid area = π ∆x . ∆x’  = Emittance

X’X’X’ X’ X’



SPECTROMETER TUNING : check the intensity

Beam diagnostics : Faraday cup

Intensity measurement

Beam

B.Jacquot// GanilB.Jacquot// Ganil
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Particle per second      Npps = IA/Qe
= IµA 106/[Q 1.6 10-19]



SPECTROMETER TUNING

Adjusting field in dipoles and quadrupoles

For adjusting dipole field (B) or quad Gradient (G)

adjust i in the coils

B=B( i )
and   Gradient  = G(i)    are given by the constructor

PROBLEM : hysteresis curvePROBLEM : hysteresis curve

B=B( i )

The current i gives
an information
About B  but

but for one  i ,              
2 possibilities

B1 and  B2

B1
B2

i 

Solutions
- Raise the current to imax, then get down & adjust i :  

for reproducibility
- Measure B with Hall probe or NMR probes (dipole)



SPECTROMETER TUNING

Hall  Probes  : measuring field in dipole

B.Jacquot// GanilB.Jacquot// Ganil

6464
LOW COST , But not very precise

NMR probes are more precise (Resolution=10-5)

Hyperphysics (gsu)



SpectrometerSpectrometer tuningtuning : : beforebefore experimentsexperiments

Beam optics (Design step)

« beam optics » (quad setting for focusing on detectors,target..)

G_Q1

I (A)

Quad Gradient : By=G(icoil) . X

G_Q1(icoil)     given by constructor

B_dipole(icoil) measured on test bench

Rdipole has to be known (curvature of the ideal trajectory Rdipole=L/θ)

B.Jacquot// GanilB.Jacquot// Ganil

« beam optics » (quad setting for focusing on detectors,target..)

Compute G_Q1 ,G_Q2…  For  Bρref=1 Tm (simulation)

to get the right focus on the detectors

Experiment preparation :  step 0

-Evaluate the Bρ of the desired Ion beam

-Which beam optics to be used ?  (detector location?,…) 



Step 1 : Check the beam alignement

Step 2 : check the focus on target

SpectrometerSpectrometer tuningtuning : : duringduring the the experimentexperiment

Step 3: set the quad & dipole magnets (icoils)

With the « Control command software » 

Select 

The Software Computes the fields by scaling:

G_Q1= G_Q1* Bρ0 /BρRef (beam optics N°xxx)

Bdipole= Bρ0 /Rdipole

The software computes the currents icoils For the quads & dipoles coils

then, check the dipole field Bdipole with probes

the quad setting :« the beam optics » (focus on your detector)

the Rigidity Bρ0  of the desired ions  : B= Bρ0 /R



End 
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N

Z

N

Z

N

Z

Fragm
ents 
after 
target

Fragm
ents 
at 
wedge

Fragme
nts 
after FP
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BackBack--upup slidesslides

- More on matrices
- Real Perfomance of a set-up (spectrometer+detector)

-- How How to optimise to optimise beambeam qualityquality& & AcceptanceAcceptance

-- The The Lise fragment Lise fragment separatorseparator & the & the wienwien filterfilter
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-- The The Lise fragment Lise fragment separatorseparator & the & the wienwien filterfilter

-- WhyWhy the the degradordegrador thicknessthickness ((WedgeWedge) ) isis not constant in a not constant in a 
fragment fragment separatorseparator ??

-- Non Non linearlinear effecteffect in in opticaloptical systemssystems

-- ExamplesExamples



More on Transport Matrices:More on Transport Matrices:
RmatrixRmatrix for a straight section L (driftfor a straight section L (drift))

Particle Evolution  in drift length between s1 & s2 :   

x=x(s)   y=y(s) ???????

x2=x1+tan(θ1)(s1-s2)

θ1 = θ2
y2=y1+tan(ϕ1 )(s1-s2)
ϕ1 = ϕ2

nota:  tan(θ1)=dx1/ds=x1’

x2

x1
θ
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nota:  tan(θ1)=dx1/ds=x1’

and (s2-s1)=L s1       s2

x2
x2’ 
y2 
y2’ 

x1
x1’ 
y1 
y1’ 

1 L 0  0

0 1  0  0

0  0  1  L

0  0   1 0

=
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The The beambeam :  N :  N particlesparticles in a 6D in a 6D ellipsoidellipsoid

X’

X

S=S1

)().(
1

,..1
11

2 xxxx
N N

xxx −−=== ∑
=

αα
α

σσσ

)''().(
1

,..1
12' xxxx

N N
xx −−== ∑

=
αα

α
σσ

1) σij is a statistical

definition of  the beam

7272

RRT
final ..σσ =

2) An optical code 

Computes σFinal

with the   R matrix
at the end of 
the spectrometer

Done by simulation code

R Matrix allows the simulation 
a) -of the beam size   σ(s)
b) -of one trajectory Z(s)



Real performance of a (Real performance of a (spectrospectro +detector)+detector)
dependdepend on the on the experimentexperiment

efficiencyefficiency =  =  εεdetectordetector xx Transmission_spectroTransmission_spectro

Rejection =Rejection = primaryprimary beambeam on on targettarget //

primaryprimary particleparticle on final detector      on final detector      

SelectivitySelectivity ==abilityability to to seesee the the desireddesired eventsevents in the backgroundin the background
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SelectivitySelectivity ==abilityability to to seesee the the desireddesired eventsevents in the backgroundin the background

((coincidencecoincidence, identification) , identification) 

SensitivitySensitivity= the = the smallestsmallest measurablemeasurable cross section cross section 

Maximal Maximal intensityintensity of incident of incident primaryprimary beambeam
-- thermal thermal limitlimit on on targettarget (rotative or not,….)(rotative or not,….)

-- maximal maximal intensityintensity on on detectiondetection sytemsytem

-- beambeam losseslosses in in spectrospectro ((electrostaticelectrostatic sparkingsparking,….),….)

-- radioprotectionradioprotection



big spot : ∆x0=±5mm

More on Fragment More on Fragment separatorsseparators

how how to optimise to optimise selectionselection in in separatorseparator

Small spot : ∆x0=±1mm

R16 x δ R16 x δ

7474

The spot size ∆xtarget on target defines the beam size at focal plan

∆Xfocal = R11 . ∆xtarget

Big spot on Target Decrease the selection (Worse resolution) 

Resolution=4 ∆Xfocal / R16=4 R11 . ∆xtarget / R16

CHECK FOCUS ON TARGET    (∆xtarget small !!   )

∆xf ∆xf



More on Fragment More on Fragment separatorsseparators

LISE LISE separatorseparator withwith Wien Wien filterfilter ((ganilganil))

Velocity filterMagnetic 
spectrometer
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Specifications

L=35m

Bρ1max = 4.3Tm  // Bρ2max = 3.2Tm

∆p/p =±2.5%

∆x’ = ±20mrad

∆y’ = ±20mrad



The The velocityvelocity filterfilter ((soso--calledcalled Wien Wien filterfilter ))

F=FE+FB=q(E+vxB)
The wien filter use   Electric field   

+ magnetic field

Q1   Q2 Fx=q(Ex+vBy)-V
FE FB
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By

The particles with vo=-Ex/By are not deflected (F=0)

The particles with a Large velocity deviation (v≠V0) are 
deflected

+V

Nota : trajectories in Electric field depend on the « electric 
rigidity « Eρ » of the particles   :   Eρ= γ MV2/Q

ρρρ B

By

E

Ex

ytrajectror
−=1



LISE LISE separatorseparator withwith wienwien filterfilter
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How to How to getget aa
Fragment Fragment separatorseparator achromaticachromatic

Dipole geometry and quad setting are adusted to get R16 (A+B)=0

Trajectories are  Independant from δ (achromatic) 

IF    R16 (A+B)=0
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Achromaticity if  R16 (A+B)=  R16 (B)+R16(A) R11(B)= 0

R(A+B) =R(B)×R(A)=
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1) Why a degrador (wedge) in not uniform in x  :

Goal of the degrador :

All the same particles (Z,A)  should re-focus at end of the B stage  

2 particles
With same

Z, but 
different
Bρ=P/q

Whithout degrador

With a uniform degrador

P=p0-∆p-∆pw

P=p0-∆pw

P=p0-∆p

P=p0

Not 
achromatic

7979

All the same particles (Z,A)  should re-focus at end of the B stage  
whatever their Bρ (δ) => achromatic degrador (Wedge) : R16(A+B)=0

Adding a uniform degrador makes the optics chromatics at the End

Before degrador δΑ, the momentum deviation of the 2 trajectories

is δ1= -∆p/p0

After degrador δΒ=[p0-∆p- ∆pw –(p0-∆pw)  ]/[p0-∆pw]

δΒ=[-∆p ]/[p0-∆pw]     δΑ ≠ δΒ

if the Optics is achromatic without degrador (δA=δB)

Optics will not be achromatic with a uniform degrador with δΑ ≠ δΒ



2) Why a degrador (wedge) 

in not uniform in x

Optics will be achromatic with degrador if (δΑ=δΒ)

The solution for having δΑ=δΒ :    degrador thickness T=T(x)

Proof :

Whith uniform degrador
2 particles
With same Z, 
but different
Bρ= P/q

P=p0-∆p-∆pw(x)

P=p0

P=p0-∆pw(x=0)

P=p0-∆p x
Whith a wedge degrador

8080

Before degrador, the Bρ deviation of the 2 trajectories

δΑ= -∆p/p0 = xA/R16        after the wedge (degrador ) P=>  P-∆pw

After degrador

δΒ=[p0-∆p- ∆pw(xA) –(p0-∆pw(xA=0))  ]/[p0-∆pw(xA=0)]

=[-∆p- ∆pw(xA) +∆pw(xA=0))  ]/[p0-∆pw(xA=0)]

(δΑ=δΒ)   =>    ∆pw(xA) # ∆pw(x=0)×[1+ xA /R16(A)] 

Thickness of the Wedge # K×[1+ xA /R16(A)]                       



BeamBeam emittanceemittance : (# : (# opticaloptical qualityquality))

The emittance is a volume of phase space occupied by a beam

6 Dimensions

For pratical reasons we use the subspace
measurement (x,x’)  & (y,y’)

Liouville theoreme :  emittance is conserved in a beam line.. 

Horizontal Emittance : area in (x,x’)

Vertical  Emittance : area in (y,y’)

Longitudinal Emittance :  area in (energy ,time)

8181

X’

X

ε rms=4( <x2><x’2>-<xx’>2)1/2

ε =area of the  ellipse ,which

correspond to x% particles



ExampleExample nn°°11:  fragments :  fragments separatorseparator @@RikenRiken((JapanJapan))
E#300E#300--500 MeV/A    L=77m500 MeV/A    L=77m

6 6 dipolesdipoles magnetsmagnets, 42 , 42 quadrupolequadrupole magnetmagnet

Suppression of the primary beam

(many dipoles, degrador selection)

Help the selection of very rare nuclei

Selection of 4-5 nuclei

B.Jacquot// GanilB.Jacquot// Ganil
8282

Identification ( DE-TOF)

Superferric quads



Quadrupole technology

1 :Normal conducting quad
hyperbolic pole (Fe)
coils (Cu)

G~ 10 Tesla/m    

2 : Superferric quad
hyperbolic pole (Fe)
coils (NbTi)

Larger Aperture

or/and

Higher strength

B.Jacquot// GanilB.Jacquot// Ganil
8383

coils (NbTi)

Higher Gradient , larger aperture 
possible  (A1900, BigRips, Synchro.)

G~ 20-30 Tesla/m    

3 : Superconducting quad
No pole !!!!!!
cos(2θ) coils (NbTi)

G~ 40-200 Tesla/m  (Cern LHC…)  



ExampleExample nn°°22: : VAMOS VAMOS SpectrometerSpectrometer
L=L=8 8 metersmeters, 1 , 1 dipoledipole, rotative , rotative platformplatform

Suppression of the primary beam

(by rotation)

Selection of 20-300 nuclei

Help Identification  ( ∆E-TOF, 

position and angle measurements)300 fission fragments id.

B.Jacquot// GanilB.Jacquot// Ganil
8484

Primay beam

targetspectrometer

Focal plan
detector

position and angle measurements)300 fission fragments id.

rotation



ExampleExample nn°°22: : VAMOS IdentificationVAMOS Identification

In the focal plane, 7 
quantities are measured : 
T, x1, y1, x2, y2, ∆E, E

T : Multi Wire PPAC

x1,y1
x2,y2 :

x’

B.Jacquot// GanilB.Jacquot// Ganil
8585

x’=(x1-x2)/d  =tan(θ)

y’=(y1-y2)/d  =tan(φ)

∆E,E : ionisation CHAMBER

Bρ =B ρ 0 (1+x /R16 + a x’2 + b x2+ c x3+….)

Equation is non-linear in x,x’,y,y’ (Aberrations)

MWPPAC
(Tof) Drift Ch. 

(X,X’,Y,Y’).

Ionis. Ch.
(∆E,E)



Non Non linearlinear effectseffects in in opticaloptical systemsystem

ε.... 22 += ZRZ

Linear Approximation holds for 
small angle, small Bρ
deviation… (#30mrad,δ<2%) 

for large angle, large Bρ
deviation 2nd order, third order
is required. Effects of second order :

-Inclination of focal plane

1),,',,',(1 δlyyxxZ =

1rst order + …        

B.Jacquot// GanilB.Jacquot// Ganil
8686

....1.11.2
6

1

6

1

6

1

++= ∑∑∑
=== j

kjijk
kj

jiji ZZTZRZ

1rst order 2nd order + …        

-Inclination of focal plane

-the Focusing strenght of 
quads is bρ dependant

-Large angle particles are 
not well focused

Non linearities (ABERRATIONS) come 

- with large acceptance (large x’ and large δ)

- but also, with field defects in quads and dipoles



Non Non linearlinear effectseffects in in opticaloptical systemsystem

Ex1: Inclination α of the focal 

in a spectrometer

X
’ By

tg (α)= R16 / T126.R11

α

-Choice of the dipole Angle

-Magnetic sextupole has to be 
used for correction

HO

B.Jacquot// GanilB.Jacquot// Ganil
8787

Ex2:  distorsion of beam ellipse

In phase space 

Inducing Distribution wings
X

X’

used for correction

Optical aberrations (non linearities)

X

Beam 
profil in x



Non Non linearlinear effectseffects in in opticaloptical systemsystem

Beam optics is linear when x < 5cm

x’<30mrad   
δ<2%

Beam is a nice ellipse in phase space, R matrix is sufficient

If  |X’| >  30mrad  or |δ|  > 2%   
Beam are not well represented by an ellipse

R matrix is not sufficient for the calculation

B.Jacquot// GanilB.Jacquot// Ganil
8888

R matrix is not sufficient for the calculation
( field maps + tracking with « Runge kutta » simulation needed )

ellipse is deformed



ExampleExample nn°°22: : VAMOS VAMOS SpectrometerSpectrometer

Particle identification Method
(M,q,Z )

1) Measurement of the time of flight (TOF) => velocity
2) Measurement of the position xfocal after the spectrometer 

=> Bρ= B x  Rdipole (1+ x /R16 +…)

3) Measurement of the energy loss ∆E in a thin detector  
(Ionization Chamber)
4) Measurement of residual energy Er ( Ekinetic= (γ−1)M c2 ] 

B.Jacquot// GanilB.Jacquot// Ganil
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finally Q= M1 /  [M/q]

M= [M/q]. Q
Z # k(E) ∆E

∆E

E

M

M/Q

4) Measurement of residual energy Er ( Ekinetic= (γ−1)M c2 ] 

v v = T fligth /L0

M/q M/q= Bρ /γv
Z Z# k ∆E …..
M1 M1 =(Er+ ∆E)/[c2 (γ−1)]  



ExampleExample : S3 : S3 spectrometerspectrometer @@GanilGanil
S3 :
1 Magnetic achromatic

separator (2 dipoles)
+         1 mass spectrometer (M/q) 

Electr.  deflector

±300 kVolts

Beam
dump

B.JacquotB.Jacquot// // GanilGanil
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Lise++ simulation  : 
fusion reaction , 5  charge states
(horizontal plane)



ExampleExample : S3 : S3 spectrometerspectrometer @@GanilGanil

S3 :
1 Magnetic achromatic
separator (2 dipoles)

+
1 mass spectrometer
(M/q) 

B.Jacquot// GanilB.Jacquot// Ganil
9191

Superconducting quadrupole triplet : Coil (NbTi), without pole

- Supra-conducting coils with multipolar corrections (hexapole+octupole)

- Quadrupoles :  Raperture very large =0.15m  ; 


