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Spectroscopy (:= 分光)

Visible light spectrum
    dispersed by optical element(prism)

What is dispersed ? 
    Color is dispersed

What represents color ?
    Frequency := Energy or momentum

So, momentum of light could be measured 
by this optical element.
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Spectroscopy

Color spectrum is obtained by
    (Optical) Spectrometer 

in which optical elements like

    Lens
    Prism 
    Diffraction Cell
    ...

are used in a proper layout.

Alchohol flame 

Color Spectrum

Optical Spectrometer using Diffraction Cell (D) 
and other elements

Reference : Wikipedia
ja.wikipedia.org
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• charged particle (electrons/ions)
• quadrupole field
• dipole field

• energy degrader

• mass/charge ratio
• charge state
• ...

Spectroscopy on / Spectrometer for ions/electrons

• light
• lens
• prism

• wave length shifter
• ...
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Zero-degree
Multi-purpose
Medium resolution
Medium acceptance

SAMURAI
Large acceptance
Restricted resolution

RI beam 
from BigRIPS�

target 

superconducting 
coil 

pole(2m dia.) 

rotate 

vacuum chamber 

Proton 
Heavy Ion 

Neutron 

SHARAQ
High-resolution (p and θ)
Small acceptance

Magnetic spectrometer @ RIBF
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Magnetic spectrometer @ RIBF

GARIS
Super Heavy Element

Discovery of Z=113 
element

RIPS
RI Separator
generate high intense 
secondary beam
E = 60-100 A MeV

CRIB
Low energy RI separator 
(< 10 A MeV)

SMART
high resolution/
large acceptance

Decommission and 
Reuse as D1 of 
SHARAQ
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RI-beam separator

A RI-beam separator is a kind of 
spectrometer.

Beam quality (size, purity)
Particle identification
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RI-beam separator

A RI-beam separator is a kind of 
spectrometer.

Beam quality (size, purity)
Particle identification

Higher Energy > 10 MeV/u
Magnetic field + Energy degrader

Lower Energy
Magnetic field + Electric Field

Only A/Q separation by Magnetic field

CARP
RCNP →Kyushu U.

recoil RI separator
E = 0.1 - 1 A MeV

Electric Field

332

I n t he p r esen t pape r , we p l ace some emphas i s on
t he desc r i p t i on o f t he i on op t i ca l s t udy ca r r i ed ou t so
f a r and t he pe r f o r mance o f t he sys t em r esu l t i ng t he r e -
f r om . The s t r uc t u r e o f t he sys t em and some cons t r uc -
t i on expe r i ences a r e p r esen t ed b r i e f l y . Sho r t desc r i p -
t i ons o f t he , expe r i men t s wh i ch have been o r a r e be i ng
ca r r i ed ou t a r e f i na l l y g i ven as examp l es o f t he app l i ca -
t i on o f t he sepa r a t o r .

S i nce t he s t a r t o f cons t r uc t i on o f t he CARP , a t
RCNP , o t he r i ns t r umen t s s i m i l a r i n concep t have a l so
been pu t i n t o ope r a t i on a t seve r a l l abo r a t o r i es [ 2 - 5 ] .

2. I on op t i ca l desc r i p t i on o f t he sys t em

The p r i nc i pa l con f i gu r a t i on o f t he sepa r a t o r CARP
can be r ep r esen t ed i n an abb r ev i a t ed f o r m o f QDEQ ,

w i t h Q , D and E be i ng magne t i c quad r upo l e , magne t i c

01

S. Mo r i nobu e t a l . / The r eco i l sepa r a t o r CARP a t RCNP

d i po l e and e l ec t r os t a t i c d i po l e f i e l ds , r espec t i ve l y . The
l ayou t and t he p l an v i ew o f t he sys t em a r e shown i n f i g .

1 . The r eac t i on p r oduc t s a r e f i r s t de f l ec t ed by t he
magne t i c f i e l d D by 55° i n t he med i an ( ho r i zon t a l )
p l ane and i n t he nex t s t age by t he e l ec t r i c f i e l d E by
32° i n t he oppos i t e d i r ec t i on . The ene r gy ( / cha r ge )
d i spe r s i on p r oduced i n t he f i e l d D i s cance l ed ou t by
t he f i e l d E a t t he f ocus po i n t wh i l e t he mass ( / cha r ge )
d i spe r s i on i s l e f t f i n i t e .

The a r r angemen t o f t he magne t i c d i po l e f i e l d ahead
o f t he e l ec t r os t a t i c f i e l d has been adop t ed i n cons i de r -
a t i on o f t he ease o f equ i pp i ng t he beam- s t opp i ng de -

v i ces i n t he f i e l d and o f t he e f f ec t i ve use o f t he l i m i t ed
space o f t he expe r i men t a l a r ea . S i nce t he beams f r om
t he AVF cyc l o t r on a t RCNP a r e r a t he r r es t r i c t ed t o
t hose o f t he r e l a t i ve l y l i gh t heavy i ons w i t h masses and
ene r g i es o f t yp i ca l l y a r ound o r l ess t han A = 20 and 15
MeV / u , r espec t i ve l y , t he magne t i c r i g i d i t i es o f t he

H3 02

RA I L
F i g . 1 . The i on op t i ca l l ayou t ( uppe r ) and p l an v i ew o f t he r eco i l mass sepa r a t o r CARP . The d i r ec t i ona l and ene r gy f oca l l i nes a r e

deno t ed as a - and 8 - f ocus l i nes , r espec t i ve l y . A l l t he d i mens i ons a r e g i ven i n cm . SC : sca t t e r i ng chambe r ; Q l , Q2 : magne t i c
quad r upo l es ; D : magne t i c d i po l e ; H l , H2 , H3; magne t i c sex t upo l es , E : e l ec t r os t a t i c de f l ec t o r .

CRIB
Low energy RI separator 
(< 10 A MeV)

RIPS
RI Separator
generate high intense 
secondary beam
E = 60-100 A MeV



Spectrometer lecture on Nishina School

Charged particle motion in magnetic (and electric) field
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Motion in electric and magnetic field

Electric (homogeneous) field

q=Qe [Coulomb]

�F = Qe �E

Magnetic (homogeneous) field

�F = Qe�v � �B

�F = Qe
�

�E + �v � �B
�

�B
�

�E �
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• Curvature is given as :

• Motion in homogeneous magnetic field is governed by :

which represents the centrifugal force.

• Direction is given by Fleming’s left hand rule

In homogeneous magnetic field

�F = Qe�v � �B
�B

�

�F =
d(m�v)

dt����
d(m�v)

dt

���� = mv
d�

dt
=

mv2

�

� mv2

�
= QevB

p/q = B�
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• Curvature is given as :

• Description with natural unit notation at ℏ=c=1

In homogeneous magnetic field

�B
�

p/Q = cB�

[eV/c][charge; integer] [m/s][T][m]

�F =
d(m�v)

dt����
d(m�v)

dt

���� = mv
d�

dt
=

mv2

�

� mv2

�
= QevB

p/q = B�
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Direction is important

• Question #1 for home works
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• Description with natural unit notation at ℏ=c=1

• Question #2
• Let us consider the curvature of

• 1.5 MeV electrons on 0.1 T
• electron mass is 0.511 MeV (~ 0.5 MeV/c2)

• 250 MeV/A  6He (A=6, Z=Q=2) on 3 T
• nucleon mass is 940 MeV (~ 1 GeV/c2)

➡ home works until next week

In homogeneous magnetic field

�B
�

p/Q = cB�

[eV/c][charge; integer] [m/s][T][m]
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How to generate magnetic field
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High magnetic field by iron yoke

• high permeability (µ) of iron help to generate 
high magnetic field on GAP region
up to B ~1.6 T
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µ in iron saturated

Magnetic field flux
guided by iron yoke 

high µ generate
high magnetic flux

Coil generates 
mangetic field

�
�H · d�l = Ni,

BLGAP +
1

µIron/µ0
BLReturnYoke = µ0Ni,

BLGAP

�
1 +

µ0

µIron

LRY

LGAP

�
= µ0Ni,

BLGAP � µ0Ni ; i f
µ0

µIron

LRY

LGAP
� 1 .
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SAMURAI configuration
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How to obtain the momentum information
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Momentum measurement


���

����
��������	
Position detectors

Dipole field

θbend

�✓

✓bend
=

�p

p

Ex. θbend = 60deg ~ 1 radian
       Δθ ~ 1 mrad

�p

p
⇠ 10�3

ρ1 < ρ2 < ρ3
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���

����
��������	Position detectors

Dipole field

Momentum measurement with finite acceptance

The momentum resolution 
is usually in order of 10-3

Position detectors

Dipole field

Detector(s) to determine 
incident angle is necessary

“non-” destructive 



Spectrometer lecture on Nishina School

Quadrupole magnet

functions as lens
   focus charged particles in horizontal or vertical direction

singlet :
   focus on y and defocus on x
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Quadrupole magnet as focusing elements

1) Usually used as doublet or triplet :

2) Doublet focus for x and y direction simultaneously :

N

S

S

N

N

S

N

S

S

N

x

y

3)Triplet can control the magnification
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Momentum measurement conjunction with focusing magnet

Quadrupole magnets

Concept of “focus”
 The position doesn’t depend on 
 the beam injection angle. 

Focusing elements act as acceptance 
resolving power converter
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Momentum measurement conjunction with focusing magnet

Edge effect ≡ 
Quadrupole magnet operation

B ◉
Q positive B ◉

Top : S

Bottom
 : N

−N     
−S     

+N     
+S     

H(x) defocus ; V(y) focus
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Quantitative analysis of trajectory 

and

Paraxial approximation and transfer matrix
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• Paraxial approximation (valid within small cone around central trajectory)
• in the 1st order description as:

Paraxial approximation and transfer matrix

�

�����

x
a
y
b
�

�

�����

Z1

=

�

�����

(x|x) (x|a) (x|y) (x|b) (x|�)
(a|x) (a|a) (a|y) (a|b) (a|�)
(y|x) (y|a) (y|y) (y|b) (y|�)
(b|x) (b|a) (b|y) (b|b) (b|�)
(�|x) (�|a) (�|y) (�|b) (�|�)

�

�����

�

�����

x
a
y
b
�

�

�����

Z0 � � p/p0 � 1
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Matrix description in drift space

• Drift space : no optical elements

x=x0+a*(Z1-Z0)
a=a0
δ=δ0

• Matrix description Z0 Z1

x or y x or y

�
x
a

�

Z1

=
�

1 L
0 1

��
x
a

�

Z0

, L � Z1� Z0
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Matrix description in homogeneous magnetic field

• Matrix description of homogeneous magnetic field

• ρ0 is given by : p0/Q=cBρ0

�

�
x2

a2

�2

�

� =

�

�
cos � �0 sin� �0(1� cos �)

� sin�/�0 cos � sin�
0 0 1

�

�

�

�
x1

a1

�1

�

�

�B
�

※ Boundary has to be 90 degree cut off
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Matrix description in lens element and conbinations

• Matrix description of thin lens element is given as :

• Matrix can be multiplied with the sequence : Z0 Z1

�
x
a

�

Z 1

=
�

1 0
�1/ f 1

��
x
a

�

Z 0

Z1 Z2 Z3Z0

�
x
a

�

Z3

=
�

1 Z3� Z2
0 1

��
1 0

�1/f 1

�
�

�
1 Z1� Z0
0 1

��
x
a

�

Z0
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• Magnetic field is given in y direction : 
• (x,a,δ) and (y,b) is decoupled (in the 1st order) as :

Paraxial approximation and transfer matrix

�

�����

x
a
y
b
�

�

�����

Z1

=

�

�����

(x|x) (x|a)
(a|x) (a|a) 0 (x|�)

(a|�)

0 (y|y) (y|b)
(b|y) (b|b)

0
0

0 0 0 0 1

�

�����

�

�����

x
a
y
b
�

�

�����

Z0
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• Focus := beam from same position but different direction at Z0
• come together in the same position at Z1

Idea of “Focus” in matrix description

�

�����

x
a
y
b
�

�

�����

Z1

=

�

�����

(x|x) (x|a)
(a|x) (a|a) 0 (x|�)

(a|�)

0 (y|y) (y|b)
(b|y) (b|b)

0
0

0 0 0 0 1

�

�����

�

�����

x
a
y
b
�

�

�����

Z0

→  (x|a)=0
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Barber’s rule

• From the 1st order transfer matrix, you can prove “Barber’s rule”

• Let’s try !

➡ Important for experiment session 
in the next week

→ Home work
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• Resolving power is how optical system could resolve the momenum
• on focusing condition: (x|a)=0 ; then

• Determination accuracy is given as :

• Resolving power is given as :

Idea of “Resolving Power” in matrix description

�

�����

x
a
y
b
�

�

�����

Z1

=

�

�����

(x|x) (x|a)
(a|x) (a|a) 0 (x|�)

(a|�)

0 (y|y) (y|b)
(b|y) (b|b)

0
0

0 0 0 0 1

�

�����

�

�����

x
a
y
b
�

�

�����

Z0

� =
1

(x|�) {xZ1 � (x|x)xZ0}

D ; dispersion Mx ; magnification

�� =
1
D

�
(�xZ1)2 + M2

x(�xZ0)2

R =
p

�p
=

D

Mx�xZ0



SHARAQ spectrometer designed for pursuing high resolution

SDQ 
D1 

D2 

Q3 

QQDQD 

�p

p

=
M�x

D

Dispersion         D=5.85 m
Magnification   M=0.397

Momentum resolution
     Δp/p =   1/14700
　   (δx = 1 mm ;assumed)    

Momentum acceptance
± 1% 
Angular acceptance
~ 5 msr

L
1 reduced by Q

Q
 com

ponents
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• Focusing is not always needed if non-destructive measurement is available (at higher energy)

• xZ0 ,(x,a)Z1
• (x,a)Z0 ,xZ1

• aZ0  or aZ1 measurement is needed, on the contrary
“non-” destructive methods are needed

Focusing is necessary ?

�

�����

x
a
y
b
�

�

�����

Z1

=

�

�����

(x|x) (x|a)
(a|x) (a|a) 0 (x|�)

(a|�)

0 (y|y) (y|b)
(b|y) (b|b)

0
0

0 0 0 0 1

�

�����

�

�����

x
a
y
b
�

�

�����

Z0

→  (x|a) ≠ 0

→  δ
Position 
detectors

Dipole field

Detector(s) to determine 
incident angle is necessary

“non-” destructive 
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SAMURAI spectrometer designed for pursuing large acceptance

Momentum acceptance
± 70 % 
Angular acceptance
~ 58 msr

n-detector

RI beam
（from BigRIPS ）

target

p
heavy projectile fragment

n

vac. chamber

coil

pole（2m dia.)

return yoke

focal plane det.

turn table

Focusing is not always obtained 
for higher Bρ particles

Multi particles are detected in coincidence
including neutrons

pmax/pmin ~3
ΔθH=±10°
ΔθV=±5°

Momentum resolution
     Δp/p =   1/700
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For further studies

1) References for study motion of ions in electromagnetic field

Advances in Imaging and Electron Physics (Chap. 5)
by Mikhail Yavor

Optics of charged particles　
by Hermann Wollnik

An ion optical transfer matrix 
    calculation code,ORBIT2(2002)88. 35.
　by S. Morinobu



2) References for ion optics and practical computer code packages

GIOS, GICOSY
http://www-linux.gsi.de/~weick/gios/
http://www-linux.gsi.de/~weick/gicosy/

COSY Infinity
http://bt.pa.msu.edu/index_cosy.htm

For further studies

Sample for beam optics for transferring secondary beam to target
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1) Magnetic spectrometer in RIBF 
Various type of magnetic spectrometer
RI separator

2) Charged particle motion in magnetic field
Equation of motion
Generate high magnetic field by iron

3) Ion optics and transfer matrix method
Idea of focusing
Idea of resolving power
Spectrometer specification

resolving power
angular acceptance and momentum acceptance

Summary
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Home works

1) Q1 which direction are electrons precessed ?

2) Q2 curvature for 
 1.5 MeV electrons on 0.1 T

• electron mass is 0.511 MeV (~ 0.5 MeV/c2)

• 250 MeV/A  6He (A=6, Z=Q=2) on 1.6 T
• nucleon mass is 940 MeV (~ 1 GeV/c2)

3) Barber’s rule
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Direction is important

• Question #1 for home works
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• Description with natural unit notation at ℏ=c=1

• Question #2
• Let us consider the curvature of

• 1.5 MeV electrons on 0.1 T
• electron mass is 0.511 MeV (~ 0.5 MeV/c2)

• 250 MeV/A  6He (A=6, Z=Q=2) on 3 T
• nucleon mass is 940 MeV (~ 1 GeV/c2)

➡ home works until next week

In homogeneous magnetic field

�B
�

p/Q = cB�

[eV/c][charge; integer] [m/s][T][m]
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Barber’s rule

• From the 1st order transfer matrix, you can prove “Barber’s rule”

• Let’s try !

➡ Important for experiment session 
in the next week

→ Home work
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Appendix
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Reduce for analytical calculation
#!/bin/sh

#
# analytical calculation code "reduce" is available from
# http://reduce-algebra.sourceforge.net
#

reduce <<EOREDUCE

clear m1,m2,m3;
matrix m1,m2,m3;
matrix mtotal;

m1:=mat((1,l1,0),(0,1,0),(0,0,1))$
m3:=mat((1,l2,0),(0,1,0),(0,0,1))$

m2:=mat((cos(phi),rho0*sin(phi),rho0*(1-cos(phi))),
(-sin(phi)/rho0,cos(phi),sin(phi)),(0,0,1))$

mtotal := m3*m2*m1;

phi := PI/3 $

mtotal;

phi := PI/2 $

mtotal;

EOREDUCE


