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e Getting familiar with typical ion optics formalism

e Use it to define quantities that are used in beam tuning, spectrometer and separator
specifications
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What to Remember ARUNR

 Want to get best beam ever
— Speak with your operators and speak their vocabulary
— Ask them questions

* Your experiments depends on beams, spectrometers, separators
— The ability to calculate trajectories and tune is a big advantage

— Talk to people to get going with such calculations
 Large group at MSU/NSCL/FRIB and ANL/ATLAS
* Smaller group scattered around the country
* Dedicated accelerator groups at all the national labs
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Good Aim is Sometime Important

MY AIM IS TO
KREEFP THIS
E}ﬁ l 2 I 1 IiO {:,'r"'\ SENORG l.k‘ LOM
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YOUR AIM
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We Will Not Talk About Accelerator Technology

(See U. Amaldi Europhysics News, June 31, 2000)

World wide inventory of accelerators, in total 15,000. The
data have been collected by W. Scarf and W. Wiesczycka

Nuclear and particle physics research
B S

Introduction to Accelerators: Evolution of Accelerators and Modern Day Applications
Sarah Cousineau, Jeff Holmes, Yan Zhang USPAS January, 2011

Category Number
lon implanters and surface modifications 7,000
Accelerators in industry 1,500
Accelerators in non-nuclear research 1,000
Radiotherapy 5,000
Medical isotopes production 200
Hadron therapy 20
Synchrotron radiation sources 70

110
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Outline

* Optics
— Formalism
* Charged particle optics
— Dispersion and spectrometer/separator resolving power

* Beam

— Collection description of particles
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Straight Light (Photons) Rays ARUNA

e 7 axis = Optics axis of a bundle of rays

* Deviation of rays from bundle x(2,) = x1 + (2 — z) tan(a;)
y(23) = y1 + (22 — z1) tan(p;)

/ arbitrary ray
y I. _-:-_,_...--""'_-
f tan f3, 1
~ .ﬁr | : Y2
T A —a, ! ~tiana, |
"
X4 Fa _74:-_. :-_ H?’ 7
S | optic axis
il ‘E = 22 = zl E -
X

rofile plang 1 profile plane 2 . . .
Will be using this a lot!!!
I=1I, L= 22
Optics of Charged Particles /
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Straight Light (Photons) Rays ARUNA

e 7 axis = Optics axis of a bundle of rays

x(z3) = x; + (2 — z;) tan(a,)

* Deviation of rays from bundle J(2) = 1 + (2 — 2, tan(By)

* Angular dependence
tan(a(z)) = tan(a;)

;ﬂﬂw ray tan(f(z)) = tan(B,)

| f tan f3, 1
~ B | ; ' ¥z
__ - 1 ' tan o i
__"'11 i 1
- i =
= - %2 4
-

optic axis
{= 23—z| -

y
i r_!_——' -
¥ R S
-
X
/pahe 1 A plane 2
=12, =1

-2

Optics of Charged Particles

UNIVERSITY OF By Hermann Wollnik
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Straight Light (Photons) Rays

e 7 axis = Optics axis of a bundle of rays
* Deviation of rays from bundle
* Angular dependence

x(zz) = x1 + (zz —zy)tan(@1)  tan(a(z)) = tan(ay)

y(z3) =y1 + (z; —z) tan(B,)  tan(f(z)) = tan(p;)

/\ Transfer matrix
from one profile
X9 1 [ X1 plane to another
(tan(az)) B (o 1) (tan(al))
V2 (1 1 V1 In rotationally symmetric system
tan(f,)/)  \o 1/ \tan(f,) Both matrix are identical...
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JINA-CEE Thln Lens
* Rays that a system to the
optical axis are if that they pass

through a single point.

* https://phet.colorado.edu/en/simulation/

legacy/geometric-optics

* Any ray that
will emerge from the system to
the optical axis.
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e transfer from 2 to 3

X3 = Xy
tan(az) = —x,/f

UNIVERSITY OF
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focal plane

Optics of Charged Particles

By Hermann Wollnik

—— - ftan a
~, 2

X3 = Xy

tan(as) = tan(a,) —x,/f

»ﬁ[\f >
|
(tanx(irg)) - (—11/ f 2) (tanx(zaz)) : \
L\
A
-— Profile plane
- 2 AND 3




profile plane &

(aneo) = (0 £)(cazr 1) 3) (anci)

( X4 )_ 1-(/f) L+bL—Ud/f) ( X1 )
tan(ay)) ~ \ -1/f 1-(/f) tan(a;)

UNIVERSITY OF Optics of Charged Particles
NOTRE DAME By Hermann Wollnik T sAN A P
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How do we Get a Proper Picture?  AEUNA

( X4 )_ 1—-(2/1) l1+lz—(l1l2/f)( X1 )
wn(a)) =\ —1/f 0 1-ay/p ) \ana)

Independence of final ray position on initial angle

L+L—WGL/f)=0
!

(/L) + /L) =1/f
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With a focal

Additional Definitions

point'

1- /) L0 ()
(tanan) —1/f 1 - (l,/f)) \tan(ay)

— = =1—-——==(— lz/ll) M is called the

X1 f

Notation change to allow for generalization

UNIVERSITY OF
NOTRE DAME

x(z) (x2|%1) (x2|tan(ay)) ( X1

tan(a(z)) (tan(ay)|x1)) (tan(ez)(tan(e,)) ) \tan(aq)
a=v,/c = tan(a)
b =v,/c = tan(p)

Can be a simple drift or a very
complex system.

)

/—-*{/\‘*\
ARUNA

T mmms——

With:
1/f=1/l)+@1/L)
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(x|la) =0
— a2
(a)

(b)
What constraints on which matrix
element needs to explain the plots?

UNIVERSITY OF

Optics of Charged Particles
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By Hermann Wollnik
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Examples

x(z)
a(z)

)

(

(x|x) (xla))(x1)
(alx)) (ala)/\a1

@ =o
-z
—
<) (ala) =0
-7

:‘__%

(d)

'——“I—-—-—S— N # =
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Charged Particle Optics ARUNR

e Same idea
e F= q(E+17><§)

* |In a uniform magnetic field charged particles

have a circular motion
—mv?/R = quB
—Bp =p/q

* Equivalent for Electric field
—Ep =2K/q

UNIVERSITY OF
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Focus only in one direction

The motion of charged particles in
. any of the element presented Magnetic
Electric here is known.
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Combination of Quadrupole Lenses FREUNA

¥ Yy
2yg
A - 1 Z #‘!
-
2By ] ! 2Py 2P 4/ M

2oy -—-—--—-—________1‘_—'—-—-—--__.________ /
H—
‘4 SN | —— - ] ] I }‘ i — e ]~
- W fe—— W ] — -— Wy e
Point to parallel Point to point

With appropriate diagnostic
tune by slowly changing
one field and correcting
with the other

UNIVERSITY OF Optics of Charged Particles
NOTRE DAME By Hermann Wollnik
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v, |“'=
) I A/ A Single tuning parameter.
=R i Maximize transmission to
\\“ W  — = == appropriate diagnostic.
a | . .
Works at relatively low energies ~100 keV Max
y 3 S " T S—
| Il -_ .-"I ' - _ 'ElEEtliE field lines
' . - ¥ Yy - — ;
» —— -
— | ' } -
& e m— —— FoCus
lon path ) rai=—NY S~ 5
| i Al | i 7 . :
0 volts +4 volts 0 wolts
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Bending Charged Particles ARUNA

Electric
Dipole

Magnetic

Dipole

UNIVERSITY OF
NOTRE DAME




“Ta M

The Color Twist ARUN

plane of focus

TT B TG Bt ST D S AT B SR PSR

d could represent any variable
They could be more

Actually, most transport code
Use at least 6 dimensions.

single ray of light

Most of the matrix element
are zero

\ o) | =| (@) @a) (ald) |{a
i) \@x) (da) @dld)) \di

(- et )
a(z) (alx)) (ala))\a1 x(2) (x|x) (x|a) (x|d) <x1>

v
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Dispersion ARUNA"

Dipole field B
perpendicular
to paper plane

Radius

; Spatial Dispersion ox/op

used in magnetic analysis

Object (size x)

Other/additional potential dispersion:
* Mass
* Energy

UNIVERSITY OF * Charge
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JINA-CEE ReSOIVing Power HMH
<X(Z)> ((xIX) (x|a) (xld)> <x0>
a(z) |=| (a|lx) (ala) (ald) || Qo d:A , A )
d(z) (dlx) (dla) (dld)/ \do AE/ g({ I;(')f ACZ/QTO

Your favorite spectrometer/separator

x(2) = (<10 + Od@ag + (xld)dy

[

2(x|x)xq

Maximum half size of your target

2(x]x)x,

¢ — < —>
1

(x|d)dy

N
< L}

UNIVERSITY OF
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x(z) = (x[x)xo + @)a, + (x[|d)d,

[

Half size of your target

2(x]x)xq 2(x]|x)x,
4 ‘ (x|d)d, ‘ I

0

The resolving power is the inverse value of d, that still provide a separation
2(x|x)xy 2(x|x)xq
4—{—> t—>

% (x|d)dy = 2(x|x)x,

LGl

X _ (xld)
1/do = 2(x]|x)x,

UNIVERSITY OF
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Tahle |
Mijor parameters of the Oxford Spectrometer
Maximum mass- energy product { ME /g°) 315 MeV amu
Verucal acceptance o 4 S0 mrad
Horizontal acceptance + 40 mrad
Solid angle (max.) 8 msr
Energy bite E_,, /E,... (8=1 msr) 1.52
Energy bite E_,, /E,.. (=K msr) 1.31
Length of focal plane 69 m
Angle of focal plane normal w incident ions
Dispersion
k=0n* Ifem/%
k=03 Idem/ %
Horizontal angular magnification (& = 0) -25"
Horizontal lincar magnification (& = () -0.4
Vertical linear magnification (4 = ) 50
First order resolving power { £ /d £ ) {calculated) 4500
Range of kinematic compensation
min. k=—01
e k=03
Dipoke field gradient, a ™ ~0.19 mensons n mm N
Maximum dipole field level 138 T - - AMGULAR RANGE
A.nglcofdeﬂiactm |mo Fig. 1. The layout of the MDM-2 spectrometer system showing all of the magnetic clements.
Central radivs. R fem '

" ks defined as ~(1/p) (dp/d#), the fractional kinematc vanation of momentum with scattening angle. Note that the sign of &
changes on either side of the beam direction,

™ Ax s conventional. the gradient field parameterisation is Bir)= B, [1+ a{x /R, )+ B v/R 4 - | where x=r— R, and B, is
the field a1 the central radius R,
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beam

Pedro Castro
Introduction to Particle Accelerators
DESY, July 2010
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phase space diagram

Same for the vertical plane

UNIVERSITY OF Pedro Castro
Introduction to Particle Accelerators

: NOTRE DAME DESY, July 2010 I S\ N A P —
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phase space diagram

emittance definition:
2
. \/<x2><x'2>—(xx*)

area/tr = emittance (units: mm.mrad)

The emittance is conserved as long as the forces to which the

beam is subjected to are conservative. Same for the vertical plane

UNIVERSITY OF Pedro Castro
Introduction to Particle Accelerators

: NOTRE DAME DESY, July 2010 I S\ N A P —
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Concept of emittance ARUNA

converging beam waist diverging
beam beam

> v

2

T~

Along a beamline the orientation and aspect ratio of beam ellipse
in X, X’ plane varies, but area & remains constant

UNIVERSITY OF
NOTRE DAME
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Z T e > R e >
acceleration (only in z direction) % gBtS smaller
P
linear accelerators: definition:
oA normalized emittance:

1 b /
E oC —
E €y = €.B.y =constant

>
E geometrical emittance

The normalized emittance is conserved during acceleration

UNIVERSITY OF Pedro Castro
Introduction to Particle Accelerators

: NOTRE DAME DESY, July 2010 I S\ N A P —



HE Emittance and M
Radioactive Beam Production Method

* Depending on the production method

e Emittance of Rl Beam can be much worse than the one of
stable beam

— Equipment have to be designed to accommodate

* Large energy and angular acceptance
* Larger bore

 ReA3(6,12), Caribu, Twinsol ...

UNIVERSITY OF
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Equivalence of Transport of

One Ray < Ellipse

Defining the ¢ Matrix representing a Beam

6
* G = (011 021]
) = fiaps * i2_2_
int =\/%s - 12/: /" - N )
- A & ~
: :. I‘El = r]_E - o—
. o : Vo %o
.- Real, pos. definite
CENTROID ’ symmetric
A |
4 126, =0, )
c = 1/¢ 22 21

UNIVERSITY OF
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Defining the ¢ Matrix representing a Beam

The 2-dimensional case ( x, ® )=(x,x’)

2-dim. Coord.vectors
(point in phase space)

)
X= o)

XT=(x0)
Ellipse in Matrix notation:
XTo X =1
CENTROID
Y
Exercise: Show that Matrix notation
is equivalent to known Ellipse equation:
UNIVERSITY OF G»ro X2—2021X@+011®2=82
NOTRE DAME I S\ N A P —




HEl
... Beam Sigma Matrix and Transfer Matrix #FUNA

Ray X, from location O is transported by a 6 x 6 Matrix R to location 1 by: X1 =RXp (1 )

Note: R maybe a matrix representing a complex systemis : R=R, Ry ... Rp

Ellipsoid in Matrix notation, generalized to e.g. 6-dim. using ¢ Matrix: XoTop X, =1 (2)

Inserting Unity Matrix | = RR! in equ. (2) itfollows X, T(RTR™) oy ! (R1R) X, =1

from which we derive (RXo)T (RogRT) ™ (RXo) = 1
The equation of the becomes X;To; !X, =1
where 61 = RogRT (3)

Conclusion: Knowing the TRANSFER matrix R that transports one ray
through an ion-optical system using we can now also transport

the phase space ellipse describing the initial beam using

UNIVERSITY OF
NOTRE DAME — T s\N A P




Beam/lon Transport Calculation ARUNR

JINA-CEE o Sl LW

* Now we have a “framework” to calculate either individual
particle trajectories or a full beam...

— How do we use it? Do we have to calculate individual transfer matrix?

— Code with various approach and level of details
* TRANSPORT
* COSY INFINITY
* GIOS
* GICOSY

— SIMION, OPERA, ...

UNIVERSITY OF
NOTRE DAME — T s\N A P
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Truncation of equation of motion Element “limitation”

to allow for linear combination

and usage of matrix formalism.

Truncation is similar to selection of = s
order of a Taylor expansion.

Missing parts are called “Higher Spherical Aberration
Order”

UNIVERSITY OF
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Beam Space Charge Effects
Space charge in the accelerating lens

can cause broadening of the beam,
which will affect all of the ions in the
beam, independent of mass.

UNIVERSITY OF
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What to Remember ARUNR

 Want to get best beam ever
— Speak with your operators and speak their vocabulary
— Ask them questions

* Your experiments depends on beams, spectrometers, separators
— The ability to calculate trajectories and tune is a big advantage

— Talk to people to get going with such calculations
 Large group at MSU/NSCL/FRIB and ANL/ATLAS
* Smaller group scattered around the country
* Dedicated accelerator groups at all the national labs
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