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The Lecture
Series

1t [ecture: 9/30/05, 2:00 pm: Definitions, Formalism, Examples

2nd | ecture: 10/7/05, 2:00 pm: lon-optical elements, properties & design

3rd Lecture: 10/14/05, 2:00 pm: Real World lon-optical Systems

4t |_ecture: 12/2/05, 2:00 pm: Separator Systems

5t Lecture: 12/9/05, 2:00 pm: Demonstration of Codes (TRANSPORT, COSY, MagNet)




1st Lecture

1st Lecture: 9/30/05, 2:00 — 3:30 pm: Definitions, Formalism, Examples

* Motivation, references, remarks (4 - 8)

e Thedriving forces (9)

 Definitions & first order formalism (10 - 16)

» Phase space €llipse, emittance, examples (17 - 25)

» Taylor expansion, higher orders (26 - 27)

» The power of diagnostics (28 - 30)

 Outlook 2" | ecture: sample magnetic el ements (31-34)
cQ&A




Motivation

« Manipulate charged particles (b*-, ions, likep,d,a, ...)

e Beam lines systems

» Magnetic & electric analysis/ separation (e.g. St. George)
» Acceleration of 1ons




Who needs ion-optics
anyway?

* Over 6*10° people have - | hope so - happy lives without!

A group of accelerator physicists are using it to build machines
that enables physicists to explore the unkown!

e Many physicists using accelerators, beam lines and magnet system
(or their data) needs some knowledge of ion-optics.

 Thislecture seriesis an introduction to the last group and | will do
my best to let you in on the basics first and than we will discuss
some of the applications of ion-optics and related topics.




Introductory remarks

* Introduction for physicists = Focus on ion-optical definitions, and tools that
are useful for physicist at the NSL & future users of St. George recoil separator.

* Light optics can hardly be discussed without lenses & optical instruments
—> ion-optics requires knowledge of ion-optical elements.

» Analogy between Light Optics and lon-Opticsis useful but limited.

o lon-optical & magnet design tools needed to understand electro-magnet systems.
lon-opticsis not even 100 years old and (still) less intuitive than optics devel oped
since several hundred years

Historical remarks: Rutherford, 1911, discovery of atomic nucleus
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Basic tools of the trade

* Geometry, drawing tools, CAD drafting program (e.g. AutoCad)
o Linear Algebra (Matrix calculations), first order ion-optics (e.g. TRANSPORT)

» Higher order ion-optics code to solve equation of motion, (e.g. COSY Infinity,
GIOS, RAYTRACE (historic)

* Electro-magnetic field program (solution of Maxwell’s Equations),
(e.g. finite element (FE) codes, 2d & 3d: POISSON, TOSCA, MagNet)

* Properties of incoming charged particles and design function of el ectro-magnetic
facility, beam, reaction products (e.g. kinematic codes, charge distributions of
heavy ions, energy losses in targets)

» Many other specialized programs, e.g for accelerator design (e.g. synchrotrons,
cyclotrons) not covered in this lecure series.




Literature

* Optics of Charged Particles, Hermann Wollnik, Academic Press, Orlando, 1987

» The Optics of Charged Particle Beams, David.C Carey, Harwood Academic
Publishers, New Y ork 1987
» Accelerator Physics, S.Y. Lee, World Scientific Publishing, Singapore, 1999

* TRANSPORT, A Computer Program for Designing Charged Particle Beam
Transport Systems, K.L. Brown, D.C. Carey, Ch. Isglin, F. Rotacker,
Report CERN 80-04, Geneva, 1980

» Computer-Aided Design in Magnetics, D.A. Lowther, P. Silvester, Springer 1985




lons In static or quasi-static electro-magnetic fields

g = electric charge

Lorentz Force I = qE +gv X D (1) B =magn. induction
s ot E = dlectric field
v = velocity

For ion acceleration electric forces are used.

Force in magnetic dipole B=const: P =q BT

Dipole field B
perpendicular
to paper plane

in the linear region ré
in the same ion-optid

Radius
:

Note: Dispersion dx/dp
used in magnetic analysis,

_ _ e.g. Spectrometers, magn.
Object (size x;) Separators,




Definition of BEAM for mathematical formulation of ion-optics

What is a beam, what shapes it,
how do we know its properties ?

* Beam parameters, the long list

* Beam rays and distributions

* Beam line elements, paraxial lin. approx.
higher orders in spectrometers

» System of diagnostic instruments

A.N,Z E.dp,l.dt.envelop (dx,dy), pol.

Not to forget: Atomic charge Q
Number of particlesn




Code TRANSPORT: 2
(. Q.y, F, 1, dp/p) Defining a RAY

(1,2, 3, 4,5 6 )
Convenient “easy to use” program
for beam lines with paraxial beams

Not defined in the figure are:

dp/p = rel. momentum
| = beam pulse length

All parameters are relative
to “central ray”

Not defined in the figure are:

Code: COSY Infinity:

(X1 pX/pO’ Y, py/p01 I’ dK/K1 dm/m’ dq) dK/K = rel. energy

dm/m = rel. energy

Needed for complex ion-optical systems including several dg = rel. charge of ion

charge states

different masses

velocities (e.g. Wien Filter)
higher order corrections

All parameters are relative
to “central ray”

Note: Notations in the Literature is not consistent! Sorry, neither will | be.
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Transport of a ray

representing
optic element
(first order)

TRAWIPOAT 7 = Hedein

B for ‘E'E'ﬂ.ﬁ';-_ L:I"\ﬂ..t
Coa '

il

Note: We are not building
“random” optical elements.
Many matrix elements=0
L ocation t be_cause of symmetries, e.g.
mid-plane symmetry

Ray after Ray at initial
element at Location O




- =
DRIFT space matriz c=l=zi

The first-order R matrix for a drift space is as follows:

! L 0 0 0 nw .
g gty 0yt 5 sy TRANSPORT matrices of a
Sts Loamaeh - 3o P ajuiri] Drift and a Quadrupole
o Q a 1 0 0
o 0 0 a 1 0
\, 0 0 o 0 0 1
where
L = the length of the drift space.
B
Firgt-order guadrupole matriz %'E += 0 *;-5 #0
co8 qu %q pin qu ] Q ] o l
=k s#in k L cos k L o Q i} o
q q q
o] a cagh k.q"_. -i-ﬂ— ginh ';qu. ] 0
[ o k.q ainh kr.:' cosh 'w.q]_ 0 [a]
) For reference of TRANSPORT code and formalism:
0 1 o
’ ; . K.L. Brown, F. Rothacker, D.C. Carey, and Ch. Iselin,
: TRANSPORT: A computer program for designing
- - ’ - . - charged particle beam transport systems, SLAC-91,

Rev. 2, UC-28 (I/A), also: CERN 80-04 Super Proton
Synchrotron Division, 18 March 1980, Geneva,
Manual plus Appendices available on Webpage:
ftp://ftp.psi.ch/psi/transport.beam/CERN-80-04/

These alements are for a quadrupole which foguses in the horizoncal
(x) plane (B positive). & wvertically (y-plane} focusing quadrupele

(B negative) has the Eirst two diagonal submatrices interchanged.

Definicions: L = the effective length of the quadrupole

a = rthe radius of the apercure

L L DI David. C. Carey, The optics of Charged Particle Beams,
h; = (Bg/a)(1/Bpg), where (Bpgl= the magnetic rigidicy 1987, Hardwood Academic Publ. GmbH, Chur Switzerland

(momentum) of the central trajectory.




Transport of a ray
though a system of
6x6 Matrix beam line elements

representing
first optic element
(usually a Drift)

Ray at initial
L ocation O
(e.g. atarget)

Ray at final
Location n

Complete system is represented by
one Matrix Rysen = RiRn1 ... Ro




Geometrical interpretation
of some TRANSPORT
matrix elements

Achromatic system:
Ris =Ry =0

\\\\\9\ //\

Focusing Function

(x|a) Wollnik
= dx/dQ physical meaning
= (X|Q) RAYTRACE
=Ry, TRANSPORT

Fig. 1.10. (a) Schematic representation of an optical system with vanishing (x|a). Such

a system is also referred to as point-to-point focusing. (b) Schematic representation of an

optical system with (alx) = 0. Such a system is also referred to as parallel-to-parallel focusing

(it is also called a telescope). {¢) Schematic representation of an optical system with (x|x) = 0.

- Such a system is also referred to as parallel-to-point focusing. (d) Schematic representation

of an optical system with (ala)} = 0. Such a system is also referred to as point-to-parallel
focusing.

(d) L




Short Break?
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Equivalence
of Transport of

ONE Ray U Ellipse

Defining the s Matrix representing a Beam




The 2-dimensional case ( x, Q) Ellipse Area = p(det s)2

Emittance e = det s is constant
for fixed energy & conservative
forces (Liouville’s Theorem)

Note: e shrinks (increases) with
acceleration (deceleration);
Dissipative forces: e increases in
gases; electron, stochastic, laser
cooling

2-dim. Coord.vectors

CENTROID
(point in phase space)

2 dimensional cut X-Q isshown

_ @I g
8., S, U Real, pos. definite X = 0b XT=(xQ)

€55 S»P symmetricS Matrix

S =
Ellipse in Matrix notation:
_e ] XTs-1X =1
s-1= 1/e? ?822 N iri
€S, Sy _ _ _
Exercise 2: Show that Matrix notation
a& 0U is equivalent to known Ellipse equation:

e0 1|:): | (Unity Matri) Sy X2 - 25, XQ +5,,Q%=¢?

Exercise 1:
Show that: §s-1 =




Courant-Snyder Notation

In their famous “ Theory of the Alternating Synchrotron” Courant and Snyder used a
Different notation of the s Matrix Elements, that are used in the Accelerator Literature.

For you r future venture into accelerator physics here is the relationship between the
s matrix and the betatron amplitue functions a, b, gor Courant Snyder parameters

B Syl _ eaeb -al

€5,,S» P ea gp

S =




Transport of 6-dim s Matrix

Consider the 6-dim. ray vector in TRANSPORT: X=(Q,y,F,I|, dp/p)
Ray X, from location O is transported by a6 x 6 Matrix R to location 1 by: X1 =RXj

Note: R maybe a matrix representing a complex system IS R=R,Rn1... Rg

Ellipsoid in Matrix notation (© ), generized to e.g. 6-dim. using s Matrix: XoTsgiXy =1

Inserting Unity Matrix | = RR1 in equ. itfollows XoT(RTR™) s, 1(RIR) X, =1
from which we derive (RX)T (RsoRN 1 (RXy) =1

The equation of the new ellipsoid after transformation becomes X;Ts;1X; =1
where S1= Rsg RT
Conclusion: Knowing the TRANSPORT 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 (10)




The transport of rays and phase ellipses
In a Drift and focusing Quadrupole, Lens

FOCUS  Lens2 Letig 3

1 LENE ACTION LENS ACTION

—

PRINCIPAL PLANES
OF LENS 3

Matching of emittance and acceptance

PRINCIPAL PLANES




Increase of Emittance e
due to degrader

for back of the envelop discussions!

A degrader / target increases the
emittance €'due to multiple scattering.

The emittance growth is minimal when
the degrader in positioned in a focus
As can be seen from\the schematic
drawing of the horizontal x-Theta
Phase space.

Witk Degroder




Emittance e measurement
by tuning a quadrupole

The emittance e is an important
parameter of a beam. It can be
measured as shown below.

CENTROQID

S;u(1+8y, Lisyy - Lg)+(el)¥sy,

IBZMIX* 1 (Quadr. field strength

Br | = €ff. field length) Exercise 3:

L = Distance between quadrupole and In the accel erator
beam profile monitor

Take minimum 3 measurements of
Xma(g) and determine Emittance e

reference book s,» IS
printed as s 1,

Verify which is correct



Viewer V1 AV V3
Beam 34 1Y/3/4 3030 Y34 3030 30 Y34 ®
L4 L,

L = Distances between viewers
( beam profile monitors)

Krm(V2)2 = S11T2L1Sy, L1255

Emittance e measurement
by moving viewer method
The emittance e can also be

measured in adrift space as
shown below.

Xmax(V3))2 = S;;+2(Li+Ly)s,, +(Li+Ly)2s,,

where s 11 = (Xmex(V1))?




Taylor expansion in z;,61,y;, #;, and §

; Taylor expansion

22 = (¢/2)z1 + (2/6)8, + (2/6)6 + (z/2%)22 Note: Several notations are in use for
+ (z/26) 216, + (2/6%)62 + (z/26)z: 6 6 dim. ray vector & matrix elements.

+ (2/86)016 + (2/62)82 + (2/4)y? + (2/y8)y1 b4 Ry = (nim)
+ (z/4*)$3 + higher order terms
eq. Pomfu el R (ra) 252 Hegnidication
R”;: J{f:rt'. EI%_? *gﬁ‘!ﬂd -Ihl-fpfﬂ"t?"\

n
Xir

TRANSPORT RAYTRACE
Notation

Hﬂl :I-s*l”‘ rfr Ir Cadm b, -.{"J* r_.‘.'t'{."l'é”-'—‘.f -.[‘\"..}ﬁ"{'!':'--’.-' .
Remarks: e M y 7 o
* Midplane symmetry of magnets )| (R 0 |0 o [Re) [ ]
reason for many matrix element =0 o6)| By [Reg | © | O |0 [Rygf [, [ AmgutesDicp
* Linear approx. for “well” designed -
) y(t) O | O [Ry3 By, [0 | O | ¥
magnets and paraxial beams - ’ 2
« TRANSPORT code calculates 29 order PEL 19 10 PaapPu ] © )%
by including Tmno el_eme_nts explif:itly K| ey Rsp |0 |0 |1 frg]|e,
* TRANSPORT formalism is not suitable wiil lelslsds 1el5 s
. ) =]
to calculate higher order (>2). B S SR i
B  for Beam Lime
€ der Sverlbnvaoden



Solving the equations

d(mz)/dt = Q(E; + vy B; — v, B,) _
d(my)/dt = Q(E, + v, B. — v.B,) of Motion

d(mz)/dt = Q(E; + v. By — uyﬂz)

Methods of solving the equation of motion:

1) Determine the TRANSPORT matrix, possibly
including 29 order.

2) Code RAY TRACE dlices the system in small
sections along the z-axis and integrates numerically
the particle ray through the system.

3) Code COSY Infinity uses Differential Algebraic
techniques to arbitrary orders using matrix
representation for fast calculations




Discussion of Diagnostic Elements

Some problems:

e Range <1 to > 102 particles/s

* Interference with beam, notably at low energies

» Cost can be very high

 Signal may not represent beam properties (blind viewer spot)

Some solutions:

* Viewers, scintillators with CCD readout

« Slits (movable) Faraday cups (current readout)
» Harps, electronic readout, semi- transparent
 Film ( permanent record, dosimetry)

» Wire chambers (Spectrometer)

e Faint beam 1012 ® 108




Towmssing, WAt eamautar K-w@il o Dipst D2

IUCF, K600 Spectrometer  [Dlcls[ploifeygRfele=WelF=glS
of spectrometer

116 San (pip") , 200 [‘*Tw'i 10“‘9;

Trodasar:
i L
RS — Typical in focal plane of
5 Modern Spectrometers:
e e Twe _position sensitive
WO iy, T T Detectors:
o ~bBBO -'J'-pu.ﬂlrta-&mt ) .
- Horizontal: X1, X2
TI16 Vertical: Y1, Y2
A """H."_Ff 2
il ™ Fast plastic scintillators:
Particle identification
Time-of-Flight
v{.;_':ﬁ'ﬂ -
B¢.o. E
T W Erpa >¥ 8 Measurement with [UCF K600
o1 F i SEN A e Spectrometer illustrates from top
L T e to bottom: focus near, down-
. % stream and upstream of
oo — )
3 X1/Chame€ X1 detector, respectively
t Detecter: X1 X1

r GOS0 TFROWT REAS,



Higher order beam aberrations

Example Octupole
(S-shape in x-Q plane 3 rays in focal plane

K600
Ellech of H{f}hu Oadtr am Sptr.lra aae der
Tocd Plam e

'ﬁfﬂ;MIWc Very ;.mpwﬂim'f { Spe cheg A Rder .r)

4 Q{P }GGHEM P ' Cuilru{f.. AI‘-‘QM“GW_
Tz LT
> i

BN Other Example:

Sextupole Tz,
C-shape in x-Q plot




Schematic-view of magnetic dipole, quadrupole, sextupole
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Map of a magnetic quadrupole in midplane with sextupole
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Note: Magnet is Iron/Current configuration with field as
- needed in ion-optical design. 2d/3d finite elements
E)fam ple ’ codes-solving POISSON equation are well established
Collins Quad

S __'90[)—— =

7
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N
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N Dt
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Fig. 4. Section through (right) and perpendicular to (left) the mid-plane of the quadrupole of spectrometer A. Lengths are in mm. The
0 thick our 3 0 s nnlp

Ref. K.I. Blomgvist el al. NIM A403(1998)263




Focusing with_ a quadrupole doublet

POINT TO PQOINT FOCUS WITH DOUBLET

FOCUSING CEFOCUSING
QUAD QUAD

HORIZONTAL

i
"‘*——-_____‘_‘-_

x and y FOCUS

VERTICAL \

1 I I [ I I | 1 L |
15 30 45 60 [is) S0 105 120 135 150

ACCUMULATED BEAM LENGTH IN FT

Figure 1.9 Point-to-point focusing with a quadrupole doublet. The two trajectories
shown are in the horizontal and vertical planes respectively.




e Question now? ASK!

» Any topic you want to hear and | haven’'t talked about? Let me know!




End Lecture 1




Grand Raiden High Resolution Spectrometer

Max. Magn. Rigidity: 5.1 Tm Beam Line/Spectrometer fully matched

Bending Radius: 3.0 m
Solid Angle: 3 msr

Magnetic Spectrometer

o
&®
L

D1

7 <2 Focusing Q
i7" section

Q-lens for Angular _
Dispersion Matching %%

Pre-analyzer
section
i
e oin P
Focal Plane Detector Source Point (SP)




Ha'rcl[mﬁ betweew beam Lime amdl tpectrometer
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Solution of first order Transport and Complete Matching

lnhﬂ.:mh Pfﬂ.‘nt from "rh.caa&ln ke #na lmi- o 1he ﬁcﬁf p-fqmtd;?;nmu:

Xip = fn (5" b, T + Sizbay)

Bu{Su-l- S b22) = l{{m-a[e#:q, '!?-.('l}
{e (5'* St+ S1¢ C) — dlsp, madching

9 { s"l +$|= k} —» LL'-.‘--'.+ Mfr"‘\:r: ~n |'Ir.‘._l - .'.'

Bee. = X, [ SaibuT =+ S22 bay)

B‘ ( S14 bilT + Sa3 'b“.} ¥ f‘I!
Jn(hu@T + 511 + S1¢ ‘:) > Oy las ””"‘;F |
B (54 + S K) a;-u;_,,r,.,'m}_

J{,,._ = K-8 « qfﬁ

Tor deleids tee: Y, Fujitaetal. NiM B 126 (19397)27%

Complete Matching

For best Resolution in the
focal plane, minimize the
coefficients of all terms

in the expression of X f.p.

For best Angle Resolution
Minimize Coefficients of
do in expression of U f.p.

Note: Also the beam focus
b12 on target is important
(b12 = 0 for kinem. k = 0)



Spacial and Angular Dispersion Matching

Magnetic ﬁ

spectrometer

Figure 2.2: Schematic ion trajectories under different matching conditions of a beam line



High Momentum and Angular Resolution

Spacial & Angular Dispersion Matehing & Focus Condition allows

Energy Resolution: DE/E=4.3 * 10 ~°, Dp/p = 2.5*10-= >, despite beam spread: DE = 4—6*10 ~ 4

500 r r : T ,
0*;g9.9.— 168 . . . _ 5 o _
ol T,,f;(,?;flv) _ Angular resolution: DU, = SQRT(DU4, ,,+DF <) = 4 - 8 msr
elab=90

AE/E=4.3x107°

At angles close to beam (e.g. 0 deg) vert. angle
component is needed - Overfocus mode, small
— ] target dimension, because (yly) is large,

183,55keV | Limitation: multiple scattering in detector

300 |- .
[——2+;79.5keV

200

yield (a.u.)

100 -50 0 50 100 150 200
excitation energy of *®Er (keV) o“\%ﬂrﬂﬂ}é
400 T T T T T 3
0%;9.5.— 18051 (p,p') im
T,=392MeV
300 - By =9° i b
= AE/E=4.3x107° () |
=]
S —2*;79.8keV B |
200 - .
=
_3 16.7 .3 keV]
5 ; ©) = :1
100 |
S0 T om0 100 130 200 Target Q1 Q2 D1 D2 Focal plane

excitation energy of 168py. (keV)

Refs.: Y.Fujita et al, NIM B126(1997)274, H.Fuijita et al. NIM A 469(2001)55, T.Wakasa et al, NIM A482(2002)79



*8Ni(p,n)

E_=160MeV, 0O-deg., i
P <9 L5 e fine structure of
.Rapaport et al,,

Nucl.Phys. A410 (1983) 371. amow-Teller Strength

AE=~400keV

pering (p,n) TOF measurements
F established GT Giant Resonances

Now fine structure studied
at RCNP in high resolution
(®He,t) Reactions at 0 deg.

Note: The beam energy
spread of the cyclotron is at

=~
o
o

T e———

> : ' T
% 600 | ®NiCHe,) best 150 — 200 keV.
E | E  =140MeV/u, 0-deg :
3 e S 2001 RCNP ~5 Howev_er the spectral
400 | ‘ AE=35keV | ENESIo MR QAN
300 ; | ‘ @ to Dispersion Matching.
r |
200 ¢ | ] ‘
100 L | M , * 0 deg: magn. separation of beam
(- :’ I _ J N ,l J * Resolution better than beam spread
o bl Ao, ul L!‘“‘IU' HAML ; 1\!' IH W‘W“"“ « Angle reconstructed despite 2\cm

0 2 4 14 horiz. target spot, due to dispersion
E; in Cu [MeV]






