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The Lecture
Series

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

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

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

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



3 Lecture

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

* Jon-optical systems: e.g. dispersive, achromatic,
telescopic sections

» Spectrometers, beam lines

» Matching of phase space, dispersion matching

* Spectrometers and their properties (4 - 10)
» Achromatic system (11 - 12)

» Beam lines and their functions (13 - 18)

e Dispersion Matching (19 -22)

* Scattering Reconstruction (23 — 25)

« Effect of Dispersion Matching (26)



The Browne-Buechner,

\ Focol Surface

a Historic Spectrograph \

Plate Holder

built at MIT (1951-1954)
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Field Limit
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L

THE
REVIEW OF SCIENTIFIC
INSTRUMENTS

VOLUME 27, NUMBER 11 NOVEMBER, 1956

Fi1c. 2. Schematic drawing of spectrograph.

Spectrograph refers to an
instrument with a photographic
plate (historic!) in the focal plane

Broad-Range Magnetic Spectrograph*

C. P. Brownef anp W. W. BUECHNER

Physics Department and Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge 39, Massachuselts Spectrometer I‘efers to an electrical
(Received August 8, 1956)

» detection system in the focal plane,
A broad-range magnetic spectrograph for precise measurement of the energies and intensities of charged

particles from nuclear reactions is described. A uniform magnetic field with a circular bou_ndary ff)cuses e.g. a pOSthIlS sensitive wire
particles from a source outside the field along a hyperbolic focal surface. Particles with energies varying by

as much as a factor of 2.5 may be simultaneously recorded on nuclear-track plates. Under routine operating Chamb er

conditions, an energy resolution of better than 1000 is obtained over the length of the focal surl:ace. ’F‘hc

design, construction, testing, and operation of the spectrograph are described, and plots of dispersion,

magnification, aberration, and calibration are given.




Photomultiplier
Nuclear track plate

| _Fluxmeter probe

i Entrance slit
>/adjustment

The present Notre %
Dame Spectrometer 5>

A modified Browne-Buechner spectrometer

Fi16. 6. Sketch of assembled spectrograph.

CLEAR INSTRUMENTS AND METHODS 109 (1973) 13-23; © NORTH-HOLLAND PUBLISHING CO.

NU

DESIGN AND PERFORMANCE OF A NEW MAGNETIC SPECTROGRAPH
FOR ACCURATE ENERGY MEASUREMENTS

J. D. GOSS, A. A. ROLLEFSON and C. P. BROWNE
Department of Physics, University of Notre Dame*, Notre Dame, Indiana 46556, U.S.A.

Received 16 January 1973

A large broad-range magnetic spectrograph of a new design is  in the normal mode, and an energy resolution greater than 3000
jescribed. The primary requirement of accuracy is achieved with  over much of the range make it an excellent instrument for
, single dipole magnet, fixed focal surface and high dispersion. A reaction energy measurements. The design, construction and
arge energy range of Emin/Emax = 3.7, asolid angleup to 2.8 msr  testing are described.




Spectrometer Transfer Sp ectrometer Design
Matrix S

. (15t Order Resolving Power)
Dispersion: S4 = dx/(dp/p) =D
Magnification: S;; = dx(f.p.) / dx(tgt) =M
Beam size: 2x, (target, dispersive direction, monochromatic)
p _ D)
Ap M 2X0

Note: R, depends on x(_if not given here xg = 1 mm

Note: Resolving Power is the “best possible 1%
order resolution a spectrometer can provide.

Resolving Power: R, =

Resolution is what is measured in the Focal Plane.

Resolution 1s also effected (deteriorated) by:

Aberrations, target effects, detector resolution

Note: “Resolution” in Energy Ry = S | X (= p*D) —

_ 2 _ o . .
because E = p“/m (non-relativistic) Peaks are “resolved” when Ax = FWHM




Specifications of the
Browne- Buechner
Spectrometer
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Fig. 7. Dispersion and aberration for the modified and unmodi-
fied broad-range spectrographs. The upper D-scale and inner
aberration scales are for a pp = 50 cm broad-range; the lower D-
scale and outer aberration scales are for the po = 100 cm modified
broad-range. Solid curves are dispersion; upper for modified and
lower for unmodified. Dashed curve is aberration of unmodified
broad-range. Symbols are to be read against the outer scale.

Aberration (d» 2.28)

& Predicted from
trajectory piot

O Colculated for r+R

e Observed

Dispersion and
Magnificotion

Aberration (mm)

Position on Plate (cm)

F1c. 10. Dispersion, magnification, and aberration as a function
of position on the plate. The approximation discussed in the text
under “Magnification’ has been used in plotting that curve.

MIT version Bending radius: pp= 0.5 m
Resolving power: p/Ap = 2000

Bunax=12T
Gap=1.27cm
Weight = 6.5 tons'(iron)

ND version Large range: E i, /Enax = 2.5

ND version: po= 1.0 m
Resolving power: p/Ap = 6000 - 10000
Buax=12T

Gap=15.0cm

Weight = 35 tons (iron)
Large range: E i, /Epnax = 3.7

Compare weights
Gap 1s expensiv!




K600
Spectrometer
(IUCF)

Bending radius p, = 2.0 m
Bhax=17T
Gap=5cm (D 1), 6cm (D2)
Weight = ~ 30 tons (D1)

~ 45 tons (D2)

* PROTON BEAM, 200 MeV

Medium Dispersion: B(D1)= B(D2)

Resolving power: p/Ap = 20000
Dispersion=12 cm/% (=12 m)
Magnification My = 0.41

Range: E iy /Epax = 1.14

Kinematic correction: K coil
Hexapole correction: H coil

The K600 is shown in OPOLE 2

0° Transmission mode

High Dispersion Plane
B(D1) > B(D2) PROTON BEAM, 200 MeV, 8 = 1°




288 S.A. Martin et al. / “BIG KARL”

BIG KARL
Spectrometer
(Juelich, KFZ)

Bending radius p, = 1.98 m
Bnax=17T
Gap = 6cm
Weight = ~ 50 tons (D1)
~ 70 tons (D2)

Resolv. power: p/Ap =0 - 20600

Dispersion =-2.0 to 26 cm/%
Magnification My = 0.63 — 1.26

Magnification My =25.4 — 1.94
Large range: E,;,, /Enax = 1.14
Solid angle: < 12.5 msr

Fig. 9. Arrangement of the magnetic elements of the QQDDQ spectrometer BIG KARL. The central ray (optical axis) is shown as
dashed curve. The outermost rays with the extreme radial distances are drawn as full lines. Four channels in the inner yokes allow
NMR probes to be moved into the gaps of the dipoles for radial field measurements. The multipole element between Q1 and Q2
allows the correlation of vertical aberration.
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Fig. 19. High resolution spectrum of the (p, d) neutron pick up reaction on 1094 ¢ at 25 MeV incident energy and a solid angle of 1.2
msr. The resolution was 4 keV.

Fig. 4. Spectra of SRNil{;:). p’) measured for different dispersions
D =126, 16, 6.3, 3, 1.5, ~ 0.25 and —2 cm/%. The spectro-
graph was optimized for D =16 cm/%.



Schematic Layout
of an
Achromatic Magnet
System

(b)

Fig. 9.6. Two double sector field arrangements that both cause achromatic beam deflec-
tions. Note that there are opposite signs for the radii of deflection in (a) and opposite signs
for the area A, in (b).




///'W/

An Achromatic

Energy Selection System
//II' b \\\\\\W\ (ESS in Proton Therapy

Facility)

2%pg

Fig. 9.7. An achromatic beam deflector consisting of two sector fields preceded and
followed by quadrupole doublets. Note that the areas A,, and —A,, are of equal size. The
quadrupole in the middle between the sector fieids can be adjusted so that the overall system
is not only dispersion free (x|8g) = (x|8,,) =0 but achromatic (a|éx) = (a|s,,) = 0; i.e.,
particles of different rigidities (8x # 0) are parallel in the middle of the center quadrupole
and coincide at the end of the systems if they coincided at the beginning.




RCNP Facility Layout
Osaka, Japan
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Ring Cyclotron Facility

i
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= 1
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SOL 1 i
. !“ Dispersion matched beam
~mw line WS to the high
<R '--I || resolution spectrometer
o[/ ‘ ( Grand Raiden

AVF Cyvclotron Facility



Grand Raiden High Resolution Spectrometer
Max. Magn. Rigidity: 5.1Tm

Bending Radius po: 3.0 m Beam Line/Spectrometer fully matched
Solid Angle: 3 msr
Resolv. Power p/dp 37000 Magnetic Sp__ectrometer

X
N

D1 Q2 SX Ql 25 / >

== L o N 7 2, Focusing Q
= 7 N\~ section

araday cup
or (°He,t)
Bp(t) ~ 2*Bp(CHe)

Q-lens for Angular P\
Dispersion Matching & -

Dipole for in-

DSR plane spin
nent

\ Pre-analyzer
section

e .
Focal Plane Detector Source Point (SP)




IUCF 2004, MPRI Facility
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Functions of the MPRI Beam Line

LAMBERTSON SELECTION

ACHROMATIC BEAM LINE MATCHING EXTRACTION MAGNET SYSTEM

NON-LINEAR EXPANSION SECTION

3 DEG DIPOLE
: FAST
M MULTIPOLE 2 i A _
MULTIPOLE
43 DEG DIPOLE ! T
_ 30 DEG DIPOLE DEORADER

TRUNK BEAM
LINE _

210 MEV
CYCLOTRON
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g
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aecondary elaciran
emiegion manitor

Segmented collimotor

aUan

Fonge modulotor

Fonge shifter

The PT Eye line

~3hlelding

Callimotor

chambers
Light field

\h _-

Eye flxalon LED |— -

Eeom deli uer‘/

nazxle

1"—HEr:u:I restralnt

AMD Proton Therapy Beamline
Indiana University Cyclotron Facility

Sept. 1997
(AMD = Age-related Macular Degeneration)



Ho\’tcfu:mca betweew beaw Cime amd spectrometes

Dispersion

First Ovder TRANVSPORT Makbeix Deseylption: X
, ]
- 5) frtrene Matching
tavyet b
c.(akm :* armatoy =
e T e

Tau 4 S
t s 3 SR
|——-__ beamlines 3,56, 8 ng..g__t E} > = (’“J}
X e P
(e,) mabeix B = (L:;) )i 32
sc :o ¢ 6‘2
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R= (bl\ 511 51‘) TT: X2 = TXI ’
°o o . 8;,2816,
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f _-'(, O & Sl Particle ray 1
'Ai\‘b} Reaction Kinematicd

Central ray into
spectrometer

; ./ IR A Pa= P (Po,d‘JQ)

X2 o__ _}

Central ray of beam

Targetangle ¢

3 ( 3? Fiz. 1. Schematic lay  the incide article 1 ¢ .

= _&?‘ 3 ig. 1. Schematic layout of the incident particle | and the

k ‘a d = C o -& outgoing particle 2 relative to the beam and spectrometer.
Ps dfe Pa




Solution of first order Transport and Complete Matching

Complete Matching

The Aemmfpemabion (58out amuming Gigr = 516 KD v the

bonding Plane from o cyclolom ent o 1Re| faceal plame da ginste o For best Resolution in the

focal plane, minimize the
coefficients of all terms
in the expression of X f.p.

Xgp. = x;o (Sn b, T + Siabai)

O, ( Su + S bu) = kim. o(a.ﬁgq, Qgr..(() (23)
._ ' ; . For best Angle Resolution
{o (S' * St* S C) s iy madoling Minimize Coefficients of

6 [ Sy +S¢ k) E NPT S O ERTRl O 0 in expression of Y f.p.

Note: Also the beam. focus
b12 on target is important

9‘_9_ = Xo (§1| buT +« S22 bll) _

Bo (52 b T + $23 ba) equ. (2) (24) (b12 = 0 for kinem. k = 0)
{n ( g!lT + 311 + S2¢ c ) > Gmoy o q""’f‘ )
e (Szl + Sl‘ K) : wu.alofasl'\n}
J(_,_ = k-6 +~ G4, Spacial Dispersion Matching:
D.L. Hendrie In: J. Cerny, Editor,
To< deleil, wee: Y. F ujifaelal. NIM B 126 (1997)27¢% Nuclear Spectroscopy and Reactions, Part A,

Academic Press, New York (1974), p. 365.

Hendrie Dispersion Matching bjg= = ET

— %
M




Spacial and Angular Dispersion Matching

Magnetic /l -

spectrometer

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

21



Diagnostic of Dispersion Matching

of beam line & spectrometer using
a double strip target & multi slit

not matched dispersion matched

Elfp [mrad]
=) S

on
(=]

Multi slit
100

300 200

COUNTS

100
800
300

COUNTS

s

o

o
SINNOD

150
Target
|  Left Strip

IUCF K600, 1986

6800 7000 8800 7000 7200
Xfp [Channel]

Fig. 4. Scatterplots of honzontal position xg, versus angle ty,
and projections measured n the focal plane of the K600 using

I Scattering angle the “‘multi-shit system™. For details, see text.
I



Momentum and Angular Resolution
Spacial & Angular Dispersion Matehing & Focus Condition allows

Energy Resolution: AE/E=4.3 * 10 ~°, Ap/p = 2.5*10-= 2, despite beam spread: AE = 4—6*10 ~*

“*Er (p.p’) Angular resolution: AY

T,=295MeV scatt
O1ap =9°
AE/E=4.3x107°

= SQRT(AY? o, +AD?) = 4 - 8 msr

At angles close to beam (e.g. 0 deg) vert. angle
component is needed - Overfocus mode, small
target dimension, because (yly) is large,
Limitation: multiple scattering in detector

—2%;79.8keV
12.8,9,keV] | ;

yvield (a.u.)

0 . !
-100  -50 0 50 100 150 200
excitation energy of B 3 (keV)

400

msEr(p,p')
T,=392MeV
B1ap =9°

AE/E=4.3x107°

—2%;79.8keV

yield (a.u.)

o '
-100 -50 0 50 100 150 200
. . 168 -
excitation energy of Er (keV)

Focal plane

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 23



Data suggest: Use yf, not @g;, to calibrate angle!

y fp (mm)
@

Over-focus mode (b)

New ion-optical mode run for R=300 cm
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Scattering Angle

reconstructed from focal plane
measurements
using complete dispersion

matching techniques

L=0 Angular Distributions

. D(target)

(=]

O(target)

theto-c vs Y10

Scatt. Angle reconstruction near () deg using Overfocus Mode

TO0 z T
ol S
00 - i
G a | '
B I | T .JJJM“ AT
1500 2000 3500 4000

2504 2000
Channel

Figure 4.4: Spectrum of **Ni(*He,t) reaction. The lateral and angular dispersion matching
technique and over-focus mode were applied in this experiment for high energy and scattering
anglc resolution. Energy resolution of about 30 keV (FWHM) was realized.
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Figure 4.5: Example of angle dependence in the **Ni(*He.t) spectra near 0°. Three spectra are
ghown for the angle ranges 0-0.8° (left), 0.8-1.4° (middle) and over 1.4° (right}, respectively.
The 3.54 MeV state shaw clearly different angular distribuiion from the adjacent 1% states
which are dominated at forward angle.



| Swudyof Gamow-TellerResonances | Effect of Dispersion Matching

SBNi(p,n)8Cu ety [ (Optical Resolution compared)
E,=160MeV at 6,,=0° i -
- AE ~ 400 keV _._gz
JRapaport et al, ™ | ' 'tg
Mucl.Phys. A410 (1983) 371, et

(p.n) — (*He,t)
SBNi(3He,t)>8Cu / e
E..=150MeV/u gt ¢, =0° \ AE=140keV

Y.FLIJita et al., WN course
Phys. Lett. B365 (1996] 29!
e 1994, RCNP
50 J
40 \ "\‘\
AL S
0 2 ] B a 10 12
Ex-Ceal
Development of Dispersion matching
700 - - —_ - : —
;&-‘3 | 58, .-
Z 600 L Nl(aHe,t)
@ | = _
g 500 L - E  =140MeViu, 0-deg
3 | | 2001 RCNP C. 1
400 - || [ - ]
300 £ || 1 LS COUrSE; © h
200 | I R ;
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£ in ®ou Mev] Where is the limit?
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End Lecture 3
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