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The LectureThe Lecture
SeriesSeries

11stst Lecture: 9/30/05, 2:00 pm: Definitions, Formalism, ExamplesLecture: 9/30/05, 2:00 pm: Definitions, Formalism, Examples

22ndnd Lecture: 10/7/05, 2:00 pm: IonLecture: 10/7/05, 2:00 pm: Ion--optical elements, properties & designoptical elements, properties & design

33rdrd Lecture: 10/14/05, 2:00 pm: Real World IonLecture: 10/14/05, 2:00 pm: Real World Ion--optical Systems optical Systems 

44thth Lecture: 12/2/05, 2:00 pm: Separator Systems Lecture: 12/2/05, 2:00 pm: Separator Systems 

55thth Lecture: 12/9/05, 2:00 pm: Demonstration of Codes (TRANSPORT, CLecture: 12/9/05, 2:00 pm: Demonstration of Codes (TRANSPORT, COSY, OSY, MagNetMagNet) ) 
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33rdrd LectureLecture
33rdrd Lecture: 10/14/05, 2:00 pm: Lecture: 10/14/05, 2:00 pm: 
Real World IonReal World Ion--optical Systems optical Systems 

• Ion-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)
• Dispersion Matching (19 -22)
• Scattering Reconstruction (23 – 25)
• Effect of Dispersion Matching (26)
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The BrowneThe Browne--BuechnerBuechner,,
a Historic Spectrographa Historic Spectrograph

built at MIT (1951built at MIT (1951--1954)1954)

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

Spectrometer refers to an electrical
detection system in the focal plane,
e.g. a postions sensitive wire 
chamber
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The present Notre The present Notre 
Dame SpectrometerDame Spectrometer

A modified Browne-Buechner spectrometer
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Spectrometer Transfer 
Matrix S

Spectrometer DesignSpectrometer Design
(1(1stst Order Resolving Power)Order Resolving Power)

Dispersion: S16 = dx/(dp/p)                 = D
Magnification: S11 = dx(f.p.) / dx(tgt)    = M
Beam size: 2x0   (target, dispersive direction, monochromatic)
Resolving Power: Rp = —— = ————D

M∗ 2x0

p
∆p (22)

Note: Rp depends on x0, if not given here x0 = 1 mm

∆x (= ∆p∗D)

x                            x (= p∗D)         →

Peaks are “resolved”  when   ∆x = FWHM

Note: Resolving Power is the “best  possible  1st

order resolution a spectrometer can provide.

Resolution is what is measured in the Focal Plane.

Note: “Resolution” in Energy  RE = —— = 0.5∗ Rp

because E = p2/m   (non-relativistic)

E
∆E

Resolution is also effected (deteriorated) by:

Aberrations, target effects, detector resolution
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Specifications of the Specifications of the 
BrowneBrowne-- BuechnerBuechner

SpectrometerSpectrometer

Bending radius: ρ0 = 0.5 m
Resolving power: p/∆p = 2000
Bmax = 1.2 T
Gap = 1.27 cm
Weight = 6.5 tons (iron)
Large range: Emin /Emax = 2.5

MIT version

ND version
ND version: ρ0 = 1.0 m
Resolving power: p/∆p = 6000 - 10000
Bmax = 1.2 T
Gap = 5.0 cm
Weight = 35 tons (iron)
Large range: Emin /Emax = 3.7

Compare weights
Gap is expensiv!
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Bending radius ρ0 = 2.0 m
Bmax = 1.7 T
Gap = 5 cm (D 1),  6cm (D2)
Weight = ~ 30 tons (D1)

~ 45 tons (D2)

Medium Dispersion: B(D1)= B(D2)
Resolving power: p/∆p = 20000
Dispersion = 12 cm/%  ( = 12 m )
Magnification Mx = 0.41
Range: Emin /Emax = 1.14

K600 K600 
SpectrometerSpectrometer

(IUCF)(IUCF)

Kinematic correction: K coil
Hexapole correction:  H coil

The K600 is shown in
0o Transmission mode

High Dispersion Plane
B(D1) > B(D2)
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BIG KARL BIG KARL 
SpectrometerSpectrometer
((JuelichJuelich, KFZ), KFZ)

Bending radius ρ0 = 1.98 m
Bmax = 1.7 T
Gap = 6cm
Weight = ~ 50 tons (D1)

~ 70 tons (D2)

Resolv. power: p/∆p = 0 - 20600
Dispersion = -2.0  to  26 cm/% 
Magnification Mx = 0.63 – 1.26
Magnification My = 25.4 – 1.94
Large range: Emin /Emax = 1.14
Solid angle: < 12.5 msr
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BIG KARL Sample SpectraBIG KARL Sample Spectra

Resolution: 4 keV
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Schematic Layout Schematic Layout 
of an of an 

Achromatic Magnet Achromatic Magnet 
SystemSystem
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An AchromaticAn Achromatic
Energy Selection SystemEnergy Selection System
(ESS in Proton Therapy (ESS in Proton Therapy 

Facility)Facility)

R16 = R26 = 0
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RCNP Facility LayoutRCNP Facility Layout
Osaka, JapanOsaka, Japan

Dispersion matched beam 
line WS to the high 
resolution spectrometer 
Grand Raiden
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Grand Raiden High Resolution SpectrometerGrand Raiden High Resolution Spectrometer
Max. Magn. Rigidity:       5.1 Tm
Bending Radius ρ0:        3.0  m
Solid Angle:                     3     msr
Resolv. Power p/dp 37000

Beam Line/Spectrometer fully matched

Dipole for in-
plane spin 
component

Faraday cup
for (3He,t)
Bρ(t) ~ 2*Bρ(3He)

←
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IUCF 2004, MPRI FacilityIUCF 2004, MPRI Facility
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Functions of the MPRI Beam LineFunctions of the MPRI Beam Line
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MPRI Beam line opticsMPRI Beam line optics

Cyclotron
Dispersion

↓ Horizontal

↑ Vertical

M
ultipole

H

M
ultipole

V

Extraction 1

Extraction 2

Extraction 3

Non-linear Expansion Section Telescopic Section

Achromatic Matching Section

3 cm

3 cm
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The PT Eye lineThe PT Eye line

AMD Proton Therapy Beamline
Indiana University Cyclotron Facility
Sept. 1997

(AMD = Age-related Macular Degeneration)
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Dispersion Dispersion 
MatchingMatching
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Solution of first order Transport and Complete MatchingSolution of first order Transport and Complete Matching

(23)

(24)

Spacial Dispersion Matching:
D.L. Hendrie In: J. Cerny, Editor, 
Nuclear Spectroscopy and Reactions, Part A, 
Academic Press, New York (1974), p. 365. 

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
δ 0 in expression of Υ f.p.

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

(23’)Hendrie Dispersion Matching   b16 = — ∗ —D     C
M     T 
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SpacialSpacial and Angular Dispersion Matchingand Angular Dispersion Matching
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of beam line & spectrometer using of beam line & spectrometer using 
a double strip target & multi slita double strip target & multi slit

IUCF K600, 1986

Diagnostic of Dispersion MatchingDiagnostic of Dispersion Matching
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Momentum and Angular ResolutionMomentum and Angular Resolution
Spacial & Angular Dispersion Matching & Focus Condition allows

Energy Resolution: ∆E/E=4.3 * 10 – 5,  ∆p/p = 2.5*10 – 5, despite beam spread: ∆E = 4–6*10 – 4 

Angular resolution: ∆Υscatt = SQRT(∆Υ2
hor+∆Φ2) = 4 - 8 msr

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

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

Data suggest: Use yfp not Φfp to calibrate angle!
Angle CalibrationOver-focus mode (b)

Calibrated!
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Scattering AngleScattering Angle

reconstructed from focal plane reconstructed from focal plane 
measurementsmeasurements

using complete dispersion using complete dispersion 
matching techniquesmatching techniques
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Effect of Dispersion MatchingEffect of Dispersion Matching
((Optical Resolution compared)Optical Resolution compared)

Where is the limit?

∆E ~ 400 keV

Study of Gamow-Teller Resonances      
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End Lecture 3End Lecture 3
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