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The Objectives

Deliver muons to a sample
Small spot size (match sample size)
Well defined energy!(penetration depth)
Intense beam
High polarisation

-[ILow contamination with other particles
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Muon Production - physics

High energy protons colliding with nuclei, to form pions
-[1 Nuclear réactions such as
pr+pr -t AHT
p* 4N - M FAHTT
p*+ pr- ptt it TP
pt+ ol - [pt+ o H TP
p*+ 0 - [pT+pr+Tr
-[1 Requirés proton energyl > 280 MeV
Full production rate for energy 500-1000 MeV
ISIS 800 MeV, PSI 590 MeV
Also double pion production p* + p* - p + p + T + 1T etc at higher energy

L] Pions(then decay to give/ muonsti - p*+ v (lifetime 26ns)

This decay gives the muon polarisation: 100% polarised opposite to
momentum, in the rest frame of the pion
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Muon Production - Targets

-[] Material must’havel al low atomiclaumber and high
melting point

High atomiclhumber gives more heutrons by
spallation and more scattering of the beam

[ Usually Graphite, sometimes Beryllium.

-[] Beams arelin vacuum. [SIS target heated to ~600 °C,
cooling by conduction to the edge or radiation.

Most protons (> 95%) do not produce pions and pass
through with little energy loss, so can be used for
other purposes (neutrons).

Beam focus

)y N

Pions and muons
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Muons and Pions

Some pions escape from the target

[JCapturelinto beam line, allow to decay in flight

[IMomentum of muon relative to pionidetermines polarisation

[bothl fforward' and 'backward' decays can be used

[Select both initial pionmomentum and final muon momentum
'‘Decay' muon beam line
High momentum muons to penetratel pressurel cells etcl’
Final polarisation of the muon beam ~ 80%

Some pions stop within the target material
JDéecay to muons which eéscape into the beam lihe
JPions[at rest mean muons collécted in one diréction arel all polarised
['Surface! muon beam line fIsimpler design
More intense beam but [ow momentum muons mean thin windows
Fully polarised muon beam




Pion decays

-[] 'Surface! muons from pions(at rest (in the production target)’

s

-[J 'Eorward’ muons from pions(in flight

p,=27MeVic E =4MeV

P >Pr High energy
-[] 'Backward' muons from pionslin/ flight

<

P, <Py High energy
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Beam Line design 1

The simplest possible beam line

Production Evacuated beam pipe
target (muons would scatter
and stop in air) Slits to

define spot

Main problem :llLlow muoni flux
-[1 Additional problems tlother particles transmitted, high radiation level at sample
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Muon Shutters

L1 Neked to be ablelto stop the beam at the sample position to change the sample
Do not want to switch off the wholel accelerator
Some radiation from target even withl proton beam off

-[J Shutter required which willlstop all_particles coming down the beam line.

-[] Beam with diréct view of the target +11m thick steel blocki(as in heutron
instruments) to stop neutrons, gamma rays, etc.

Large motor and gearbox to raise/lower. Slow.
-[1 Clean muon beam withl momentum 27MeV/cl+15cm thick lead plate
Simple compressed airicylinder Fast operation.

-[1 Interlock system
Cpreventsishutter being opened unlessithe sample area is cleared and locked.
closes shutter iflany problem eg. 'Beam Offllbutton
In addition the interlocks may control some of the beam line magnets.
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Beam line design 2

Use a lens to focus the muons and give larger flux

Sample

Production
target

-[] Usually Usel more/than onel[énsi]
First [ens close/to source to capturel l[arge solid anglel
Sampléel Closel to last [Eéns to givelsmaller beam spot

-[] Still transmits many other particles Althese are poorly focused if the wrong
momentum

[ Straighttthrough pathl for neutrons
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Practical muon lenses

gl

]

]

Muons deflected in transversel magnetici (or electric) fields

[Deflection 6(=d B g /p or 6=dEqg/p WV
Uniform field bends the beam through the same angle at any position off axis
Field Gradientsi givel deflection varying withi position Alfocusing possibléel
Quadrupolel magnet

»

Beam in #z diréection (into scréen)
Along axis] B=0 and no deflection
Displaced in #x direction

B along #y and F in x direction

Facusing (¢onvex [ens) X
Displaced in #y direction )

B along <x and Fl in #y diréction

Defocusing (concavel lens)

+

Canit focus both axes simultaneously!
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Practical muon lenses

For focusing on both axes we use a Doublet or Triplet
-[1 Doublet gives different magnification in x and y
-[1 Triplet can preservelimage Shape

X

. o

Production Sample
target

A 4

L.
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Beam line design 3

-[] Include a Bend (uniform field, dipolel magnet)’
-[] Excludes uncharged particles (n |y) and thosel withl wrong charge (it, er)
-[] Separates particles withl different momentum

use Slits at a suitablel point to define the momentum range passed

TT

Production
target

v
5

More quadrupoles and a second
bend can make the beam Achromatic
(1 particles of any momentum
arelreturned to the same pathl
can open momentum slits for large flux
but same spot size at sample

Momentum Slit

Sample

-[] Problem £still passes positrons ifithey havel the same momentum
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Beam line design 4

-[1 Magneticbeam line selects/momentum only

-[1 Need to separatel out positfions with p=27 MeV/CI(vI=[¢) from surface muons (also
p=27 MeV/c but v=0.24 c)

(thesel ariselfrom muon decay in the target and havel the same time stricture
as the positrons from the sample

Use Crossed field separator
Electrostatic and magneticiforces cancel for particles of the correct velocity
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Beam line design 5

ISIS produces a double proton pulse, separation 330ns (repeated at 50Hz)
Muon lifetime 2.2us
-[J Thereforelthe muon decay spectra overlap
-[J Transverse precession signalscan interfereland cancel
Must remove one pulse.

2.0+ 0.30
1.8+ ;\
16 :\\\ First pulse o 0.25 Single pulse
] A Second pulse S Double pulse
g o - - - - Total positrons £ 0204 P
9 | ~A o
o 127 \ \ £
has i { \ o ©
e 1.0 \ \ - 0.154
S 4 ( N o~ 9
& 08+ :/\ \‘ >
] ‘/ N AN ©  0.10-
0.6+ I\ —\ ()
J \/,\ -\‘ 2
041 X b A T~ 0.05-
0.2 \/ SOVNLRE
. o=
0.0 L [ e | 0C0+—F—7F——F—T T =75
0 1 2 3 4 5 0 2 4 6 8 10 12 14 16 18 20

Time Precession frequency (MHz)
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The Kicker
First used IWPPSET' electrostaticlkicker to throw awaylone pulse
Improved design +Idivert the Second pulsel elsewhere + EC electrostatic kicker
-[1 RIKEN Uses a magneticlkiCker| better for high momentum ﬂuons

Second
pulse

Beam

First pulse

split
Fast Switch (split)

® (thyratron)

Also useful for
Slicing pulses for higher frequencylresponsel
Lower background at continuous sources -+ MORE at PSI
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Spin Rotation @ - ' --------------- g
f\:p

I For a magnetic bend of field B and path length d
" Deflection 0= d Bel/p
Spin precession = Byit= dBge/2p

Exact match/for g=2.0. Muon g=2.00233 so the spin follows the momentum along
any simple magnetic beam line.

Muon storage rings can measurel (g-2) after many turns
-[1 Electrostatic deflection leaves the spin unchanged but rotates the momentum
ISIS kicker givesi4® horizontal spin rotation for EMU and DEVA
A crossed field devicel rotates the spin without Changing the momentum
ISIS separator gives6° rotation (vertical)
-[] Higher fields and/or longer path/lengthl givel al 'spin rotator!lideallyl 90°
useful for transverselfield experiments] muons enter sample along field
~45° allows simultaneous measurement of [Gngitlidinal and transverse relaxation
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Beam line design 6

The muon spot is the image of the production target £ often too large
We could usel collimators near the sample
Uniwanted muadns stop in the collimator and decay as normal

[IThesel positfons must be stopped from reaching the detectors'while not
blocking those from the sample. Difficult to achieve in practice

-[1 Solution f1IRemotel collimation
Intermediatel focus €earliér in the beam line
[1Slits at that point reducel the spot size
Positrons from the slits cannot reach the detectors
(Slits imaged ontal the sample

)

Production

. Sample
target Slit

position
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Decay beam line

-[] Pions[decay to muons at different positions along the beam
[1100MeV pionsidecay over a mean path/lengthl 5.5m
Must keep the muons in the same path although different momentum
-[J Saolenoid (high longituidinal field) wherel the particlés spiral round the field lines
-[J Injectpions(intd solenoid, selecting initial momentum for decay

Exit of solenoid is muon source. Select final momentum and focus onto sample
pr[ > pO
Tt

Solenoid

P < Py
" Muon momentum slit

| —
Production
target

Sample
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Decay muon beam tuning

We can usel eithier 'backiward! or 'forward' muons

-[1 Backward muons arel easier to separatel from remaining pions{or muons formed
before initial momentum selection)

-[] Select muon energy! R IR B YA
-[] Tune muon section of beam g 250 s
01 Look tp requifed pion‘energy s 1 i :
.11 Tune pionisection £ —— | :
E 150 i -

-1 Continuum of muon energies S

between forward and backward \_% o ]
LI Actual energy of muons and pions = 50 Sackward decey muons ||

optimised for flux at the expense = Of . Residual pions

of some polarisation 0 50 100 150 200 250 300
Final muon momentum (MeV/c)
Surface muons
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Positive and Negative Muons

Most muon experiments use positive muons produced in the decay of positive
pions
-[1 Negativel muons arel alsol produced, from negativel pions
Lower yield of rt'than 1t from positivel proton beam striking positivel nuclei

No surface' p-'becausel anylnegativel pionicoming to rest in matter is rapidly
captured by a nucleus and reacts with it

-[] Negativel muons arel alsol captured into orbits around nucléei

MuoniCIXtrays emitted as muon cascades down to s level, characteristicl of
the elements present

Very striong coupling betiween muon and nuclear spin
Muon lifetime réduced by capturel reactions Algreater effect for larger nucléei
Can use the same decay beam line to produce a negative muon beam
[JReversel the fields in all'the bending magnets!(and quadrupales)]
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Continuous beam (eg. PSI)
[1DC, or any time structure &< t M

Each muon counted into the sample and
its positron counted out

Rate limited if two muons in sample at
once i also depends on time range
measured

Background from stray positrons or
muons which fail to be counted in

Can use veto counters to reduce effective
spot size, and exclude positrons (no
separator may be needed)

Precession frequencyrange depends on
timing accuracy of detectors (500 MHz +)

Can remove muon counter and just
measure positrons giving average
polarisation (ALC) at higher rate

Pulsed beam (eg. ISIS)
“pulsellength <<t and spacing >> T,
Start signal from accelerator at average

position of muon pulse, just count
positrons out

Rate limited only when detectors saturate
close to t=0 (segmented)

Background usually low| time range
longer (>101,)

Must use collimation or ifly-pasti for small
samples, and positron-free beam

Precession frequencylrange limited by
pulse width (10 MHz)

Time dependent polarisation always
available ifor freei
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Designing a beam line
-[1 Computer calculation of the focusing effect of all elements sITRANSPORT

-[1 "Transfer matrix method to first or second order  fast calculation
Finds required fields to focus the beam correctly/and bestlocations for slits
Plots beam envelopes along the beam line

g ghe01:ecmuonxB:old ghe Leff to end with june92 fields

in= 0,00 1 Zraw= 3000 5 Hoew= 16,0 cA Yeax= 1400 oo Bpok 1,00 Thu Jan 20 16:45:21 2005

Sample

Magnet
Apertures
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Designing a beam line

-[J Caomputer calculation by iray tracingi individual muons <[TURTLE
More computer time needed - was slow on old computers]

High order corrections and arbitrary apertures included

Calculate flux at sample and identify where other muons are being stopped

[T

-

Bl Lkl R

=

N

~OO5 &

Turtle GUI Input Editor

JEC electrostatic kicked beam/
1appAAR

1.8 1.% 288. 1.5 480, 0.8 5.0 B.028
16. 198. 8. 188. ;

16. 3.8 2086.7 SHUDHS ;

16. 2.8 8.8 ;

17. fSECDY 3

13. 18.8 ;

3.8 B.15 ;

G. 1.8 4.8 FHDWS

fi. 3.0 h.0 SUDNS ;

3. 8.35 ;

16. 188. 13.7 13.7 ;

6. 181. 13.7 8.8 ;

5. B.781 -0.37542 13.7 S04/ ;
3. B.55 ;

6. 16808, 17.819 17.819 ;

6. 181.8 17.819 8.8 ;

5. B.66 B 23827 AT.B19 JO275 ;

16. 8.0 2.8 :
6. 3.8 7.5 FBU/ ;

2. 22.5 3

4. B.633 D.STY1E 0.0 SBial ;

L. B.633 B.5T918 0.0 fE1hS

¥

W

Loaded input file is current FORODD1.DAT

View in Listhox: Insert:

© ghort  ~ Long Beam || Edge
Dritt || Bend

Insert Mode: Quad Slit

~ Hefore  After Shift

Repeat [
Info Exit Accel Correl
O o [

Move Element: Units Special

Second Sext
Soto_| |_Botn

Wien
@I Iﬂl ;:.;:: g:iup;n;.l:t
| Edit | |]nsert| Separalor Solo-2
Jump dEfd=

Mew Delete | Histo-1 Hist-2.x

Hist-2.y Flag
Decay | |

Lego Plot Mo 7 iin) at 2= 26785 m ()

20-Jan-05

16:44:21
Meanl = -0.293
RME1= 0526
Meani = 0.004
RM32= 0520
Corr= 0.005
Areafpi= 0274
Sum= 4777
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Monitoring the beam line
We may need to check the performance of the beam line or adjust the focusing,

[

separator voltage, etc:
Measure rates of muons arfiving at instriment
using either a large sample plate or small fly*past samplel at centre
Standard samples for beam steering and spot size measurements
combination of materials giving different relaxation signals!
Slit Countersiiithin strip of scintillatorfalong the edgess of the slits
COmeasurel muons hitting edge of slit, can adjustslit and measure! profilel
also confirm correct kicker timing
Beam Cameral for direct spot imaging
at the sample position
plate of scintillatoriviewed by
sensitive CCD camera

Beam Spot
Marker (sample holder)
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The ISIS muon beam lines today
South side (EC Muons) North side (RIKEN)

separator;
Kicker: feeds Fennves dipole B00MeV protan beam line Production target
icker: fee pek=hy
o contaminaet  steering b r 1Ak
mrsony to Hhree particies mngnet ':Il_if--ii_" :

msirincals

F-i.'
| [ Elallll
Laser Cabin gtoc - "™ Pian injector
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a
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