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Abstract

A novel single-particle technique to measure emittancéobas developed and used to characterise seventeen
different muon beams for the Muon lonisation Cooling Expemt (MICE). The muon beams, whose mean
momenta vary from 171 to 281 Me¥//have emittances of approximately 1.2—-g/3m-rad horizontally and
0.6-1.0mrmme-rad vertically, a horizontal dispersion of 90-190 mm em@mentum spreads of about 25 MeV/
There is reasonable agreement between the measured pensofehe beams and the results of simulations. The
beams are found to meet the requirements of MICE.

1 Introduction

A future high-energy Neutrino Factory or Muon Collider wiquire an intense source of muons. The large
volume of phase space occupied by muons at production mustieed before they are accelerated and stored.
The short muon lifetime prohibits the use of conventionalitm techniques; another technique must be developed
to maximise the muon flux delivered to a storage ring.
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Figure 1: MICE upstream beam line.

lonisation cooling is the only practical approach. A muosgiag through a lowZz material loses energy by
ionisation, reducing its transverse and longitudinal mot@eThe longitudinal momentum is restored by acceler-
ating cavities, with the net effect of reducing the divergeof the beam and thus the transverse phase space the
beam occupies.

The muon beams at the front-end of a Neutrino Factory or Mudhder will be similar. They are expected to
have a very large transverse normalised emittanag 6¢ 12—20rrmm-rad and momentum spreads of 20 MeV/
or more about a central momentum of 200 MeVThe transverse emittance must be reduced to72m-rad
(depending on the subsequent acceleration scheme) for @mimMdekactory [L, 2, 3, 4]. Further transverse and
longitudinal cooling is required for a Muon Collider. Enaitices of 04 tmm-rad and Irmm-rad are desired in
the transverse and longitudinal planes respectively, attes latter is achieved by emittance excharie [

The Muon lonisation Cooling Experiment (MICE) will be thesfiexperiment to demonstrate the practicality
of muon ionisation cooling. This paper describes measunetd the muon beams that will be used by MICE.

2 TheMICE Experiment

MICE will measure the ionisation cooling efficiency of oneufsr Focus-Focus” (SFOFO) lattice ce] pbased

on the cooling-channel design of Neutrino Factory Fedsitfitudy 2 [1]. A detailed description of the cooling
cell is contained in{]. Since ionisation cooling depends on momentum (via theeddpnce of energy loss and
multiple scattering in materials), the MICE experiment basn designed to measure the performance of the cell
for beams of 140 to 240 Me¥ith large momentum spreads; liquid hydrogen and otherZaatysorber materials
will be studied.

The expected reduction in emittaneel(0% using liquid hydrogen) is too small to be measured caveally,
where methods typically attain 10% precision. MICE will tef®re make single-particle measurements using
scintillating fibre trackersd] inside superconducting solenoids (the “spectrometarsntls”) at each end of the
cooling cell. Cherenkov detectors and time-of-flight (T@IE}ectors provide upstream particle identification; the
TOFs will also allow the muons to be timed with respect to tlieghase. A pre-shower detector and a muon
ranger will provide particle identification downstream loétcooling section.

2.1 MICE beam requirements

For a realistic demonstration of cooling the beams usedldidosely resemble those expected at the front end
of a Neutrino Factoryi.e., they should have a large momentum spread and a large neetiamittance. The
emittance must be variable to allow the equilibrium emitear-which depends on the absorber material and the
optics of the channel—to be measured.

The MICE beam line has been designed to produce beams ofdfierent emittances at each of three central
momenta. These beams are named by the conver{iqQny;)” according to their normalised transverse emittance
at the entrance to the cooling section and longitudinal nrdama at the centre of the first absorber. The nominal



(RMS) input emittances argy = 3, 6 and 10tmme-rad; the central momenta are 140, 200 and 240 eleVhe
baseline beam configuration(isy, p;) = (6 Tmm-rad, 200 Me\&).

The beams of different emittances will be generated by meta&diffuser”, which allows a variable thickness
of high-Z material to be inserted into the beam at the entrance to theagm spectrometer solenoid. Scattering
increases the emittance of the beam to the desired valueasiacconsequence of the energy lost in the material,
beams with a higher emittance downstream of the diffuset hmse a higher momentum upstream. An important
requirement is that the muon beam downstream of the difigsmrrectly matched in the spectrometer solenoid.

2.2 MICE muon beam line

The new muon beam line for MICE (at the ISIS proton synchmgtRutherford Appleton Laboratory) is shown
in Figure1 and described at length i®][ A titanium target L0] samples the proton beam, creating pions that
are captured by the upstream quadrupoles (Q1-3) and momegiected by the first dipole (D1). The beam is
transported to the Decay Solenoid, which focuses the piod€aptures the decay muons.

The second dipole (D2) can be tuned to select muons emitteldMaads in the pion rest frame to obtain a
high purity muon beam. The final transport is through two daagerture quadrupole triplets, Q4—-6 and Q7-9,
that focus the beam onto the diffuser. Each of the three gyadk triplets is arranged to focus-defocus-focus in
the horizontal plane; the beam line can be operated in githlarity. The optics of this section are determined by
the desired emittance of the beam in the cooling channelladeiguirement of matching into the spectrometer
solenoid.

A time-of-flight station (TOFO0) and two aerogel Cherenkoted¢ors are located just after the Q4—6 triplet; a
second time-of-flight station (TOF1) is located after thaffiniplet (Q7—9). A low-mass scintillating-fibre beam-
position monitor (BPM) is located close to Q7. For fhé beams, a variable thickness polyethylene absorber is
introduced upstream of D2 to reduce the flux of protons intida TOFO.

The TOF detectors are described@11]. Each station consists of two perpendicubayj planes of 25.4mm
thick scintillator slabs. Each end of each slab is coupled fast photomultiplier and subsequent electronics
[12]. The measured timing resolutions aze= 55 ps andg; = 53 ps at TOFO and TOFL1 respectiveld]. The
differences in the arrival times of light at each end of ttedslare used to obtain transverse position measurements
with resolutions ooy = 9.8 mm at TOFO anary = 11.4mm at TOF1 14].

2.3 Beam linedesign

The initial design of the baselif(ey, p;) = (6 tmm-rad, 200 Me\g) pt beam was made using the TURTLE beam
transport codel[5] assuming a 1 cm thick lead diffuser. The design was themogdid with G4beamlinelfg],
with matching conditions in the upstream spectrometemsiteof oy = ay = 0 andfx = By = 333mm P]. The
baseline beam design does not compensate for horizongrdien introduced at D2. The remainitgy, p;)
beam settings were obtained by scaling the magnet curréttie daseline case according to the the local muon
momentum, accounting for the energy loss of muons in the Biee@nmaterial,i.e. scaled by a factopnew,/ Poase
Hence, the beam line will transport 18 different beams tocb@ing channel withey = 3,6,10rmm-rad and

p; = 140,200 240 MeVL, after the diffuser, in two beam polarities.

The “re-scaled” beam line settings will transport muong® ¢ooling channel with the desired momenta but
are not necessarily matched in the first spectrometer aesngtin the diffuser changes the optical parameters.
Because the diffuser is thin, the beta function will dececlag the same ratio as the emittance is increased and
therefore the final optics and diffuser thicknesses caneatdtermined until the inherent emittances of the input
beams are known.

The beam line was commissioned in MICE “Step 1" in 2010—-2@Ata were taken for eight positive and nine
negative beam settings to verify the beam line design arefmé@te the characteristics of the beams, in particular
their momentum distributions, emittances and dispersidhs result of the commissioning is presented below.

3 Characterising the MICE beams

Emittance is the area occupied by a charged particle beatwpirfour, or six-dimensional trace-space, given by
€ = v/detz whereX is the covariance matrix. In two dimensions,

s_ [ Ox Ox \_ e —ea
"\ oy oy )\ —ea ey )’
where, for examplegy = XX — XX andX denotes the mean. The covariance matrix can also be exgriessems
of the Twiss parameters, 3, y, ande giving a full parameterisation of the beam.
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Figure 2: The time-of-flight system and beam line sectiordusecharacterise the beam.

Several different methods exist for measuring the emigarideams17]. Commonly, beam profile monitors
are used to measure the RMS beam sige at several positions. At least three profile monitors acgiired to
determine the three elements of the covariance matrix ancehhe emittance of the beam; the transfer matrices
between the profile monitors must be known. These methodedequire individual particles to be tracked but
are ultimately limited by the spatial resolution of the ad¢tes and the intensity of the beam.

By contrast, the MICE muon beam is large in spatial extentiemiditensity is low compared to conventional
primary beams. The emittance and optical parameters ofasbelam can be measured if either the trace space co-
ordinates(x,x), (y,y') of individual particles can be measured at a single planasan the new method described
here, the spatial co-ordinates of individual particlesraeasured at two detectors and the transfer matrix between
the detectors is known.

In the later Steps of MICE the beam emittance will be measbyed scintillating fibre tracker inside a 4T
solenoid. This detector was not present during Step | andahemethod was developed to characterise the beam
using only the two TOF detectors. The relative times &ag) positions of single particles are measured in the
two TOF stations and muons are selected by broad time-dftftigts. Each muon is tracked through the Q7-9
quadrupole triplet, determining the trace space anglasdy’ at each plane. Simultaneously, the muon momenta
is measured by time-of-flight, which is important as the béasa large momentum spread and the transfer matrix
between the two detectors depends strongly on momentumcdJagiance matrix of the beam is then obtained
from a large sample of muons so measured. The method is deddsriefly below; its detailed development is
givenin [14).

Figure2 shows the section of beam line used for the measurementadl&eip radius of the quadrupoles is
176 mm. The two TOF detectors have active areas of 400m#®0 mm and 420 mnx 420 mm, respectively,
and were separated by 7.705 m during the 2010 commissiathieigcombined time resolution of 76 ps allows the
momenta of muons to be determined with a resolutioa;p& 3.7 MeV/c for p, = 230 MeVk.

3.1 Measurement technique

The measurement algorithm proceeds iteratively. An inéséimate ofp, is made by assuming that a muon travels
along thez-axis between the two TOF counters. This estimate is usedtermine thex andy transfer matrices,
My(pz) and My(p;), between TOFO and TOF1. Once the transfer matrices are kniwrirace-space vectors
(Xo0,Xp) and (yo,Yp), and(x1,X;) and (ys,y;), at TOFO and TOF1 respectively, are obtained from the mositi
measurementso, o) and(xy,y1) by a rearrangement of the transport equations:

(%) -w(%)
(%)=w(%) @
(%) =m0 ©

whereM;j are the (momentum dependent) elementMgf and similarly for(yy,y;). The estimates ofxo,xg),
(Yo,¥p), and p; are used to track the muon between TOFO and TOF1 and obtaim@noved estimate of the
trajectory and a correctiorls, to the path length. To ensure convergence to a stable @ojutnly half the
predictedAs was applied before recalculating the momentum from the-tifriéight; the procedure was repeated
ten times for each muon although a convergent solution wasdf@fter typically five iterations. Finally, a small

Explicitly
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Figure 3: Quadrupole gradients for ther{fim-rad, 200 Me\&) baseline muon beam (colour online).

correction & 1.5MeVck) is applied to account for energy loss in the material, idig air, between the TOF
counters.

In order to obtain the transfer matrices, the focusing gmatsiof quadrupoles Q7-9 were determined by fitting
the results of an OPERALB] field model of the quadrupole with two hyperbolic tangemidtions [L4]. Figure3
shows the focusing gradients of the Q7-9 triplet. The quaalas are thick and their fields overlap substantially.
A more computationally efficient, and sufficiently accurdtep-hat” model of the magnets was used to obtain
As[14).

Equation3 for x;, which is used to determine the horizontal emittance at T@&1 be expressed as

X1 = A(pz2)%0 + B(p)x1

and mutatis mutandis for y'. The coefficientA(p,) andB(p,) for the baseline (6,200) beam, with mepn~
230 MeVk, are shown in Figurd. Both A andB are strongly momentum dependent below 200 MeV/
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Figure 4: The reconstruction coefficieriép;) (top) andB(p;) (bottom) for the (6,200) baseline muon beam.
The solid (blue) lines are fof (horizontal); the dashed (red) lines are yo(vertical).

The procedure described above enabled the reconstrudtibe trace space vectors at both TOF counters as
well as the momenta of single muons. The path length coamctishich could be as much as 15-20 mm, was
necessary to avoid a systematic underestimaf® of about 4 MeVE.

The momentum distributions and tti®;,x;) and(y1,y;) covariance matriceg,yy, at the upstream side of
TOF1 for each measured beam were obtained from all the mewmosded for that beam. The effective optical



parameters and the emittances of each beam were deduced,fyaas described in Sectich3 The systematic
uncertainty on the measurements is discussed in Setidon

3.2 Monte Carlo simulations of the MICE beam line

Monte Carlo simulations were made for six of the 18 possibEb settings to check the beam line design software.
The (6rmme-rad,p; = 140, 200, 240Me\W) pu* andu~ beams were simulated in two steps. G4beamline was
used to track particles from the target as far as TOFO; the IGEWonte Carlo 19 was then used to track
muons between TOFO and TOF1. Both simulations containecrigésns of the material in, and surrounding,
the beam line and magnet models, including the aperturdeajuadrupoles Q4-9, using the optics designed for
the corresponding beams. The simulations suggest thattlesfinittance of the beams before the diffusexis
1mmm-rad, partly due to scattering in the material in the baambut limited by the aperture of the quadrupoles.
Dispersion in the horizontal plane due to D2 is expected.

3.3 Performance of the reconstruction algorithm
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Figure 5: Difference between reconstructed and true moarfentr simulated 200 Me¢/muon beam.

The performance of the reconstruction algorithm was detexdby smearing the true simulated coordinates of
the muons at each TOF plane with the measured time and posgsolutions of the TOFs. The trace-space vectors
were reconstructed by the method described in Seétibto obtain a set of simulated reconstructed muons.
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Figure 6: Reconstructed trace space angles versus trutagithwalues.



Table 1: Mean and RMS widths of the longitudinal momentuntritiistions for six beams compared with the
corresponding simulations.

Data Simulation

Beam Mearp, RMS p; Meanp, RMS p;
MeV/c MeV/c MeV/c MeV/c

6,140) 176.4-2.3 22.80.3 173.A42.1 19.5:0.2

(

u (6,2000 232.2£2.5 23.6:0.3 229.3-0.8 21.0:0.1
(6,240) 271.0£3.7 24.5-0.3 270.5:0.9 22.2t0.1
(6,1400 176.5+2.0 24.4:0.3 176.6:3.7 25.5:0.5

pt  (6,2000 229.2-2.4 25.9-0.3 230.8-1.4 28.9t0.2
(

6,240) 267.742.9 25.8:0.3 269.224.2 31.3t0.5

Figure5 shows, for a simulate®,200) u~ beam, the difference between reconstructed and true mament
The RMS width of the distribution of 3.7 Me¥/confirms that the momentum resolution is dominated by the
timing resolution of the TOF system. It is sufficiently smalineasure the large expected widths of approximately
20 MeV/c of the momentum distributions.

Figure6 shows the agreement between the true and reconstructesadggindy; for the simulated6,200) 1~
beam. The average angular resolutm;@ and Oy, for this beam are approximately 29 and 8 mrad respectively.
They are determined by the position resolution of the TOFters and multiple scattering, and depend on mo-
mentum asq; andy; are obtained from position measurements using the momedéependent elements of the
transfer matrix. The angular resolutions are small but egligible compared with the expected widths of #e
andy; distributions.

4 Results of the measurements and comparison with ssimulations

Data were taken for eight positive and nine negative reeschbams that, when used in conjunction with the
diffuser, will generate the full range of desired emittas(gee SectioB.3); the polarity of the decay solenoid was
kept the same for both positive and negative beams. Muoreiddta were selected by broad time-of-flight cuts
chosen for each nominal beam momentum.

The simulations used in this analysis suggest that the matamination at TOFO of thg~ data is about one
percent and less than five percent for thesample [L4]. Recent measuremen(] indicate a somewhat smaller
pion contamination.

4.1 Longitudinal momentum

Figure7 shows the distributions g, at TOF1 for six beams compared with the results of the siraulat Overall

the measured and simulated distributions agree well ineshag width. Theut beams have a slightly greater
momentum spread than the  beams, due to energy loss fluctuations in the proton absoifieg agreement
between the measured and simulated momentum distribuisdnetter for theyu~ beams than it is for ther™
beams. Since the mean momentum is dictated by D2, the agné&eteveen the measured and simulated mean
momenta at TOF1 confirms the beam line design. The mean maraedthe RMS widths of the measured beams
are given in Tabld.. The systematic error op, is mainly due to thet35 ps calibration uncertainty on the absolute
time of flight value L4] and is estimated to be less than 3 MeYdr all momenta below 300 Me¢/

4.2 Transverse spatial distributions

Figure8 shows a comparison of the spatial distributions in the trarse plane at TOF1 for a simulated (6, 20)
beam before and after reconstruction, and data for the saam®.bThe effect of smearing by the reconstruction
procedure is small. Muons crossing the shaded area aredextftrom the simulation (and hence the reconstruc-
tion) as they pass through uncalibrated regions of TOF1ceSinuons must cross both a horizontal and vertical
slab of the TOF to be counted, these regions are excludedtfrerdata. Figur® shows the RMS horizontal and
vertical beam sizesy, andoy, versus meai, for all the measured beams and the six simulated beams. Zé® si
of the positive and negative muon beams are very similar beittically and horizontally. The measured vertical
beam size is about 10—-20% smaller than suggested by theasiond. The horizontal beam size is about 10%
smaller than thet~ simulations but wider than the™ simulations.
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Figure 8: Spatial distributions in the transverse plane @FT for simulation (left), reconstructed simulation
(centre), and data (right) for a (6, 200) beam, normalised to the same total contents. Simulated snnche
shaded area cross uncalibrated regions of TOF1 and aredexicitom further analysis.

Figure 10 shows the horizontak(x’) and vertical ¥,y’) trace-space distributions at TOF1 for the (6, 200)
beam and the same distributions from the simulations withwithout smearing due to the reconstruction. There
is very good qualitative agreement between data and receitetl simulations in both the horizontal and vertical
trace spaces. The smearing due to the reconstruction iseappdhe distributions have a dense core and diffuse
halo. The boundaries of the distributions reflect the apestaf the quadrupoles, principally Q9, transported to the
TOF1 measurement plane downstream, and the size of TOF MeFtieal divergence of the beam is approximately
three times smaller than the horizontal divergence.

Figurellshows thexandy amplitude distributions of muons in the (6, 2Q0) beam at TOF1 in terms Q(f)%y
where

Xe = [(x= 5, (X =I5 M (x =%, (X = 3)]T = Ac/ex,

Ay is the amplitude of a muon in trace-sp&eede, = /detsy is the emittance of the ensemble. The distributions
of x? for the reconstructed simulation are shown for comparigdre initial exponential behaviour of the distri-
bution suggests that the beam has a quasi-Gaussian corg@ipté and a non-Gaussian tail. The high amplitude
tails of the distributions are slightly larger for the datan for the simulation.

4.3 Determination of emittances and effective optical parameters

The optical parameters and emittances of each beam wereniledel from the covariance matrice¥] as

SX = \/ detZ)(7
211
BX - Sx 9
212
ay = ——=
X gx 9

and similarly fory. Each of the beams, however, has a large momentum spread andf vary with momen-
tum. The parameters determined from the measurementsexefdbe effective parameters which describe the
distributions in trace-space.

The reconstructed covariance matrices at TOF1 will diffenf the true covariance matrices because of the
finite spatial and angular resolution of the reconstructenmd multiple scattering in the air between the TOFs
(which cannot be included in the simple transfer matriceslusThe finite resolution leads to a small increase in
the apparent emittance of the beams; scattering will leaah tanderestimate of the emittances.

A small correction was made for the effects of resolution scattering by subtracting a “resolution” matrix
from each measured covariance matrix. The resolution cegtivere estimated from the simulations by taking the
difference between the covariance matrices of the reasctstl and true simulated beams. These resolution ma-
trices were subtracted from the measured covariance regtiacobtain corrected, measured covariance matrices,

aThis is sometimes referred to as ‘single particle emittap2a].
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i.e.,

ZCorrected = ZMeasurecF ZResolution

= ZMeasurecF (ZReccrsim - ZTru(-:;sim) .

Since simulations were made for only the six{Gm-rad,p;) beams, the resolution matrices estimated for these
beams have been used to correct the measured covarianazesfr other beams at the same nominal momentum.
As variances are very sensitive to outliers, muons in thia higplitude tails of théx,x') and(y,y’) distributions
were excluded by requiring)%y < 6 before the corrected covariance matrices were calculated ellipses on
Figure10 show the areas of the distributions included by this cut.

Figure 12 shows, for the six beams for which simulations were madehtivezontal &,x') RMS emittance
ellipses for the uncorrected data, the data after corned¢tio resolution and the true simulation. The effect of
the resolution correction is to reduce the apparent enci¢tani the beams and to rotate the ellipses into better
alignment with the true simulation.

The measured emittances discussed below have not beentedrapward for th%%y < 6 requirement, which
has also been applied to the simulated data, because thadorGaussian tail of the amplitude distribution (see
Figurell) is not well-described by the simulations. For a pure Gaumsdistribution 5% of the muons would have
X2 > 6 and the correction would increase the measured valuesitihaoe by approximately 20%.

Figure 13 shows the measured horizontal emittances, after resnlatiorection, of all the seventeen beams
versus the meap, of the beam and the true emittances of the six simulated he@&hmes correction reduces the
measured emittances by6drmme-rad on average; the largest correction-&7 mmme-rad for the (10,140)"
beam. Figurel4 shows the measured vertical emittances of all the seveleams versus the meam of the
beam and the emittances of the six simulated beams. Thectiorréncreases the measured vertical emittances
by about 10%. Clipping occurs in the vertical plane as Q4 ardf@ vertically defocusing. This collimates the
beam, resulting in more uniform emittances compared to ¢z dntal plane.
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4.4 Systematic uncertainties

The error bars shown on Figures 13 and 14 include both stafisind systematic errors. Sources of systematic
error fall into three broad categories; those that affezttAnsverse position measurement, momentum reconstruc-
tion, and path length corrections. The largest contrilmutiiothe uncertainty on the emittance measurement derives
from the effective speed of light in the TOF slabs, which die determines the measured RMS width of the
spatial and angular distributions. The various sourceansarised in Table 2, were determined by examining the
change in the reconstructed emittance and optical parasnelen the positions of the TOF detectors and magnet
currents were varied in simulation.

The TOF offsets arise from the uncertainty on their survgyesitions in the beam line. In each instance, a
simulation was produced with one TOF offset by up to 1 crx,ynor zand the muon positions recorded. These
positions were input into the reconstruction procedurectvassumes the beam line elements are located as given
by survey. The largest uncertainty occurs when the TOFsfégetin the longitudinalZ) direction, which directly
affects the momentum measurement by altering the distahce

The uncertainty on the quadrupole triplet position in syrw&s investigated in the same manner as for the
TOFs. However, since this does not affect the distafiteit has a negligible effect on the momentum calculation
and a plays a minor role in the path length correction assigoea muon. The currents in the quadrupoles are
known to better than 1%, and the effect of changing theseentgwas determined. A change in the quadrupole
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Table 2: Contributions to the errors on the emittance messents as percentage relative error.
Source 0, day Ofx  Onx dny  dg day OBy op;

TOF1 offsets X 047 074 047 139 069 0014 0050 =0
y ~0 001 =0 029 017 002 006 ~0 0.71
X 0.04 0.07 0.03 0.13 022 ~0 008 001 =0
TOFO offsets y ~0 =0 =0 002 =0 =0 ~0 ~0 ~0
AL 210 032 211 169 330 274 3017 278 071
Q789 currents 0.051 ~0 0.03 0.008 0.02 0.04 0.036 0.035 0.002
Q789 offsets 0.08 0.13 0.08 0.17 099 ~0 0.08 001 =0

~0 ~0 ~0 0.01 =~0O ~0 0.01 ~0 ~0
Effectivecin scintillator 4.87 0.05 5.23 222 159 4.05 4127 4.09 0.11

Total (%) 532 082 566 314 387 489 5112 494 102

current by 1% has a small effect on the reconstructed patjtHesf a muon, when compared to the nominal
currents, and is a minor source of uncertainty on the entitaneasurement. The uncertainty @has a much
larger effect on the transfer matrix used than any scalirgtduan uncertainty on the quadrupole currefs (
Figured).

45 Results

The measured emittances and optical parameters are givi@ie3. The horizontal and vertical beta functions
lie in the ranges 1.49m By < 2.22m and 3.07m By < 3.81m. The values of the horizontal and vertical
parameters, @5 < ay < 0.59 and—0.56 < ay < —0.22, show that the beams converge to a horizontal focus
roughly 700 mm downstream of TOF1 but diverge vertically.e @mittances will be increased by scattering in
TOF1.

The measured horizontal emittances and simulations agreighin 10%. Some of the emittance of the beams
can be attributed to multiple scattering in TOFO. The emi&growth inx (y) is expected to bAs)%y = a)%yG%s
where

Ons = (136MeV/c)?/(p?B)AX /%o

is the mean square scattering angle in Axe= 0.125X; of material in TOFO. For 200 Me¥¢/muons andoy =
70mm,Ae = 1.9mmm-rad for a beam of zero divergence, although the effeetingtance at TOF1 is limited by
the aperture of the Q7-9 triplet. The fall in measured emdtawith increasing, seen in Figure43and14 can
be attributed to scattering via the dependencégfon p;.

There is some emittance growth in theeB m of air between TOFO and TOF1. Since the Q7-9 triplet fozsiss
horizontally but is weakly defocusing vertically, this eétance growth is less in the horizontal than the vertical
plane. For an on-axis beamg is estimated to be less thard@rmm-rad. The resolution correction described
previously includes a small upwards correction for thisttance growth, and has the largest effect on the measured
vertical emittance. The remaining disagreement betweemigasured and simulated vertical emittances can be
attributed to the difference in RMS vertical beam 8ighown in Figure.

The measured horizontal emittances shown in Figidenclude (for both data and simulation) the effect of
dispersion. The dispersion at the exit of the D2 bending magnet is transformed by thecepif the beam
transport into dispersion ir andx at the TOF1 measurement plane. The intrinsic horizontattantes of the
beams have been obtained from the covariance matrices Imastihg the dispersion characterisedrpyndn’

[23:
11— 31— n28?

12 — Z1p—1n'é2
S11 — 31— 0282

wheren = (x8)/(8%), n’ = (X&)/(6%) andd = (p,— p;)/Pz. Figurel5 showsn versus(p,) for all the beams
and the simulations for the three negative beams. The digperare similar for thett andu~ beams and are
reproduced by the simulations for the negative beams. Thigiywbeam simulations are not shown as they did not
reproduce the data well. The reason for this is under inyastin. The dispersion-corrected intrinsic horizontal

bThe RMS beam size in Figugis calculated and shown without th& < 6 cut to demonstrate the physical size of the beam, whereas th
emittance calculation includes it.
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Table 3: The characterised Step | beams.

Beam  (p;) (MeV/c) op, (MeV/c) & (mmm-rad) Oy Bx(m) & (mrmm-rad) ay By (m)
N Pz
140 171.582.39 22.8%#0.32 2.28:0.12  0.56:0.01 1.49:0.09  0.95-0.05 -0.55:0.28 3.62-0.18
3 200 223.242.72 24.020.29 1.74-0.09 0.490.01 1.690.10 0.780.04 -0.5@:0.25 3.710.19
240 260.55-3.24 24.49-0.30 1.49-0.08 0.49:0.01 1.86:0.10 0.75:0.04 -0.41#0.21 3.65:0.18
_ 140 176.432.27 22.8%0.29 2.1#0.12 0.52-0.01 1.5&0.09 0.96-0.05 -0.54:0.28 3.64-0.18
H 6 200 23222251 23.620.26 1.53-0.08  0.55-0.01 1.85-0.10 0.78-0.04 -0.5%0.26  3.80:0.19
240 270.96:3.65 24.53-0.33 1.5%0.08 0.480.01 1.86:0.10 0.73-0.04 -0.39:0.20 3.51%0.18
140 183.46-2.35 22.7%0.29 2.0%#0.11  0.53-0.01 1.62:0.09 0.92-0.05  -0.56:-0.29 3.68-0.18
10 200 247.233.56 24.2&0.35 1.23-0.07 0.59-0.01 2.22-0.13  0.75%:0.04  -0.52--0.27 3.8%0.19
240 281.8%3.65 25.28 0.33 1.65-0.09  0.56:0.01 1.82-0.10  0.64-0.03 -0.39%:0.20 3.43:0.17
3 200 222.69%2.40 26.49-0.29 1.98-0.11  0.49-0.01 1.58-0.09 0.83-0.04 -0.46:0.20 3.44:0.17
240 257.9%42.83 26.3%40.29 1.59-0.08 0.540.01 1.840.11 0.76:0.04 -0.3%+0.16  3.4@:0.17
140 176.451.98 24.360.27 2.32:0.12  0.45:-0.01 1.5@:0.09  0.95-0.05 -0.48:-0.25 3.59-0.18
ut 6 200 229.162.36 25.82&0.27 1.9%0.10 0.5@:0.01 1.6%0.09 0.8%0.04 -0.38:0.19  3.42-0.17
240 267.65-2.85 25.79-0.28 1.69-0.09  0.54:0.01 1.76:0.10  0.76:0.04 0.26:0.14  3.23-0.16
140 182.422.05 23.840.27 2.16:0.12  0.4740.01 1.56:0.09  0.92-0.05 -0.48:0.24 3.59-0.18
10 200 243.3%2.65 26.770.29 1.66:0.09  0.5%0.01 1.78:0.10 0.78-0.04 -0.38:0.19  3.3740.17
240 274.7#42.94 24.7%0.27 1.78-0.09  0.5%0.01 1.65:0.09  0.76:0.04 -0.22:0.11 3.0%0.15
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250 MeVEk, and “p; = 240" to 250-290 Me .

emittances ang andn’ are given in Table. The intrinsic horizontal emittances are, on average5fimm-rad
smaller than the effective horizontal emittances.

5 Summary

A single-particle method for measuring the properties efittuon beams to be used by MICE has been developed.
Timing measurements using two time-of-flight countersvaltbe momentum of single muons to be measured
with a resolution of better than 4 Me¥And a systematic error af 3MeV/c. The ability to measure; to this
precision will complement the momentum measurements oltenoidal spectrometers. For low transverse
amplitude particles, the measuremenpgin the TOF counters is expected to have better resolutiom tiinet of

the spectrometers, which are primarily designed for méagux.

The same method allows the trace-space distributions arttrance to MICE to be measured<05% and
hence the emittances and dispersions of the beams. Theeoaittare found to be approximately 1.2—+2r8m-
rad horizontally and 0.6-1/mm-rad vertically; the average horizontal dispersipnis measured to be 129 mm,
although it depends on the nomirjal;, p,) beam setting. The positive and negative muon beams are fourae
very similar properties.

As a final check on the suitability of the beams for use by MI@EBget of measured muons for the (6, 200)
baseline beam was propagated from TOF1 to the diffuser amdigh a simulation of the experiment. Even
without further software selection (for example, on théeatasymmetric momentum distribution) the beam was
found to be relatively well matche@4]. In practice, some further fine-tuning of the magnet cusemd diffuser
thickness should be sufficient to generate a well-matchachiseiitable for the demonstration of ionisation cooling
by MICE.
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Table 4: Horizontal dispersion and the intrinsic emittenokthe Step | beams.

Beam  nx(mm) nj(rad) & (rrmm-rad) Oy Bx (m)

éN Pz

140  90.28 0.07 2.080.11 0.6@:0.01 1.56:0.09
3 200 123.78 0.09 1.580.08 0.65:0.01 1.82:0.10
240 137.58 0.11 1.260.07 0.68:0.01 1.990.11

140  89.37 0.08 1.9%#0.11 0.64:0.01 1.66:0.09
H 6 200 106.27 0.10 1.3#0.07 0.72:0.01 2.06:0.12
240 157.91 0.11 1.260.07 0.68:0.01 1.98-0.11

140  96.03 0.07 1.880.10 0.64:0.01 1.7H0.10
10 200 132.78 0.08 1.040.06 0.79:0.01 2.440.14
240 145.71 0.11 1.460.08 0.75:0.01 2.02:-0.12

200 122.96 0.03 1.850.10 0.56:0.00 1.58:0.09
240 156.47 0.03 1.450.08 0.66:0.01 1.840.11

140 9591 0.04 2.180.12 0.52-0.00 1.5H0.09
ut 6 200 131.16 0.04 1./450.09 0.58:0.00 1.62:0.09
240 172.97 0.04 1.540.08 0.64:0.01 1.76:0.10

140 103.27 0.04 2.080.11 0.54-0.01 1.540.09
10 200 138.50 0.03 1.580.08 0.59:0.01 1.78:0.10
240 189.64 0.04 1.6#0.09 0.610.01 1.64:0.09
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