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Introduction

Magnetic elements for an accumulator storage ring for a
1 GeV Spallation Neutron Source (SNS) have been
under desigm The accumulation of very high intensity
protons in a storage ring requires beam optical elements
of very high puri~ to minimize higher order resonances
in the presence of space charge. The parametem of the
elements required by the accumulator lattice design’
have been reported The dipoles have a 17cm gap and
are 124cm long. The quadruples have a physical
length to aprture diameter ratio of 40crn/21cm and of
45cm/3 lcm. Since the elements have a large aperture
and short length optimizing the optical effects of
magnet ends is the major design challenge. Two
dimensional (2D) computer computations z ~ at least
on paper. produce the desired accuracy internal to
magnets. i.e. constant dipole fields and linear
quadruple gmdicnts over the desired aperture to 1s104.
To minimize undesirable end effects three dimensional
(SD) computations can be used to design magnet ends$
However. lirnkuions on computations can occur, such
as necessary finhe bounckuy conditions, actual
properties of the iron emplo:ed hystersis effects. etc.,
which arc slightly at variance with the assumed
properties. Exqxnmental refinement is employed to
obtain the desired precision.

1 SNS DLPOLE MAGNETIC DESIGN

Edge shims are employed inside the dipole in order to
give a uniform field over the desired aperture (Fig. 1).
The computed (2D) field is eve~vhere more Worm
than AB/B=lxlO_’ inside the “isotield” of IX104. The
computed field in terms of the mtdtipoles espressed at a
design radius of ~7cm are all small compared to IX104.

An actual magnet design must minitie

construction errors. For reference. the dipoles con-
structed for the high intensity Booster ~ upgrade of the
Brookhaven AGS proton synchrotrons were assembled
from one piece lamination stampings. By Ieft-righg up-
down inversion in assembly. the small residuaI errors
due to die dimensions.’ steel rolling direction etc were
rendered symmetric. As a result actual measurements
showed essentially agreement with predictions. The
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SNS dipole cross-section is too large for a one piece
stamping Joining of two nomi.mdly identical pieces at a
mid-plane is required_ Careful control must be designed
in for precision relative alignment of the two pole
surfaces.
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Fig. I
Dipole Pole Profile and Isofield

For the SNS accumulator. a design option is to
make the magnet a mechanical assembly out of solid
steel plate. A prototype is under construction. The
yoke is composed of 4 pieces. Precision machining of
the two mid-plane pieces simultaneously should ensure
parallel top and bottom yoke Waces, to which each
pole piece is attached. Jfrequired a thin shim placed on
either side could eliminate gradient fields to high order .
of accuracy. The magnetic field is iron dominated The
coil is located sufficiently remote from the pole surface
so that even with the inevitably much cruder tolerances
on location in coil constructio~ the influence on the .
field can be exqxcted to be at the IX104 level. interior to
the magnet.

2 DIPOLE END EFFECTS

The SNS dipoles are straighL The ends are wedge
shaped. where the angle of each wedge end @s half
the total beam angle of deflection The proton beam
central axis enters and e.sits the magnet normal to the .

plane of the pole ends. In the simplest first order form.
the pole cross-section ends abruptly with each end a
plane vertical surface. This geomeby has been
computed The integral of the magnetic field through
the magnet was calculatecL Because of the wedge ends,
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Abstract

The MUCOOL facility is proposed to examine cooling
techniques that could be used in a muon collider. The
solenoidal beam channel before and after the cooling test
section are instrumented to measure the beam emittance.
This instrumentation channel includes a bent solenoid to
provide dispersion and time projection chambers to mea-
sure the beam variables before and after the bend. The
momentum of the muons is obtained from a measurement
of the drift of the muon trajectory in the bent solenoid.
The timing measurement is made by determining the phase
from me morn~ntum of the muon before and after it tra-
verses RF cawties or by the use of a fast Cherenkov cham-
ber. A computer simulation of the muon solenoidal channel
is performed using GEAIW This study evaluates the reso-
lution of the beam emittance measurement for MUCOOL.

1 INTRODUCTION

The MUCOOL facility has been proposed as an experi-
mental program for testing techniques that can be used for
muon cooling in a muon collider[l]. The facility would
include a target area in the FNAL meson area, followed
by a quadruple focussed decay channel, a bending mag-
net for muon momentum selection, an instrumented muon
solenoid channel before and after the experimental region
to measure the beam ernittance[2]. This paper will discuss
the measurement of the emittance in the instrumentation
channels, Fig. 1 illustrates the instrumentation channel. It
is a bent solenoidal channel. The solenoidrd bend causes a
drift vertical to the plane that is proportional to the particle
momentum. This drift will be used to measure the muon
momentum. Time projection chambers (TPC) are posi-
tioned before and after the solenoidal bend. These TPCS
are filled with a low pressure methane gas that has a long
mean free path. The TPCS can measure the transverse beam
variables: x, y, z’ and y’. By comparing TPC beam mea-
surements before and after the bend one can measure the
beam momentum. Fig. 1 shows two bent solenoid regions
with RF cavities in between. Thk arrangement is chosen
to be able to measure the muon momentum before and af-
ter the RF cavities. The comparison of the momenta can
be used to extract the time information from the RF phase.
Using RF for the time information is one of two approaches
under consideration. The other is to use a fast Cherenkov
device for the time information. The scope of this paper is
to examine how well one can measure the beam momen-
tum using the bent solenoid, Table 1 lists the important
parameters describing the instrumentation channel.

● Work supported under Contract No. DE-AC02-76CHOO016with the
U.S. Department of Energy.

The experiment has set as a goal the ability to measure
the emittance with a relative error of 3%[3]. To achieve this
goal the desired relative uncertainty in the measurement of
each of the six phase space variables should be x lYo. Ta-
ble 2 shows the required detector resolution to achieve 1 %
accuracy in the measurement of the phase space parameter.
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Figure 1: Schematic of the measurement channel

Table 1: Parameters used for the MUCOOL Instrumenta-
tion Channel.

Parameter
RF frequency
Momentum

~solenoid

Bguiding

8b,nd

Rbend

Raperture

Value
805 MHZ

171 MeV/c
3 tesla

0.56 tesla
1 radian
100 cm
15 cm

36.7 cm
45 cm
12 mm

60 rnrad
9.2 m

o

2 SIMULATION

The MUCOOL instrumentation channel was modelled in
GEANT[4]. The channel is designed to transport muons
with a mean momentum of 171 MeV/c. The solenoidrd
magnet field of the instrumentation channel is described
with current rings. The field for a single ring can be ex-
pressed by an analytic expression[5]. The field at any point
in the solenoidal channel is obtained by summing the con-
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Table 2: Required detector resolution to achieve 1 % accu-
racy of the phase space parameter.

Ik__

Resolution
200 pm
5 mrad
0.14%
2mm
8 DS

tributions of the single rings. This procedure accurately de-
scribes the field in ~e transition re~on between the str~ght
and curved solenoids. A dipole magnet field is superim-
posed on the bent region of the solenoid. This dipole field is
set to cancel the drift of a muon with the mean momentum.
Fig 2 shows the local magnetic field components along the
center of the channel. The axial field is 3 tesla at the center
and varies radially from the center of curvature in the bent
region. The vertical field in the bent region has a central
value of 0.56 tesla and has a hyperbolic tangent form as an
approximation for the ends. The dipole field falls off with
an attenuation length equal to the solenoid aperture radks.
The shape of the local l% (in-plane transverse field) com-
ponent depends on how abrupt the transition is between the
straight and curved regions of the channel.

LOCOIField

=- 30
~-

= 20

3
10

.00 100 200 300 400 500

kid Position. cm
bz

9 6
& F

=4

3
2

0 f I I

o 100 200 300 400 5cm

Axial Position, cm
by

s- 0.4

G“ 0,2
~

90

-0,2

-0.4

0 100 200 300 400 5CK7
,++21 Position. cm

bx

r
:- Figure 2: Components of the field as seen in the local co-
$ ordinate system along the center of the solenoid channel.

The field is in kilogauss.
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The GEANT simulation will produce hh digitization in
the TPCS. These hits include uncertainties for the mea-
surement and for drift in the TPC low pressure methane
gas. The measurement uncertainties for the hit position are
200 pm in transverse directions and 2 mm in the axial di-

rection. The uncertainties from diffusion in the TPC gas is
0.0025 ficm in the transverse direction and 0.135 &cm
in the Iongitudhml duection. The longitudhd drift error
can be 1 cm for a point that is on the opposite side of the
ch~ber from the readout.

3 ANALYSIS

Events Me generated in GEANT corresponding to a nor-
malized transverse emittance of 1300 T mm mrad in each
direction. 184 MeV/c muons initially have a spread of
$$ =3% and loose energy traversing the auxili~ timing
scintillator. The TPCS before and after the bent solenoid
will typically produce about 12 hits on a track. The TPC
hits are fitted to a helii in a reconstruction program[til.
The beam variables can be determined from the fitted he-
lix parameters and compared to the beam variables known
in GEANT. Fig 3 shows the deviation of the reconstructed
beam variables z, x’, g, y’ from the known variables. Ta-
ble 3 gives the RMS errors for the beam variables deter-
mined from Fig 3.
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Figure 3: Deviation of reconstructed beam vmiables,
z, z’, y, y’, from known vahes in GEANT. x.and y are in
cm and z’ and y’ are in radians.

The muon will traverse the solenoidal channel with a he-
lical path. One wishes to measure the drift of the centroid
of the helix, not the position of the muon at some specific
phase. The center of the helix is known from the path re-
construction. The errors. in the measurement of the helix
center (Z=tr, Y=tr)at the TPC is given in Table 3. The error
in determining the helix center will contribute to the ulti-
mate error in the determination of the momentum.

Fig 4.a shows a scatter plot of Pp known from GEANT
verses the vertical drifi traversing the bent solenoid. There
is a strong correlation between Pp and Ay as expected.
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Table 3: Resolution of the beam variables achieved in the
simulation,

Parameter Resolution
(3X= cfy 127 pm
&c’ = dy’ 1.0 mrad
dzc~r = Jyctr 150 pm
~ from AY
# from Pitch

1.3%

[ 1.8%

Fig 4,b shows the deviation in momentum of the points
from the best fit straight line through the data. This figure
establishes the error in momentum from the vertical drift
to be 2.3 IvfeVlc or ~ = 1.3%. Fig 4.c shows the devia-
tion in momentum obtained from measuring the helix pitch
in the TPC alone. This independent measurement sets the

‘p —1.8Y0. These deter-momentum error at 3.0 MeV/c or ~ —
minations of momentum are not adequate for the ernittance
measurement, particularly if time is measured from the RF
phase since a difference in’momentum before and after the
~ cavities would be necessmy for that.
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Figure 4: a: Scatter plot of pP vs fJY; b: Deviation of

Pp from best line fit to data. c Deviation of momentum
determined from pitch measurement in the TPCS.
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4 DISCUSSION
,

The APP spread in Pp detefined fromthe vefic~ d~ft
shown in Fig 4 is likely to come from dHferent paths that
the different muons take through different parts of the field.
Fig 5 shows a histogram of the path lengths that the indi-
vidual muons traverse from the center of TPC1 to the cen-
ter of TPC2, An individual muon will sample a different

IIz as it enters the bent part of the solenoid than when it
leaves the bent solenoid. The non cancellation of the &
component can affect the vertical displacement of a parti-
cle. Fig 5 shows the path length and integrated fields seen
by each muon in its local frame. The variation in ~ & ds
could account for the ApP. ●

A possible procedure to improve the precision of the
muon momentum measurement is the following: Using the
vertical drift as a first estimate of the muon momentum,
track a particle from TPC1 through the solenoid channel
magnetic field to TIC? using several values of the momen-
tum in the vicinity of the fist estimate. A X2 comparing
z, z’, y, y’ can be assigned to each momentum guess. One
can use an iterative process find the best momentum. An
evaluation of this procedure has not been completed at this
moment<
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Figure 5: a: Total path length from TPC1 to TPC2; b:
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