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Abstract

The last stage of ionization cooling for the muon collider
m@rcs a multistage fiquid lithlum lens. This system
uses a large (-0.5 MA) prrfsed current thruough fiqrrid
lithium to focus the beam while energy loss in the
lithium removes momentum which will be seplaced by
linacs. The beam optics am designedto maximize the 6
dimensional transmission from one lens to the next while
minimizing emittarrce growth. The mechanical design of
th lithium vessel is constrained by a pressure pulse doe to
the sudden ohmic heating, and the stress on the w
window. We describe beam optics, the liquid lithium
pressure vessel, pumping, power supplies, as well as the
overall optimization of the system.

1 INTRODUCTION
The muon collider is being studied as a way of looking at
particle interactions at the energy frontier[l]. The event
rate in such a machine is goes like S-l, so the muon
ernittance, &, must be minimized.

An attractive configuration for final stages of g
cooling is obtained by passing the beam though a
conducting light metal rod which acts simultaneously as a
focusing element and as an energy loss absorber. l%e
magnetic fieId produced is given by E~r) =~”r/2, where i
is the current density, r the radius and #0 the permeability
constant. This azimuthaf magnetic field combines with
the IongitudinaJ velocity to obtain a radial focusing force
with the equation of motion, d2r/ds2+ Br/Bp = O. The
beta function for a Li lens is then ~1 = (Bp/B’)’n=(p/i)’n,
where the tieId gradient, B’, can be very large. For a Iens
with rm = 2 rum and the muon momentum in the lens, p
= 300 MeV/c, one cart achieve /11 = 1 cm, which is
difficuft to achieve with soIenoidrdfocusing systems.

Multiple scattering sets a lower limit to the ernittarrce
that can be obtained using this method. This limit is the
equilibrium emittance, .s%ti,m,where ionization coding is
balanced by multiple scattering,
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where ~ is the radiation length, d.Wr is the energy loss,
x ~. ~d moate the relativistic energy factor, velocity and
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rest mass, and the constant C depends on the materird. For
Hydrogen, Lhhium and Beryllium this constant is 42, 79
and 103 mm-mr/cm respectively. Thus the lowest
emittances are obtained with low momenta. high current
densities, and low Z materirds. The lower momentum
limit is determinedby the muon velocity spread and the
slope of dE/& at low momentum, both of which increase
the emittance.

For muon cooling, relatively long Iengths am needed
to obtain large energy losses (total loss shoufd be a few
hundred MeV, at dlYd.r -87.5 MeV/m), and the high
ohmic power deposition associatedwith Klgher frequency
operation would melt the LI.

A complete Lhhirrm lens system would consist of a
number of fithkrm lenses, beam optics tequired to
transmit the beam from one lens to another, linacs used to
replace the momentum lost by ionization, and the
associated electronics and mechanical engineering sequitd
to maintain the liquid Lkhium, pump and pnlse it. Since
the performance of the muon colfider is xelated to the
current density in the lithium lens, one must look at the
structural and mechenicrdlimits of the design of the lens.

The present plan is to produce a conccptuaf design of
lenses with r = 0.5 cm, B- = 15 & 20 T, L = 1 m for
testing as part of the MUCOOL experiment[2]

2 THE PRESSURE PULSE
Thelithium lens is powered by a capacitor system which
produces a voltage proportional to a haff cosine wave
which produces a half sine wave current puke. The length
of the current pulse, r, must be sufficient to allow the

In to pne~ti the lens forskin depth, S = (~iz) ,
resistivity, pfi,of LMrium, which melts at 180 ‘C.
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Figure 1, Resistivity of LMrium.

The ohmic power produces beating, thermal expansion,
and subsequently pressure pulses which will ultimately
limit the performance of the lens. Power deposited in the
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lithium must be removed by circuiting it, with a
replacement frequencyequal to the beam.

The lithium lens can be modeled as a cylindrical tube
of internal madius 4.5 mm contained in a thin steel shell
0.5 mm thick. In this example, 0.5 MA is drawn through
the lens by a voltage pulse which is a half sine wave 50
ps long. The hydrodynamic equations for mass,
momentum and energy conservation, as well as the

response of the envelope arc consideredin the HEIGHTS
package [REF Hassanein]. LhMrrm is heated by Joule
heating as well as energy loss from the muon beam,
which is introduced 25 ys into the 50 ps pulse, producing
a dismntunity in the temperature. The temperature pulse
is shown in Figure 3.
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Figure 3. The temperature profile of the center and edge of
the lens, showing the contribution from the muon beam
at the center. The edge heats first, and the shell stays
cooler due to the higher specific heat

The stress and strain gerremtedby the fields and tire
expansion of the Li is shown in Flgrrrc 4. The initial
compression due to the magnetic field pressure is followed
by the expansion due to the heating of the Li.
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Figure 4. The pressure pulse in the lens.

3 THE PRESSURE VESSEL

There are anumber of severe.requirements on the pressure
vessel holding the liquid Lhhhrm. The pressure vessel
must confine the liquid lithkm flowing through it while
requiring that the pulsed current to pass Iongitudinatly
down tire Lithium. The large pressure pulses must be
supported and the insulators, which confine the electrical
current, must survive the large pulsed pressures. The
emittance of the muon beams must be increased as little

as possible by the structure and the windows, which must
be thin Beryllium. [3],[4]

Two options arc under consideration for the pressure
vessel itself, one which would absorb as much of the
pressure pulse as possibIe radially, the other would
confine the pressure to the liquid and utilize a buffer
volume at the ends of the lens to absorb the increased
volume of Lithium at the ends of the lens.

Two options are being considered for pumping the
liquid Lithium: elcctromagmtic pumps, which have been
used with great success at BINP, and centrifugal pumps,
which have been used at ANL after modification. Both
designs might be moditiedto be more compatible with the
large hydrostatic pulses from the lens.

4 BEAM OP’’KXEBETWEEN

Because the required energy loss is greater than that
provided by a single lens, a number of Li Lenses aR
required. The beam must be reacceleratedand transported
between lenses with minimum losses[5][6]. In addition,
periodic EL+ ETemittance exchange sections are required
to confine and cool the beam longitudinally. Modulation
of the beam envelope is unavoidable in such a section
becausethe Li lens provides a stronger focusing force than
any other component. This modulation leads to
significant chromatic effects which increase the beam size
at the enteranceto the next lens. It is not possible to use
dispersion and sextupcdes because of attendant nonlinear
effects.

The chromatic effects can be attenuated to tolerable
levels by varying the energy deviation, AE, along the
length of the beamline. This is done by requiring a
synchrotronsphase advanceof at least z., which requires at
about 5 m of Iinac, assuming a frequency= 805 MHz,
and 30 MV/m gradtents. At high moment% p-300
MeV/c, this works comparatively well because AE C=Ap,
but at lower momenta nordinearities arc more significant.

Emittance exchange is another problem, since the
energy spread of the beam is large AWE - iO.2, low
energy paticles tend to lose more energy due to
ionization, and straggling widens the energy dhribution
of the beam, which increases the emittance. The
emittrmcc exchange systems consist of an element whicfi’
producesdispcrsion which spreads the beam out in space,
combined with wedge absorbers whtch reduce the energy
range of the beam. We arc primarily looking at bent
solenoids to provide the momentum dispersion. The
ernittance exchange should be done at the end of the
transport section to avoid complicating the chromatic
matching[7].

The proposedsystem which accomplishes these goals
consists of a strong solenoid whose acceptance matches
the strongly divergent beam coming out of the u lens.
Ilk is followed by a weaker solenoid containing a Iinac
section. If the solenoid is bent, the dispersion is



sufficient to do the emittartce exchange with wedges. At
the end of the section is another strong solenoid which
focuses the beam on the input of the next Li lens. Tk.
long solenoid has a field of 3.1 T, and the short solenoids,
used to couple dtiy to the lens, have a field of about
12-20 T. The total length of the section is about 10-12
m. Tfrc optics of this system and more detailed
information about its components are describedelsewhere
[5][6][7].

Since the muon emittarrce is related to the muon
momentum, it is highly desirable to explore modifications
of this system which would permit it to operate a lower
momenta. Tfrk seems to involve shorter LI absorbers ad

beam optics suited to lower momenta and ernittances.
These modifications are under shsdy[8].

[4] G. Sitvestrov, A. Skrinsky, T. Vsevolozskaya, Final
Stage of Muon Beam Cooling, This conference,

[5] V. Balbckov Ionization cooling of muon beam by
multistage system of lithium lenses with matching
sections This conference

[6] P. Spentzouris and D. Neuffer, Design and Simulation
studies of arr Ionization cooling channel using Lithium
Lenses and solenoidal trampori channels, This
conference

[7] J. Norem, Bent So/enai& for Spectrometers and Emittance
JLrchafrgeSections, This conference

[8] R. Patmer, The Muon Collider, a set of lectures given at
the accelerator school at Vanderbilt University, Jan 1999

5 THE POWER SUPPLY

The Lithium lens system is powered by a system
consisting of a matching transformer, driven by an energy
storage and switching section, which is in charged from
the line. Since the performance of the lens is determined

by Lhhium heating, which is proportiorrrd to the pulse
length, it seems desirable to drive the lens with the
highest voltages possible, to minimize the cssrrzmtpulse
length.

6 CONTAINMENT AND SAFETY

Although liquid Lithium fkezes at fairly high
temperatures, it is reactive and should be confined. ‘flE
lens under construction at BINP for FerrniIab uses an
outer vacuum system fdled with Argon to isolate the Li
system from the environment.

7 CONCLUSIONS

The design of the fiquid lithium lens involves both
mechanical rard electrical issues associated with the
pressure vessel aa well aa beam optics considerations
related to the transport lines between lenses. The
mechanicalproblems am dominated by the requirements of
coping with tire very Lwge pressure pulse pmduccd by
Joule and beam heating of the fiqrsidlithium. The design
of the beam optics is concerned with the efficient transport
of large six dimensional emittarrce beams between the
small lenses.
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