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Figure 1. Luminosity required to produce in one year 20 Standard-Model Higgs bosons that decay
to four charged leptons (e, ) as & function of c.m. energy. (mass of ¢t quark = 85 GeV.) Results are
shown for Higgs masses of 400, 500 and 800 GeV.
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shown for Higgs masses of 110, 120 and 130 GeV.
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resolution suggests that other modes suffering less background would be more suitable
for the SDC design.

Assodiated production of Higgs with a W or ¢ quark gives an additional lepton tag
that assists with triggering and significantly reduces the Eackg_rocmd. Figure 37 shows
theeﬁdenqﬁxdetecticnoftt+5—-l77+.¥n Pt and . The analysi requires
Pt > 20 and |n] < 2.5 for the lepton and both photons. The gotted (solié-:urves are
for M = 80 (160) GeV, with four curves fo_r n coverage of 1.5, 2.0, 2.5, 3.0. Several
classes of d have been considered in this process. These include two-photon
backgrounds W + vy, bb+ vy, H + 77 QED radiative decays W, 2 + v, and leptons
faking vy in Z + = unds wit one real v and one misidentified jet (tt + ¥);
and backgrounds where both photons arise from misidentified jets. Fj 38 shows
the resulting estimated background vs, 2:?53 mass. Figure 30 shows the signal and
background for associated light Higp uction with signals at 80, 100, 120, 140,
and 160 GeV. Note that the right-hand scale shows the number of events expected;
the curves are generated with lazge statistics. This signal can be confirmed by SDC

after several years' running,
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Figure 35. The two-photon invariant mass distribution including the signals from Higgs bosons with
masses of 80, 100, 120, 140, and 180 GeV. The background includes only the irreducible backgrounds
arming from the ¢f — 77 and gg — TY processes.
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Figure 36, The expected signals from Higgs bosons with masses of 80, 100, 120, 140, and 160 GeV. The
irreducible backgrounds displayed in Figure 35 have been statistically subtracted using an exponential
fit to the background shape. The baseline calorimeter petformance has been assumed.
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Search Regions in SUSY Parameter Space

* 5 0 contours
* h% H® — yyand H° — 4I* for 10° pb*
* A% H° - ttand H* — tv for 10* pb*
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MSSM Neutral Higgs

* 17 decays of A°, H° allow exploration of this
region tan 3 > 15, 100 < m, < 200 GeV

e Channel studled:

AH > 11

*Form,, >120GeV m_ =m, (tan B> 10)
» Selection cuts

* |solated e and

* Number of hard hadronic jets < 1

* Reconstruct the vs by assuming m = 0,
if e-i. not collinear;
= Reconstruct 1t effective mass m_

* For 10®cm? s/ 104 pb™' signal clearly visible
with2>5 g fortan B> 20, 100 <m__ < 200 GeV

AH =
* Backgrounds considered:
e tt - dominant m_> 150 GeV
* bb - dominant m_ < 150 GeV
* Z/DY — ttimportant at m_~ 100 GeV
* WW negligible
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Electroweak Symma:ry'Brakiﬁg in SQSY‘?MJde];Z J 5

The nature of SUSY models was outlined in a previoys section. As was shown,
evidence for supersymmetry would first be seen in relatively high-rate gluino produc-
tion. Once SUSY is seen ‘there, 3 more complicated Higgs sector would naturally
be expected. The richer Higgs spectrum predicted in sy models is a considerable
experimental challenge to chsenta.nge from the data. Extensive work with detailed
detector simulations on the SUSY iggs sector has not yet been carried oyt by the
community. In the SDC case, decay modes of 1Y, 2% or 22, and to decay to
charged Higgs have been studied. (Recall that for the two-doublet SUSY &gs case,
there are five p%ical Higgs bosons, 4%, %, 4° and H*.) The two free parameters
are taken to be M, and tan 8, where B is the ratio of the vacuum expectation values
for the two Higgs doublets,

The branching ratios for neutral Higgs decays to 77y are shown i Figure 47,

where the solid curve is for A% and the dotted (dashed) curve is for H? (4%). For -
large values of MJ, A® — vy is observable. For small tan 8, A® — ~4 should be
observable. Figure 48 shows the branching ratios for neutral Higgs to 22. Again, the
solid curve is for A%, and the dotted (dashed) curve is for H® (A°). For large values
of tan 8, H® — ZZ is observable. For small values of tan 8, H® — 27 is observable.
Studies of top -+ H*b have shown that the charged Higgs can be seen for all valyes
of tan 8 > 0.1 via the c3 and v, decay modes, :
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Figure 48. The branching ratios for the decay of the neutra! Higgs bosoos in the MSSM to the 22
ot Z2* final state, assuming My = 150 GeV. The solid curve is for the A*, the dotted curve is foc
the /%, and the dasbed curve is for the A®. The three different plots are for tan 4 = 0.5, 2, and 20.

,_./ Assuming 3- years at SSC design luminosity, the experimental situation can be
summarized for SDC by the following comments. For small M, h? is observable at
LEP-II, and ¢ ~ H*} is observable at SSC. For moderate M, and small tan 8, A° is
observable at LEP-II, and H® -+ 22, ¢t — H*} are observable at SSC. For moderate

M, and large tan 8, none of the Higrs bosons may be observable \li"ZZ & ¥y. For
lacge Fa A 7y T sherable s

Clearly, the experimental situation needs further and clarification within
—the context of realistic detector models. Tau decays and b ing may provide some

of the tools necessary to further extend the parameter rangh over wiu'ch a viable search
may be carried out.
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u*~p~ Colliders - Possibilities and Challenges”

David V. Neuffer

CEBAF, 12000 Jefferson Avenue, Newport News VA 23606

Abstract

The current status of the p™—gu ™ collider concept is reviewed and discussed. In a
reference scenario, a high-intensity pulsed proton accelerator (of K-factory class)
produces large numbers of secondary ='s in a nuclear target, which produce muons
by decay. The muons are collected and cooled (by "ionization cooling™) to form
high-intensity bunches that are accelerated to high energy collisions. High luminosity
p*—u~ and p~p colliders at TeV or higher energy scales may be possible.
Challenges in impiementing the scenano are described. Possible variations and
changes in muon production, accumuiation, and collisions are discussed; further
innovations and improvements are :n.ouraged.

Introduction

Current and planned highest energy colliders are hadronic proton-(anti)proton (p-p
or p-P) colliders or electron-positron (e -~e™) colliders, and both approaches have
significant difficulties in extension to higher energies. Hadrons are composite
objects; so only a small fraction of the total energy participates in a collision, and
this fraction decreases with increasing energy. Also, production of new particle
states is masked by a large background of nonresonant hadronic events; identification
of new physics becomes increasingly difficult with increasing energy. Leptonic
(¢*—e™) colliders have had the advantage of providing simple, single-particle
interactions with little background. However, extension to higher energies is limited
in energy, luminosity, and resolution by radiative effects (synchrotron radiation in
circular colliders, beam-beam radiation and pair creation in linear colliders). At very
high energies, the collisions are no longer point-like, because of the radiative
background. '

However, this radiation scales inversely as the fourth power of the lepton mass.
Thus, we can extend the high-quality features of e*—e™ colliders to much higher
energies by colliding higher mass leptons such as muons. The p*—pu~ collider
concept has been suggested, and is described in some detail in references (1, 2, 3,
4), and an example is displayed graphically in Figure 1. In those initiai concepts,
a high-intensity muiti-GeV hadron accelerator beam produces pions from a hadronic
target, and muons are obtained from r-decay. The u*'sand u™'s are accumulated
and cooled by ionization cooling, and then accelerated (in linacs and/or synchrotrons)

* Work supported by Department of Energy contract #DE-AC05-84ER40150




to high energies for high-energy collisions in a storage ring. The process is repeated
at a rate matched to the high-energy muon lifetime to obtain potentially high

luminosities.

Since the initiation of the muon collider concept, some subsequent developments have
increased interest in the possibility of muon colliders, and recent progress in refated
fields may increase their potential capabilities.

In high energy physics (HEP), plans for the current generation of high-energy
facilities are now reasonably well established. The next HEP devices are to be high-
energy (820 TeV) p-p coiliders (SSC and/or LHC), to be followed by an e™—¢’
linear collider (up to 0.5 TeV per beam). It is now possible to begin serious
consideration of projects to follow these, such as a p*—p~ collider. The current
generation of HEP devices includes large components (injectors, tunnels, storage
rings, linacs) and technology (high-gradient linacs, low-p” optics, large-bandwidth
stochastic cooling, etc.) which may be incorporated into a muon collider. This
generation has also pushed back the frontiers of federal funding by more than an
order of magnitude, and that greatly extends the potential scope of a muon collider.

Development of high-intensity accelerator concepts (for KAON factories, or
accelerator transmutation of waste, or tritium production, or for u-catalyzed fusion)
can also provide methods and facilities for improved p production, collection and
cooling.

Recent studies of e* ~e¢’ linear coiliders show that that approach appears to be limited
in energy or luminosity at the TeV scale by beamstrahlung radiation effects. This
calls for a "new paradigm” in extension to higher energies;® possibly including a
p¥—p~ collider option. Also the next frontier in HEP appears to be in
understanding the "Higgs sector”, the generation of masses. The greater direct
coupling of muons to the Higgs sector (by (m,/m,)*) may provide an important
incentive for developing u*--p™ colliders, possibly in the energy-specific form of
a Higgs-resonance “factory”.

In this paper we present an overview of possible high-eaergy p*—u™ colliders for
the p*—u~ workshop (Napa, CA, 12/1992), following the concepts previously
presented in the references (1—4). In this overview, we will identify some of the
critical problems in implementing the scenario, suggest some possible variations and
improvements, and, hopefully, inspire some further directions for innovation and
invention from the participants and other readers.
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p-Production

A critical problem in p*—p~ colliders is the production and coliection of adequate
numbers of muons. The critical difficulties are the large initial phase-space volume
of the muons (since they are produced as secondary or tertiary products of high-
energy coilisions) and the fact that muons decay, with a lifetime of 2.2x 10y s
decay time. (y is the usual kinetic factor (E,/m,).) The problem is to obtain,
compress, and use sufficient muons before decay.

We will first consider as a baseline reference a high-energy hadronic (HEH) muon
source of the type described in references (1, 2, 4): 2 medium-energy high-intensity
hadron accelerator beam is transported onto a high-density target to produce GeV-
energy =w's, and the ='s are confined in a transport channel where they decay to
produce g's, which are collected, compressed, and accelerated. In this section. the
baseline HEH source is described, and guidelines for optimization and improvement
are suggested.  Variations and alternative approaches are then mentioned; these
include a low energy (GeV-scale) "rx-factory” beam, possibly producing surface
muon beams, or an ¢’—beam producing p"—pu~ pairs by photoproduction.

Production of large numbers of muons in the baseline scenario is not difficult.
Hadronic interactions of the beam with the target produce large numbers of x's, and
almost ail of these =x's decay by producing 2 muon plus a neutrino. The difficult
problem of optimizing production and collection for maximal p intensity is not yet
soived; however, some guidelines may be obtained from approximaie calculations.
A first estimate of x* production in proton-hadron collisions may be obtained using
known and calculated particle spectra, such as the empirical formulae of Wang®:

BN i X(1-Xe E-00_pions ' (1)
P i0 AP X(1-X)e -Ge Wclmm proton

where P, is the incident proton momentum, X = P, /P, is the pion/proton momentum
ratio, P, is the pion transverse momentum and A = 2.385 (1.572), B = 3.558
(5.732), C = 1,333 (1.333), and D = 4.727 (4.247) for positive (negative) pions.
In this formula, pions are produced with a2 mean transverse momentum of ~D™! or
~0.2 GeV. Also, if P,/P, < < 1, pion production is nearly indepeadent of proton
energy, and pion production within a given momentum bite (AP./P,) is nearly
constant. If the Wang model is accurate, an optimal x-source may be obtained from
a medium energy proton beam (20—50 GeV) which collides into a nuclear target,
followed by strong-focusing optics which collects secondaries (P, acceptance ~ 0.2
GeV) and a strong-focusing transport line for & - u v decay. Small spot sizes on the




production target and small beam sizes in the transport line are desired to minimize
= and p emittance. High momentum acceptance (3P/P > + 10%) is desired for
maximal production. Economy would favor lower energies.

Figure 2 displays a possible configuration for p* or p production. A 40 GeV
proton beam is focussed (possibly with a Li lens) onto a S cm W target t0 a mm-
scale spot, producing ='s, which are captured by the following optics, which is
designed to accept 2 GeV ='s at angles up to 8, = 100 mrad (P, < 0.3 GeV/c).
This optics is approximated by a 2.0 cm radius Li lens of 10 cm length centered 15
cm downstream from the target center. The capture optics is to be followed by a
strong-focussing transport of ~1 = decay length (~110m at 2 GeV), which maintains
a mean betatron function of im. The resulting muons are inserted into a muon
accumulator system for cooling and acceleration.

According to the Wang model, this outline system would produce and accept 0.12
(0.08) x-s /(GeV/c)/interacting proton. This must be multiplied by a target efficiency
factor ny = 0.4 (the probability that an incident proton produces an exiting x), and
by ths momentum acceptance width (0.4 GeV/c for + 10% acceptance), to obtain the
number of x's accepted in the decay channel per primary proton (0.019/0.012 = */=”

).

In the decay channel, x-decay (x - p v) produces u's within a uniform energy
distribution (between 0.57 and 1.0 E,) and with a maximum transverse momentum
of 29.8 MeV/c. With 63% (1/e) of the x's decaying and -40% of the procduct u's
within the transport acceptance, we find ~0.005 (0.0033) w* (u") per primary proton
are delivered to the p-collector, .

The transverse emittance is determined by the x-production phase space, and the =-
decay phase-space. The transverse emittance from x-production from a thin target
is of order ry @r or 2.5X10* m-rad at 2 GeV, if the primary beam size on the
target, ry, is 0.0025m. (For a thick target, the projected source size (~ly 85/2, where
Iy is the target length) must be included in ry. In our example the projected source
is similar to the target size.) The x-decay increases emittance by ~ 8’ /2, where
B is the mean decay-line betatron function and 6, is the maximum decay angie. With
8, = P/P, ~0.02and § = im in our reference case, an emittance ¢, of ~2x10*
m-rad at 1.5 GeV is obtained from the decay line. For this exampie, the total
transverse emittance would be < ~4x10™ m-rad (6x10? m-rad normalized), and
could be somewhat reduced by further optimizations.

This reference case is oversimplified. The problems of separating primary p's from
secondary x* and x” beams, and separating the x beams from each other are not
addressed; the actual optics will be more interesting. The parameters are not
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optimized, and the production estimates are not very accurate. The calculations do .

not include x's (and p's) from secondary interactions. For E, < < E,, secondary
and cascade production could be large. However, p-decay from source to coilider
will reduce the final number (by ~2x). The caiculations do show that an HEH
source can obtain z 10”7 u‘s per primary proton, and that is adequate for a high-
luminosity collider, This result is in agreement with an independent analysis of
Noble.” It is possible that improvements, acceptance increases, and optimization
could conceivably increase this to the 107 level, but probably not much greater.

The HEH scenario has been motivated from a high-energy physics bias, and imitates
P source methods. x-production also occurs in low-energy hadronic (LEH) "x-
factories”, from GeV/nucleon protons or deuterons, at a level of ~0.5 =/p. For p-
collider use, a compressor ring would be needed to combine the proton(deuteron)
linac beams into sub-ps pulses. The x's are produced at the 100 MeV energy level,
where they can be stopped in an absorber to produce 29 MeV/c u's, which wiil lose
further energy in the absorber. (Stopping times are at ns levels; the u-lifetime at rest
is 2.2pus.) (Nagamine has proposed extracting such slow muons in a high-intensity
surface muon source.?) An LEH source can produce large numbers of p's with low
energy and momentum spread, which may require tittle or no further cooling, and
the LEH source could be preferable to an HEH source. The difficulty is in
extracting sufficient p's in a smail phase-space volume which are suitable for
acceleration in a p*—p~ collider. The problem of calculating and optimizing
production in an LEH configuration is unsolved; it is an important challenge for the
reader. :

Another possible u-source can be obtained by colliding muiti-GeV ¢’ beams into a
hadronic target; bremstrahlung would produce 4 * -~ pairs by photoproduction, but
not as frequently as e*—e™ pairs. Obtaining the p's through pair production avoids
the phase-space dilution of x-decay; however p-production does not seem to be as

* copious as in a hadronic source. An optimized calculated comparison has not yet

been made.

The best possible pi-source is not yet identified or developed. It may foliow some of
the ideas suggested in this section, with added improvements and innovatioas, or it
may be dramatically different. That development is an important challenge for the
workshop.

p-Cooling, and Combination
The p's are produced in a relatively large phase-space volume which must be

compressed to obtain high-luminosity collisions. Most of the needed compression is
obtained from adiabatic damping; acceleration from GeV-scale p coilection to TeV-




scale collisions reduces phase-space by ~10° (10° per dimension)., Additional phase-
space reduction can be obtained by "ionization cooling” of muons ("u-cooling™),
which is described in some detail in references (1,2,3), and is conceptually similar
to radiation damping. In this section we first describe transverse u-cooling.
Longitudinal cooling and bunch combmauon and muon survival and acceleration are
then discussed.

The basic mechanism of transverse p-cooling is quite simple, and is shown
graphically in figure 3, Muons passing through a material medium lose energy (and
momentum) through ionization interactions. The losses are parailel to the particle
motion, and therefore include transverse and longitudinal momentum losses; the
transverse energy losses reduce (normalized) emittance. Reacceleration of the beam
(in rf cavities) restores only longitudinal energy. The combined process of ionization
energy loss plus rf reacceleration reduces transverse momentum and hence reduces
transverse emittance. However, the random process of muitiple scattering in the
material medium increases the emittance.

The equation for transverse cooling can be written in a differential-equation form as:

dEu
de e _@_ 48,,, (2)

L

——-—g————-—

& E 2 dz

[

where ¢, is the (unnormalized) transverse emittance, dE /dz is the absorber energy
loss percoolcrma)ortlength z, B is the betatron funcnon in the absorber and 6,

is the mean accumuiated multiple scattering angle in the absorber. Note that dE ldz
= f, dE,/ds, where f, is the fraction of the transport length occupledby the
absorber wiuch has an energy absorbtion coefficient of dE,/ds. Also the multiple
scattering can be estimated from:

d63) £ (00145 @)
& Ly E,

where Ly is the material radiation length and E, is in GeV. (The differential-
equation form assumes the cooling system is formed from small alternating absorber
and reaccelerator sections; a similar difference equation would be appropriate if
individual sections are iong.)
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If the parameters are constant, equations 2 and 3 may be combined to find a
minimum cooled (unnormalized) emittance of

o (00142 B

A “
K ds
or, when normalized
o v (0.014)* p°
EN GLY 2m Cz dEu (s)
B L=t
ds

{All energies are in GeV.)

Avoiding longitudinal phase-space dilution implies cooling at E, 2 0.3 GeV, and
economy implies cooling at relatively low energies (since cooting by ¢! requires E,
energy loss and recovery). E, = 0.5—1.5 GeV seems reasonable. Cooling can be
obtained in either linacs (possibly using recirculation lines) or storage rings,
Multiple stages can be used to optimize cooling scenarios. The important constraint
is that cooling must be completed within a muon lifetime, which can be expressed
as ~300 B (T) turns in a storage ring, where B is the mean bending field, oras a
length L, = 660 y meters of path length. This constraint is surmountable.

Some guidelines for optimal cooling may be obtained from equations 2--5. They
indicate that it is desirable to obtain small f° (strong focusing) at the absorber. It s
also desirable to have materials with large Ly dE/ds. Ly dE/ds is largest for light
elements (0.1 GeV for Li, Be but -0.01 GeV for W, Pb) indicating the desirability

- of light absorbers. H . the need for smail §* and the depth of focus constraint

that 2 (non-focusing) absorber section must be iess than 28. would favor large dE/ds
(heavy) absorbers. A conducting light-metal absorber (Li, Be, Al) can also be 2
continuously focusing lens, which could then be arbitrarily long while maintaining
small B°. With current technology, lenses maintaining B° < lcm appear possible.

With B° = 1 ¢cm, and Ly dE/ds ~ 0.1 GeV, a normalized emittance of ey ~ 102 p°
~ 10* m-rad is obtained as a reasonable goal for transverse cooling. Some
improvements may be possible; the reader may develop ideas for optimal
implementation.

Longitudinal (energy-spread) cooling is also possible, if the energy loss increases
with increasing energy. The energy loss function for muons, dE/ds, is rapidly
decreasing (heating) with energy for E, < 0.3 GeV, but is slightly increasing




{cooling) for E, > 0.3 GeV. This natural dependence can be enhanced by placing
a wedge-shaped absorber at 2 "non-zero dispersion” region where position is energy-
dependent (see figure 4). Longitudinal cooling is limited by statistical fluctuations
in the number and energy of muon-atom interactions. An equation for energy
cooling is:
o
HADD 5 dz (s 3. sy
dz oE, dz

W

(6

where [ is the mean energy exchange (~12Z eV). and the derivative with energy
combines natural energy dependence with dispersion-enhanced dependence. An
expression for this enhanced cooling derivative is:

dE dE,
Sl g3

Ao gy p, S dd ?
3E, "* OE, °*ds dxE8,

where n is the dispersion at the absorber, & and dd/dx are the thickness and tilt of
the absorber. Note that using a wedge absorber for energy cooling will reduce
transverse cooling; the sum of transverse and longitudinal cooling rates is invariant.
From eqs. 6 and 7, cooling of 1 GeV u energy spreads to AE/E < 0.005 is possible.
An rf buncher plus compressor arc (or synchrotron oscillations) can use this reduced
energy spread to reduced bunch length.

The major problem in longitudinal space derives from the mismatch between the
initial bunch structure of the u-source and the desired p-collider bunch configuration.
The primary proton beam from a rapid-cycling synchrotron (RCS) would consist of
~100~-200 bunches, while compression to one (or a few) p-collider bunches is
desired. Phase-space manipulations will be needed.

Bunch combination procedures could include:

1. Proton-bunch Overlap: Before extraction from the RCS, the proton bunches can
be compressed with a lower harmonic (or sideband) rf system to provide spatially
overlapping bunches (with different momenta) on the target. Since target spot sizes
need not be very small and x-production is not energy-dependent, a broad primary
energy spread can be accepted at the target, with no degradation of x-production.
Combination by at least a factor of 10 should be obtainable. A separate extraction-
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3 < 2 4 2% 200
energy pr'oton compressor ring for the rf bunch manipulations may be desired.

2. Non-Liouvillian "Stochastic Injection“°: Bunch-combination without phase-space
dilution can occur during x-decay, as in "stochastic injection” into a p-storage nng,
as shown in figure 5. In this process a train of ©-bunches from a hadronic target, is
injected into a decay channel, which is also a zero-dispersion straight-section of a u-
storage ring. The x-bunch spacing is matched to the storage ring period (or a low
harmonic). The injected ='s are not in the acceptance of the ring; the ring accepis
lower-energy particles and, in particular, those p's from m-decay in the straight
section that are within that acceptance. Successive n-bunch arrivals are timed to
overlap an accumulated u-bunch. The x-lifetime is «1 % of the u-lifetime, and is
naturally matched for decay within the first-turn decay channel, while permitting
multiple turmn accumulation. At reasonable parameters, p's from 10--30 x-bunches
can be accumulated in a single bunch, without large w-decay losses. {The storage
ring can also be used for cooling the accumulated p's.)

3. Beam Cooling with Bunch Combination: Transverse or energy cooling of p-
bunches can compress beams to a degree where bunches can be stacked together,
using conventional Liouvillian bunch-combination optics. The stacked bunch can then
be further cooled to a phase-space volume < the previous cooled single-bunch size.

'The process can continue through further stacking and cooling steps. The process

adds the compiications of multiple beam-combination transport lines and optics;
however, combinations of many bunches (10—100) could be obtained.

Some combination of these three (plus other to-be-developed) methods can be used
to reduce the number of p bunches to a few enhanced-intensity bunches. (The first
two procedures are complementary: proton bunch stacking combines nearby bunches
while stochastic injection more naturally combines widely spaced bunches.)
Tonization cooling can then be used for further compression, in bunch-iength or
energy spread, for optimal collider use.

Acceleration and Collider Scenarios

Cooled and compressed § bunches can be used in high-energy high-luminosity
colliders. in this section, we describe some potential scenarios. We use asa reference
case a 1 TeV per beam p*—p ™ collider (2 TeV in the center-of-mass), as this is the
energy scale where the p*—pu~ collider may begin to be preferable to e™—e~
colliders. Table 1 shows a reference case, with relatively conservative choices of

parameters.

1. Linac-Storage Ring - This scenario is displayed graphically in Figure 1, and this
is probably the highest-luminosity case. p*—p~ bunches from the collector/cooler

J




are both accelerated to full energy in a high-gradient linac to | TeV, where both
bunches are injected into a superconducting storage ring for high-energy collisions
at low-8, interaction points. The p beam lifetime is ~300 B turns, where B is the
mean bending field in T. B = 8T, implying 2400 turns, is currently achievable. The
main difficulty is the relatively large cost of the full-energy TeV linac.

2. Linac-Linac coilider - As in e”-¢" linear colliders, p bunches from opposing linacs
can collide. This scenario loses the luminosity magnification obtained from multiple
collisions in a storage ring, which is permitted by the long u lifetime. It aiso requires
two full-energy linacs, and a TeV storage ring is cheaper than a TeV linac.
However, an existing e*-¢" linear collider could be modified to obtain p™—u~
collisions, with the addition of a u-source.

3. Rapid-cycling Synchrotron Collider - At 1 TeV, the p lifetime has increased to
0.021s, and the lifetime increase with energy is sufficient to permit acceleration in
a rapid-cycling synchrotron with acceptable losses. Figure 6 shows the basic
components: a p-source injected into a ~20—50 GeV linac followed by a rapid
cycling synchrotron with 20 km circumference (B ~ IT). Acceleration from injection
to full energy in ~50—100 turns could foliow a 60—120 Hz waveform followed by -
~ 0.02s at fixed field for collisions or, for higher luminosity, transfer to a fixed-field
(8T) collider ring. Luminosity would be naively expected to be about an order of
magnitude smaller than in the linac-storage ring scenario.

4, The p-p Collider - A u*—u ™ collider can aiso be operated as a p™-p collider with
both i and p beams at full energy. High luminosity would be relatively easily
obtained because only one beam () is unstable and diffuse. This is a2 probable initial
and debugging operating mode for a storage ring p"—p™ collider.

Revolution frequencies of equal energy p and p beams would be naturaily
mismatched because of unequal speeds. They can be rematched by displacing the
beams in energy and using the ring nonisochromicity.? The required energy
displacement is

—af-w AL ®
2y, 2v,

where v, is the ring transition-gamma. At reference parameters (E, = 1 TeV, v
= 30) 8E/E = 0.0005 is required.

5. Physics-Opportunity Colliders - A resonance, such as a new Z particle or a Higgs
particle, may exist or be predicted in u*—p™ collisions. At such 2 resonance, a
lower luminosity and/or lower energy collider could still provide extremely important
physics. Such a collider would be a simplified form of the baseline high-luminosity
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models, possibly with w-sources using existing accelerators, omitting -cooling,
and/or using existing storage rings for collisions. Such a facility would, of course,
provide excellent training for a high-energy high-luminosity coilider.

Luminosity Possibilities and Constraints
Using the previously discussed techniques, high luminosity can be obtained in a
p*—p~ collider. The luminosity is given Dy the equation:

LI NN f NN ©)
4no?  4nfge,

where N*, N are the number of p =, i’ per colliding bunch, f. is the frequency of
bunch coliisions, o is the colliding beam size, B° is the betatron function at the
collision point and €, = e,/v is the transverse emittance. In a storage-ring collider,
f. = f, ny ng, where f, is the system cycling rate, ny is the number of bunches, and
ng is the number of turns of storage per cycle.

This formula is applied to a reference TeV p*—u~ collider (Table 1). The
parameters we use include N* = N = 10" (which can be obtained assuming a
modest production rate of 10 u/p from 10'* proton high-energy pulses), ng=1, f,
= 30 Hz, and ng = 1200 turns storage. With ey = 10°* m-rad( e, =10*) from B’
- lcmangago = | mm (¢ ~ 3 pm), we obtain a respectable baseline luminosity of
L ~3 x 107

Note that the above parameter set is relatively modest, and improvements in some
of the parameters (i. ¢., N*, N, o) by up to an order of magnitude are conceivable.
However, reliable accomplishment of high luminosity in a niovel and complicated
facility which uses unstable particles and has severat difficult design components will
still not be easy.

Luminosity in a p*—p ™ collider ring may be expected to be limited by the beam-
beam interaction. Since long-term stability is not needed, the allowable beam-beam
tune shift should be somewhat greater than the e*-¢" storage limit of Av < -0.05.
The tune shift is given by

aveubo (10)
4nyg?
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where r, = 1.363 X 10" m. At the baseline parameters Av ~ 0.001; luminosity
would have to be increased dramaticaily for the beam-beam limit to be significant.

A p*—p~ collider has substantial beam power requirements, particularly in the
primary proton beam. In the reference case, the requirements are 10'¢ 40 GeV
protons at 30 Hz, which implies 20 MW beam power. This is an order of magnitude
above present facilities, but is the same magnitude as proposed K-factories. (The
high-energy p beams themselves require only 0.32MW.) More efficient -
production may be desirable (obtaining more u/p, using lower energy p's or a LEH
source). However a high-luminosity high-energy p™—p~ collider is a successor to
SSC or TLC-size facilities, and on that scale, a K-factory type source is small. An
even higher intensity source could be affordable.

A significant difficulty in a storage ring is that p's decay (i - evv), and decay
alectrons at ~0.3 TeV will hit the walls of the storage ring. At the reference
parameters, with half the p's decaying during storage, we find 50 kW of ~0.3 TeV
electrons will be deposited evenly within a narrow strip on the inner wall of the ring.
The ring must be designed to accept this.

The obtainable luminosity L is expected to increase with increasing end point energy
E,, as the p lifetime increases and the emittance and energy spreads are adiabatically
damped. As discussed in reference (4), the beam size (o?) at coilision should
decrease as E,?, as both B* and e can decrease. Cycle time wouid increase;
however, the longer cycle time could permit accumulation of successive rapid-cycling
proton pulses to obtain magnified-intensity u-bunches. The net effect is that N* and
N increase as E, and f is reduced by E,". In all, L naturally increases as E}.
{Costs increase linearly with E,.) This scaling would be expected to dominate unt:l
the E, ~ 100—1000 TeV region, where p synchrotron-radiation excludes p storage-
ring colliders.

Summary

In this paper, we have introduced concepts which show the promise of the
development of high-luminosity TeV-scale u “—p~ colliders. These initial concepts
need considerable practical development. While key ingredients of a future facility
have been introduced, further inventions and improvements are greatly desired.
These concepts plus further developments must be integrated into a fully seif-
consistent design for a p*—p ™ facility. The discussions at the first B *—p~ collider
workshop at Napa, CA should elucidate the possibilities and set a basis for further
development. Contributions and improvements frrom the workshop participants and
other readers are encouraged. A functional p*—p~ collider will be obtained only
through further innovation and development.
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Appendix

Since this report is appearing subsequent to the 1992 Napa p*—p~ Collider
workshop, in this section, | am adding some initial impressions of the proceedings

of the workshop.

D. Cline presented an interesting immediate application for a p—p~ collider.
There are theoretical reasons to believe that the Higgs boson might exist in the
90180 GeV region, and that is an energy region at which only a p*—p™ Collider
could obtain a clean observation of a Higgs boson. (u*—p~ - H is favored because
of the relatively large muon mass.) The observation would require luminosity greater
than -10%° cm%s!. Sample parameters with this luminosity goal are shown in Table
2. This relatively low-energy collider could be developed relatively inexpensively,
possibly using existing facilities for major components, although it is unclear if any
existing accelerator could deliver sufficient muon intensity. An important future goal
is developing an optimal short-term path to this extremely important physics goal.

At the workshop, it was speculated that maximal muon production could be obtained
from a hadronic (or leptonic) cascade source, possibly at 2 beam dump, rather than
the single-interaction source outlined above. H. Thiessen suggested that the most
efficient source may be a ~5 GeV hadronic source. Serious target problems were
noted for any high-intensity source. Further study/optimization is needed.

In beam cooling, the limitations on ionization cooling due to multiple scatiering
(described above) were discussed. It may be possible to have a muon source with
initial emittance smaller than the multiple scattering Limit, and therefore to avoid
cooling.

The bunch combination/compression (see above) was identified as a key problem,
particularly bunch length reduction to match small B° optics. At multi-GeV energies,
the muons will be relativistic and have no longitudinal motion within a linac.
However, relativistic muon bunches can be compressed with an rf-induced energy tilt
and transport through 2 bending arc (or ring). Scenario design/optimization is
needed.

Although the workshop did not identify a clear path to a sufficient luminosity design,
it did show important (and perhaps obtainable) physics goals, particularly the Higgs
discovery opportunity. Future study goals, particularly in source design and scenario
development, were identified, and the need for future workshop(s) after further
development was suggested.
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Figure 1. Overview of a linac-based p*—p~ collider, showing a hadronic
accelerator, which produces «'s on a target, followed by 3 n-decay channel (% 4 v)
and w-cooling system, foliowed by a p-accelerating linac, feeding into a high-energy
storage ring for p™—Kk~ collisions. {The linac could be replaced by 2 rapid-cycling

ring, see Fig. 6}.

2. Schematic view of p-production from x-decay, with ='s produced from
target; a collector lens(es)

channel, where n-decay

Figure
hadrons. A high-energy hadronic beam is focussed onto a
collects the resulting ='s into a strong-focussing "FODO"

produces p's for collider use.

Figure 3. Schematic view of transverse “jonization cooling.” Energy loss in an
absorber occurs parallel to the motion; therefore transverse momentum is lost with
the longitudinal energy loss. Energy gain is longitudinal only; the net result is 2
decrease in transverse phase-space area.

Figure 4. Enhancement of energy cooling by using 2 wedge absorber placed in 2
non-zero di ion region. The thickness of the absorber depends ont {ransverse
position (A = &8, + (d&ldx)x),andmepositionattheabsorberdqmdson the
energy (x =0 (AE/E}), producinganenmncedeaergydependmceofmergyloss,
decreasing energy amzymcoveryintheaccelmtorismdepmdmtof
energy. (Transverse cooling decreases with enhanced energy cooling.)

Figure 5. Schematic view of "stochastic injection” into a storage ring. A train of
p-bunches produces <-bunches, which are injected into 2 storage ring for multi-tumn
stacking. The initial spncin;ismatcnedtoaﬁngharmonic(hszintheﬁgm), SO
that following x-bunches overlap accumuiated 'S from previous bunches. x-decays
inthesmightsectionwhichpmduce u'swiﬂﬁntheringaeoeptanceaddtome
accumulation. (Note that the short but finite x lifetime is nearly optimally matched
to make this scheme practical.)

Figure 6. Overview ofa pt—p~ collider, with a rapid-cycling synchrotron for the
pﬁnnrymlexm.Mﬁgureshowsapﬂmpromm,pmducing: sona
target, which decay t0 W's in a decay channel. After cooling and compression,
i *—p~ bunches are accelerated inalinacandinarapid—cyclingsynchmontofuﬂ
msy.wwemeyminjected in:oatﬁgh-ﬁddwrin;formulﬁ-mm
collisions. For example, 2 20-GeV linac feeding into & 20 GeV/turn (at i.2 T) rapid-
cycling synchrotron d produce 1 TeV p"—p~ beams with acceptable decay

lm . )
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Table I Parameter List for TeV u+ - u~ Collider

(2 TeV Collisions)
Parameter Symbol Valye
Energy E.x 1 TeV
Luminosity L 3.10% cm~%s!
HEH-Source Parameters
Proton energy E, 40 GeV
P/pulse N, 104
Pulse rate fo 30 Hz
i production efficiency u/p 103
Collider Parameters
# ut/u~ per bunch N=* 108!
# bunches ng 1
Storage turns n, _ 1200
4 emittance €L=% 10~% m-Rad
Interaction focus B0 1 mm
Beam size ted 3 um

Table II Parameter List for 100 GeV g* — u~ Collider

Parameter Symbol Valye
Energy - E.+ 100 GeV

~ Luminosity | L 10°° cm~%s~!
Pulse rate fo  10Hz
Storage turns iy ' 1000
# bunches ng 10
# p*/u~ per bunch N* 1010
u-emittance gL = 5L 10~ m-Rad
Interaction-3 3° lem
Beam size (at IR) . e 30 mm
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Figure 1. Overview of a
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Figure 2. Schematic view of p-production from x-decay, with ='s produced from
hadrons. A high-energy hadronic beam is focussed onto 2 target; a collector lens(es)
collects the resulting x's into a sirong-focussing "FODO" channel, where x-decay

produces u's for collider use.

llisions. (The linac could be replaced by a rapid-




SKETCH OF TRANSVERSE 'TONIZATION COOLING PRINCIPLE
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Figure 3. Schematic view of transverse wionization cooling.” Energy loss in an
absorber occurs parallel 10 the motion; therefore ransverse momentum is lost with
the longitudinal energy loss. Energy gain is longitudinal only; the net resuit is a
decrease in transverse phase-space area.

USE OF “"WEDGE" ABSORBER TO ENHANCE ENERGY COOLING
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Figure 4. Enhancemont of energy cooling by using 2 wedge absorber placed in a
fon-zero dispersion region. The thickness of the absorber depends on transverse
position (A = 3, + (d8/dx) x ), and the position at the absorber depends on the
energy (x = 1 (AE/E)), producing an enhanced energy dependence of energy loss.
decreasing energy spread. Energy recovery in the accelerator is independent of
energy. (Transverse cooling decreases with enhanced energy cooling.)
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Undecayed t's
Tt —> i v Decay line

Figure 5. Schematic view of "stochastic injection" into a storage ring. A train of
p-bunches produces =-bunches, which are injected into a storage ring for multi-turn
stacking. The initial spacing is matched to a ring harmonic (h=2 in the figure), so
that following w-bunches overiap accumulated pr's from previous bunches. n-decays
in the straight section which produce p's within the ring acceptance add to the
accumulation. (Note that the short but finite r .ifetime is neariy optimally matched
to make this scheme practical.)
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Table 1

Pulse rate

4 production efficiency

# u*/p~ per bunch

# bunches
Storage turns

4 emittance
Interaction focus
Beam size

J T

2 4 y

i

7

. 7
MR |

Parameter List for TeV yt - ;5= Collider
(2 TeV Collisions)

Yalue
1 TeV

- 3108 cm~%-1

40 GeV
101.4

30 Hz
10-3

1011

1

1200

10~* m-Rad
lmm

~ 3um

Table I Parameter List for 100 GeV 4+ — u~ Collider

Parameter
Energy
Luminosity
Pulse rate
Storage turns
# bunches

# u*/u" per bunch
j~emittance
Interaction-3
Beam size (at IR)

Symbol

Eys

Valye
100 GeV

%10 cn-2s!

10Hz~=) |00
1000

10 = %

1010

10~7 m-Rad
lem

30 mm

K
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) i 2 4 P07 3
\— Parameter List for TeV u*u~ Collider
(2 TeV Collisions)
Parameter Symbol Value
Energy E, 1 TeV
Luminosity L 3-10%% cm™3%s7!
HEH — Source Parameters k WO ?«afo‘-)
Proton energy Ey 40 Gevi 20
P/pulse N, 104 MV
Pulse rate fo 30 Hz
u production efficiency pu/p ,J,gf
Collider Parameters
# pt/p~ per bunch N* 10!
# bunches ng 1
Storage turns n, 1200
4 emittance €L =W 10-% m-Rad
Interaction focus Bo 1mm
Beam size 4 3 um
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Characteristics of a high energy p+u- collider
based on electro-production of muons

William A. Barletta® and Andrew M. Sessler*
January 9, 1993

Abstract: We analyze the design of an high energy pu*y” collider based on electro-production of
muons. We derive an expression for the luminosity in terms of analytic formulae for the electron-
to-muon conversion efficiency and the electron beam power on the production target. On the basis
of studies of self-consistent sets of collider parameters under “realistic” (“optimistic™) assumptions
about available technology with beam cooling, we find the luminosity limited to 1027 m-2g-1
(1028 m~25'1), We also identify major technological innovations that will be required before p+y-
coiliders can offer sufficient luminosity (1030 cm‘zs‘l} for high energy physics research,

1. Introduction

Many physicists consider that the recent determinations of lower bounds for the
mass of the top meson reinforce arguments that a Standard Model Higgs should have a
mass less than twice the mass of the Z. This consideration has led to renewed interest in
muon colliders as an ideal means of probing the mass range from mz to 2mz. More
generally, a muon collider with center-of-mass energy in the range of 200 to 400 GeV has
the potential 1o produce very large numbers of Higgs particles because of the enhanced (vis
4 vis electrons) muon coupling to the Higgs. For such a collider to have maximum
discovery potential the luminosity should be 2 1030 cm-25°! [1]. As the muon is an unstable
particle, the muons must be generated as secondary beams from either a proton beam or an
electron beam striking a production target. The muons that emerge from the target must
then be gathered and accelerated rapidly to high energy, at which point they can be injected
into a storage ring collider with superconducting magnets.

This paper analyses the possibility of using electro-production to generate the muon
beams. The chief advantage of producing the muons with an electron beam from a high
energy, linear accelerator is that the bunches of muons are naturally formed with a short
bunch length (< 1 cm) for acceleration to the desired high energy in a subsequent linear
accelerator. As the muons will retain their short bunch length in the collider, a low B
interaction region can be employed. This scheme is illustrated in Fig. 1.

* Work performed under the auspices of the Eawrence Livermore Nationat Laboratory under contract W-
7405-eng-48.
* Work performed under the auspices of the Lawrence Berkeley Laboratory under contract DE-ACO3-
76SF00098.




- 60 GeV Muon Linac
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1 > — ——
50 GeV Target 55 Gey
Electron Linac Muon Linac
Cooler
Collider

Figure 1. The scheme for a u*y- collider using electro-production.

2. Electro-production

Muons can be produced by an electron beam via two classes of processes, 1) p*u-
pair production and 2) photo-production of x's and K's, which subsequently decay into
muons. It is known experimentally [2] that the cross-section for pair production is much
more than an order of magnitude greater than that for process (2). Consequently, in the
discussion that follows we will consider only pair production.

To estimate the muon pair production from an electron beam of energy, Ee, incident
upon a thick target of atomic number Z, one can use the expression from Nelson {3] based

on approximation A of shower theory. F is number of muons per electron produced at an
angle 2 ¢ with respect to the incident electron beam;

i m2 O0S5T2E.n
(E.ES) = T
b (2 J't)2 u2 p.zln(183 7-13

gg )ZIH(Tu)x
M
[(1-v2)-033[ 1-403(1-075v)]n[ 1 +27])

where m = electron mass, it = muon mass, E = energy of the muon at the production
target, W, = B at the production target, v = E/Ee A =12 42, and 1 = {1+A)2. Eq. (1) is
known to overestimate the muon pair production by a factor of = 2.

The number of muons per electron accepted in an angle < ¢, in a momentum bite of
1 Ap/p at a muoa energy E is

A = [€E(EED) - gEE(E,,E,¢}]EE-I§‘P-. @

From eq. (2) it is immediately obvious that one will prefer to accept muons with a large
value of E/E, rather than with a smait E/E as long as the function dF/dE is relatively flat in




energy. For small muon production angles this condition obtains for the energy range, 0.2
< E/E¢ < 0.8. The same consideration also argues that one should choose a large initial
electron beam energy. Figures 2a) and 2b) display plots of eq. (2) for a low energy and a
high cnergy production option respectively.

10 4
—_— &
’-
A, () el
10°°
0 Phi (radians) 01
10 2 e o —  STR S MG S Snm—
Ee =50 GeV; E y=35GeV '
Ap (/e)
-4
10 0 . i 0.1
Phi (radians) b)

Figure 2. Number of 1 pairs per ¢- accepted at an angle < phi for a) 2 § GeV
electron beam with Ey = 3 GeV and b) a 50 GeV electron beam with Ey; =35 GeV.

At the front surface of the production target the electron beam can be focused to a
spot of radius, rp ~ 1 mm, The muons will, however, appear to originate from a somewhat
larger spot with a size given by the radial extent of the electromagnetic shower at a depth




corresponding to the shower maximum, which occurs approximately six radiation lengths
(6 X,) inside the target. The radiation length, Xo, for tungsten is 3 mm; hence the shower
maximum will occur at = 20 mm, and a tungsten target 30 mm long will yield almost the
entire thick target conversion to muons.

At the depth corresponding to the shower maximum the primary electron beam will
have suffered a mean scattering angle of

712
o= ‘0.0286:\/) { GXO)’ 3)
which will induce a radial spread of 6X,© in the primary beam. Actually in a high Z target,
the shower will spread by an amount roughly double this value. Hence, the shower radius
can be approximated by

Igh = (r,;" +(12€-)X0)2)m. (4)

At production the geometrical emittance, e(E), of the muon beam of energy, E, accepied

into an angle ¢accep will be

eE)= BN o b, )
Yprod
where € prod is the normalized emittance at production.

To increase the muon production efficiency one might consider alternate techniques
of photo-production. The production process consisis of two steps: 1) conversion of the
electron energy into photons and 2) muon pair production from the photons. Rather than
using bremsstrahlung, one might employ synchrotron radiation as the conversion process.
Synchrotron radiation conversion could either take place in a crystal or in a plasma (41,
which has an obvious advantage of being more amenable w high average power operation.

The choice of synchrotron radiation conversion is uniikely to increase the rate of
muon production as the mean photon energy is lower for the synchrotron radiation photons
than for the bremsswahlung photons. The synchrotron radiation photons are more
numerous, but only at low energies for which muon pair production is not energeticaily
allowed. The angular distribution of the muons produced will be dominated by the spread
of angles of the clectrons in the primary beam as the average electron angle will be
significantly larger than y!.
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The pair production rate in crystals is known experimentally [S] to be larger than in
amorphous materials due to the coherent field effects. For photons of 100 GeV, the
coherent production is a few times the Bethe-Heitler rate; however, for 20 GeV photons
this effect increases pair production by only 10%. As the mean energy of bremsstrahlung
photons is ~ 20% of the incident beam energy, pair production in a crystal will not
significantly enhance the muon yield for a 100 GeV per beam collider. Hence, in the
analysis that follows we restrict our attention to the use of a conversion bremsstrahlung
production target.

3. Ionization cooling

In designing a collider one will inevitably seek a means of having as low an
emittance as possible for the beams. One suggested means of cooling the muons (Fig. 3) is
to pass the beam through a succession of alternating slabs of material (ionization cells) and
rf-accelerating sections. In the ionization cells each of the muons gives up momentum along
its particular trajectory, thereby loosing transverse and longitudinal momentum. In the
accelerating sections the longitudinal momentum is restored to the beam. Thus the
transverse emittance of the beam is reduced in a manner analogous to radiation damping.

Ll Fr i+ 11
CTED <CTTTD

Ll 1111

Figure 3. Schematic of the basic components of an ionization cooling array: a
strong lens to focus the beam, the ionization medium in which the particles lose
both transverse and longitudinal momentum, and an accelerating structure to restore
the longitudinal momentum of the beam.

Neuf¥fer [6] has showed that the ionization cooling of the transverse emittance is
limited by beam heating due to multiple Coulomb scattering. If the transverse cooling is
performed at an energy, Eg, using a medium for which the radiation length is XR and the
ionization loss rate is dE/dx, then the equilibrium, normalized emittance will be

Beool _ (14 MeV)?

2 mu?(xeE)’ ©6)

€eq.n =




follows that efficient cooling requires that one employ a very strong focusing svstem tha
brings the beam to a symmetric waste of smalj radius in the ionization medium. For high
Chergy muons traversing a medium of density p (g/cm3), of atomic number Z, and of
atomic weight, A, the jonization loss rate can be approximated [7} by

& _DZp (2me7232c2 z)l _
asbior ]

where B =v/c, D =0.307 and I = 16 Z09 V. For materials with Z 2 6, the radiation length
may be approximated by

Xa(cm) = 7164 A

. 8
PZ(Z+1)in{2872-12) )

Multiplying eq. (7) and (8), one observes that the product (Xg dE/dx) is independent of the
density of the jonization medium and is greatest for small values of Z. Hence, low Z media
will be preferred over high Z media for ionization cooling. The iength of
medium in any individual ionization cell will have 10 be limited t0 feog 2.
As the momentum bite of the selected muons will be relatively large, one should
consider using optics with second order chromatic corrections to focus the beam on to the
ionization targets as otherwise the spot size will be unacceptably large. The focusing
system may be a strong quadrupole triplet. Brown [8] has suggested a focal system tha ;s
suitable for scaling calculations. In this triplet transverse dimensions are scaled by a factor
» which is the aperture (radius) of the first quadrupole of the triplet: longitudinal
dimensions are scaled by the “ideal” focal length, £*,

the scattering

f = (gﬂ- (Bp ))1/2’ o )

where Bg is the pole tip field in the first quadrupole, and (Bp) is the magnetic rigidity of the
beam. For & beam of momentum p.

B('I')p(m)aS.Sp(GeWc)c. (10

The optical invariants of this particular triplet design are incorporated into the scaling
equations that follow; the geometry the design is illustrated in Fi g 4,
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Figure 4. Schematic of the triplet optics of an ionization cooling cell; the disks of

the ionizing medium are shaded and have & half width of B og/4.

The free space from the focus to the first quadrupole, Ly, is 1.36f; the length of the

triplet, Lygg, is 3.13f and the length of the cooling cell, leett is 5.85 f. Without chromatic

Correction the value of Bcoot for a beam with fractional momentum spread oy (=Ap/p) is

Beoot = 5920, f. (11)

With second order chromatic correction of the foc:

using optics the beta function can be
reduced to

Beool = 74.0 (Bp) (%)o} a2

In the analysis that follows we chose the cotrected optics described by eq. (12). As the

cooling disks have a length, Beoolf2, each cooling cell produces an energy loss of ey,
limited 10

choose both the energy of muon production, Ey, and the energy at which the cooling is
petformed, E.. Note that although the equilibrium emittance of ¢q. (6) does not depend
explicidy om the cooling energy, the choice of By, Ec, and the momentum acceptance will
determine oy and thereby oo in the cooling lattice. Thus the choice of E; will determine
the transverse cooling coefficient, Cu, via

cu.‘_"-ﬂ;M_ (14)
Eeqn Exqn

The choice of Ey will also influence the number of muons per bunch that are
available to be injected into the collider as some of the muons will decay as they traverse
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the cooling lattice. If energy is replaced during the cooling process by accelerator cells with
an average accelerating gradient G, the total path length in the cooling lattice, Looop, will be

\

Lot = (2 [ 222 L i) 15
¢ \ Cenol

Ineq. (15) Fc is the overall packing fraction of the ionization and acceleration cells in the

cooler lattice. Fg accounts for pumping ports, flanges, diagnostics, bending magnets, and

sextupoles in the cooling lattice. If the number of muons per bunch is injected into the

cooling lattice is Ny, then the number of muons per bunch available for i injection into Ehe
collider will be

N, =Nuexp‘-—[@ﬂ— , )

CthuYe

where 1, is the muon lifetime at rest, and ¥ is Ec/my,c2.

Longitudinal cooling‘ of the beam would allow smaller values of Beool and
consequently lower equilibrium emittances. Such reduction of the momentum spread can
be accomplished by two means: 1) adiabatic damping by accelerating the muons prior to
transverse cooling and 2) ionization cooling either in the transverse damper or in a separate
damping structure. If the longitudinal cooling were timited to the ionization damping in the
zero-dispersion cells of the transverse damper described above, the amount of acceleration,
Ay, needed [4] to reduce the momentum spread by a factor 1/¢ would be

dE

Ay = Ec| :" ~ SE. (a7

3E,, ox

If the longitudinal cooling is done in a dispersive section, the energy spread might be
reduced by 1/¢ with as little as 2E, of total energy exchange.

As computed from eq. (16), the path length of the muons in the cooler will typically
be tens of kilometers, even if the packing fraction of the cooling lattice is large. A large
packing fraction in conjunction with a high muon energy imply that the transverse emittance
cooler should be constructed in the form of a recirculating linac such as CEBAF with hi gh
ficld bending magnets in the arcs and with as much as a few GeV per turn of acceleration in
the straight, cooling sections.
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At injection into the cooler the transverse emittance and the momentum spread of the
muon beam will be large. Consequently the apertures of the quadrupoles in the cooling
straights must be relatively large. One may envision a more effective form of cooler in
which the emittance is reduced by an order of magnitude before i injection into a final cooler
which can have stronger, smaller aperture quadrupoles. As the value of Beoot can be much
smaller in the second cooler, the equilibrium emittance could be much smaller than
achievable in a single cooling ring. In such a scheme there is no need to duplicate the cost
of the high field, dipole arcs. Rather the two coolers can share common arcs in a 2-in-1
arrangement illustrated in Fig. 5. The choice of straight-through or by-pass paths for the
cooling stages can be selected to minimize the total path length of the muons in the coolers.

Figure 5. A 2-in-1 muon cooling ring. Transverse coolers are in each of the straight
sections. The gray sections have large aperture quadrupoles for the first stage of
cooling; the black straights have stronger, small aperture quadrupoles.

In the cooling ring the total length of the cooling cells plus re-acceleration cavities is
2LgP; where P is the packing fraction of ionization ceils plus accelerator cells in the
straight sections. As the overall packing fraction, Fe, is just [2LgPc (27 Roee +2 L) 1],
the number of cooling cells, N, is related to the average dipole field in the bends, (B3 and

the accelerating field, G, by

el Tl

Hence, the rf-system of the cooling ring must supply Nceceit, volts per turn. In damping
the emittance of the muons by a factor Cy, the muons must execute [EcNe ecei! In Cyul
turns.
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4. Collider considerations

The number of muons per bunch, Ny,*, that circulate in the collider will be
determined by the production efficiency, Ay, by the charge, Ne in the electron bunch that
strikes the production target, and by the path length through the cooling lattice. The number
of electrons per bunch will be limited by the beam loading in the linac and by the design of
the electron gun. The present SLAC gun (thermionic) produces bunches of 10 nC. If the
clectron beam emittance is not critical, the charge in the electron bunch can be raised to 20
to 30 nC. Bunches with as much as 50 nC may be produced with a photo-cathode gun, but
such a farge charge would lead to large beam loading and complications from the beam-
breakup instability in an S-band linear accelerator

The electron bunches will be produced in a macropulse of duration, 1., which is
chosen to match the circulation period of the muons in the storage ring collider (Fig. ). If
the average dipole field in the ring is 3 T and if the muon energy is 100 GeV, then the
circufation period will be 2 us;

- 3T( B, |
Te= 24 Bm)looocvl' (9)

If the number of bunches per macropulse is N, then the frequency of collisions in the
collider will be

N
foorl = —Tf (20)

To maintain the muon population in the collider the linac must be pulsed at a frequency of
Ty~ 1, where 7, is the muon lifetime as seen in the laboratory; at 100 GeV, Ty= 2 ms.
Hence, the duty factor of the linac will be 1./ Tu. The average power of the electron beam
on the muon production target is, therefore,

Pheam = QME& = QM&&, ch
where q is the electron charge.

Tie peak luminosity of the collider with muons with a geometrical emittance, €, can
be writtenas

N2 feoll
L= _H 08 (22)

41t€ﬁ*
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where ¥ = Ey/it and B* is the value of the beta function at the collision point. Combining
eg. (5), (16), (20) and (22), and evaluating the average luminosity of a collider of repetition
rate, R, we obtain the following expression for the average luminosity of the collider ,

2
(L) = AﬂNg Nb?c’}" ( ¥ )cxp‘-g—l"iml [l-cxp‘ 2 ”(TP.YR), (21)

The factor, Y/Ypod implies that maximizing the luminosity argues for accepting the muons
into the muon linac at an energy somewhat lower than the energy which maximizes A,
The factor, Cy, accounts for the possibility of cooling the muons: if no transverse cooling
is used, Cyy =1 and Lcoot = 0. At 100 GeV a reasonable value of B* can be assumed to be
1 cm, although smaller values are possible, limited by the muon bunch length and by the
design of the detector. Hence, the length of the muon bunch should be less than 1 cm.
Such a short pulse is assured, if the length of the electron beam pulses are = (.5 cm.

5. Examples and parametric dependences

One now has a complete set of equations with which to maximize the luminosity of
the muon collider as a function of the electron beam power incident on the production target
and other system characteristics. As a first step in examining parametric dependences, we
formulate a “realistic”, baseline scenario that does not employ cooling of the muon beam.

The CLIC group at CERN [9] has developed a design concept for a high power
positron production target to operate at 500 to 750 kW, more than an order of magnitude
greater than presently operating designs. For the “realistic”, baseline scenario assume that
this target design can be realized at 0.5 MW. Using a 50 GeV electron beam with 20 nC per
bunch and one bunch per macropulse, one can produce muon bunches of ~0.1 nC at 29
GeV with an acceptance of + 3% in the capture section of the muon linac. The geometrical
emittance of the muon beam at 29 GeV will be § ¥ mm-mrad. If the average dipole field in
the collider is 3 T, the revolution period will be 2 ps. Hence, the collision frequency will be
~0.5 MHz. Then for B* equal to 1 cm, the luminosity of the muon collider at 100 GeV will
be ~ 2 x 1026 cm-2s-1. This scenario, which we will use as a base case for parametric
studies, is summarized as Column 1 in the Table 1 along with a more optimistic case
without cooling (Column 3).

The improvements to the “realistic” and “optimistic” cases that would obtain from
damping the transverse emittance of the muons via ionization cooling are shown in
Columns 2 and 4 respectively. A far more optimistic scenario (Column 5), which also
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requires several technological inventions including considerable cooling of the muon beam,
is discussed in Sec. 6. In ail the examples with beam cooling the ionization media are
beryllium disks of thickness of ﬂcool/ 2. The beam is re-accelerated in rf-cavities with rf-
cavities operating with an average accelerating gradient of 17 MeV!m.

The effect of the choice of the electron beam energy on the production efficiency
can be seen in Fig. 6, which displays the maximum luminosity versus the electron beam
energy for the realistic scenario, In this calculation the number of electron bunches is varied
to keep the beam power on the muon production target fixed at 0.5 MW, The momentum
acceptance is fixed at +3 %; however, the value of muon energy accepted and the angular
spread of muons accepted is varied 50 as to maximize the luminosity. As can be seen from
¢q. (2) and (22), the optimum acceptance energy will be a large fraction of the beam energy
as the luminosity is quadratic in the conversion efficiency.

1E+27

1E+26

1E+25

ity (cm-2 s-1)

1E+24

1E+23

Luminos

1E+22

0 10 20 30 40 50 60
Electron beam energy (GeV)

Figure 6. The variation of collider luminosity with energy of the electron beam at the
production target in the “realistic” scenario The beam power is fixed at 0.5 MW.

The scenarios employing production of muons at high initial energy (20 to 30 GeV)
achieve relatively high luminosity at the expense of producing a muon beam with a
relatively large (~ 1 %) momentum spread at the interaction point. If a much lower spread,
say 2 0.1 % were required for physics reasons, then the accepted muon energy, Eacceps,
would have to be reduced to = 5 GeV. The luminosity is stil maximized by maximizing the
electron beam energy. Making this change in Eaccept to the “realistic” scenario reduces the
luminosity to = 6 x 1024 cm2s°!, As transverse cooling is accompanied by damping of the
momentum spread, this consideration is not as severe in the scenarios with beam cooling.
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The optimum energy for accepting the muons in the absence of cooling is 29 GeV.
If instead we employ an ionization cooler, the optimum acceptance energy would be
reduced to 21 GeV; a curve of the luminosity versus muon acceptance energy for the
“realistic scenario” is given in Fig. 7. In this calculation cooling energy has been optimized,
but limited to $40 GeV.

Somewhat surprisiagly, the higher the energy at which the muons are cooled, the
higher the final luminosity. The reason is that the adiabatic damping of the energy spread
permits a much smaller value of Be. If an initial stage of ionization cooling were employed
to reduce the energy spread, the optimum encrgy at which transverse cooling is performed
could shift to a lower value. In the “realistic” example, the traverse cooling by a factor of
48 at 40 GeV requires an cnergy exchange of only 3.8 E.. From ¢q.(17) one expects a
slight improvement in Cy from the damping of the energy spread in the zero-dispersion
cells. Adding ionization cells in the dispersive sections of the ring as suggested in Ref. 6
could improve the luminosity significantly.

e e
&
g
> 1OE+27
E
3

1.0E+26

0 10 - 20 30 40 50
Muon acceptance energy (GeV)

Figure 7. Luminosity as a function of muon acceptance energy for the “realistic”
scenario with ionization cooling

Figure 8 illustrates the variation in luminosity for the “realistic” scenario with
longitudinal cooling accompanying the transverse emittance damping. In this calculation
cooling is done at the muon acceptance energy, 21 GeV so that no additional adiabatic
reduction in energy spread is included. The field strength and aperture of the cooling
channel optics is kept fixed. The decrease in luminosity as the cooling factor increases
beyond six comes from the decay of the muon population as the transverse cooling path
length increases to allow the beam to reach the equilibrium emittance.
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Figure 8. Luminosity variation with longitudinal cooling for the “realistic” scenario

As the muons must remain in the cooling lattice for hundreds of microseconds, it
may not be possible to maintain an accelerating gradient of 17 MeV/m as assumned in the
examples of Table 1. The consequence of reducing the gradient to allow for a lower power
accelerating system in the cooling ring is displayed in Fig. 9. The degradation of the
luminosity becomes especially large as the gradient falls below 10 MeV/m. As the number
of muons in the ring is small, the beam loading in the cooling ring will be very small. One
might consider the use of superconducting rf-cavities to keep rf-power requirements
relatively smail. Whether the superconducting cavities can function in the presence of
radiation from the muon decay is uncertain.

~ 1.5E+27
s

«Q

g

;‘ 1E+27

g
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Accelerating gradient (MeV/m)

Figure 9. Luminosity versus accelerating field in the cooling ring for the “realistic™
scenario of Table 1.
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A second characteristic of the ionization cooling lattice that can have a strong effect
on the final luminosity of the collider is the packing fraction, E, of the ionization cells plus
the rf-cavities in the cooling ring. Fig. 10 illustrates the variation of luminosity with F, for
the “realistic” case with cooling,

1.3E+27

9.0E+26

3.0E+26

Luminosity (cm-2 5-1)

1.OE+26

0 0.1 0.2 0.3 04 0.5 0.6
Packing fraction of cooling cells

Figure 10. Luminosity versus Packing fraction of ionization cells and re-acceleration
cavities in the cooling ring for the “realistic™ scenario of Table 1.

Applying eq. (7) through ¢q. (17} to calculate the characteristics of & cooling
system, we find that the luminosity varies with choice of the ionizing medium as shown in
Fig. 11. Although the product XRdE/dx is independent of density, the luminosity is
sensitive to the density of the ionizing medium as the energy lost per cell depends on the

higher energics as the geometrical emittance is reduced by adiabatic damping. The scaling
of the luminosity, as shown in Fig. 12, is slower than linear. The calculation of Fig. 12 is
based on the “Needs invention” scenario of Table 1, with B* reduced t0 0.3 cm,

In this scenario the momentum spread of the beams is largest at the lowest energy.
Unfortunately, the width of a standard model Higgs is expected to be a rapidly increasing
function of the Higgs mass with a value of | GeV/c? for my = 100 GeV/c2 If the
momentum spread were reduced at the lower encrgies to allow for a fine scan of the ran ge
from 100 to0 200 GeV, the leminosity would fall off much more precipitously.
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Figure 11, Variation of luminosity with the choice of ionizing medium
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Figure 12. Variation of luminosity with energy for a 250 GeV x 250 Ge'V muon
collider with §* = 0.3 cm.

6. Prospects and Conclusions -

To obtain a muon collider with a luminosity of 1030 cm-2s-1, as desired for studies
of the Higgs, one must adopt an extremely optimistic scenario (Column 5 of Table 1) that
includes several technological innovations (indicated by a dagger). Perhaps the casiest of

- these advances may be the development of very strong, precision dipoles that would enable

one to design a relatively small storage ring collider with a dipole field of 6 T averaged
over the entire ring.
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Continuing advances in the technology of electron guns with photo-cathodes
suggest that one may be able to obtain 50 nC bunches of electrons for injection in a S-band
structure. Accelerating multiple bunches of such high charge in a S-band structure aiso
presents difficuities. For a 50 nC, 15 ps bunch, the single-bunch beam loading in a SLAC
structure operating at 20 MeV/m would be ~20%. As the bunches in the macropulse are
separated by hundreds of meters, multi-bunch beam breakup is not a problem. However, a
head-to-tail momentum variation of 4 % will be required for BNS damping of the single
bunch, transverse, head-to-tail instability. Once this systematic variation is removed at the
end of the electron linac, one would be left with a + 1.5% spread that must be handled by
the focusing optics at the production target.

Extending the conceptual design of the CERN production target to a reliable, 5 MW
design is likely to be very difficult. Of particular difficulty will be finding suitable
accelerator components that can withstand the extremely high radiation environment near
the target. Note that the highest power, production target in operation is the 33 kW positron
production target at SLAC.

It is likely that the greatest challenge to the designer will be to find an efficient
scheme for cooling the muon beam at a high initial energy. In scenarios that include beam
cooling in a storage ring the momentum bite must be chosen to be consistent with the
acceptance of the cooling lattice. As it should be possible to design a lattice with an
acceptance of 2%, cooling the muons at very high energy allows accepting a large
momentum bite at the production target.

An idea of the scope of the project can be had by observing that in the realistic case
the collider ring has a circumference of = 690 meters while the cooler rings (one each for
the u* and p-) have circumferences of ~ 490 m. Operating with a gradient of 17 MeV/m,
the electron linacwouldbe3hnlongwhileﬂ1e2OGchuonlinacwouldhavealengm of
1.32 km. A clever design may be possible in which these same linacs could be used to
accelerate the muons from the cooler ring up to the full 100 GeV per beam of the collider.
In this case the major cost of the project would be the 70 GeV of S-band linac. The major
complexity aad technological risk is in the lattices of the cooling rings which use very high
field, superconducting quadrupoles and dipoles.

In conclusion, one sees that even with optimistic assumptions, it is difficult to
envision & high energy u*p- collider which employs electro-production of muons
functioning with a luminosity > 1027 cm-2s-1. While the possibility of an electron-beam-
driven muon collider with a luminosity ~1030 cm25-! cannot be ruled out, it would require
major advances in several of the primary constituent technologies. The areas for
innovations include superconducting dipoles and quadrupoles, multi-kiloampere clectron
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beam sources, and multi-megawatt muon production targets. Most critically, efficient
means of both transverse and longitudinal of cooling the muon beams at high energy must
be found and demonstrated, if suitably high luminosity is to be achieved.
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Table 1. Characteristics of 2 100 GeV x |
The repetition rate in all cases is 500 H

00 GeV muon collider using electro-production.
z. For multiple rings, Bg,

ag, Beool refer to the

second ring. The quantities with daggers require technological inventions
“Realistic” | “Realistic” “Optimistic” | “Optimistic” Needs
nocooling | with cooling { no cooling | with cooling | inventions
Production
Ee (GeV) 50 50 50 50 50
| Ppeam (MW) 0.5 0.5 2 2 5t
N. (nC) 20 20 30 30 50t
' Egceen(GeV) 29 21 29 22 25
(Ap/p)y (%) +3 *+3 4 4 8
| Ny(nC) 0.1 0.1 0.2 0.18 0.6
| € (% m-rad) 195 x 10-3| 2.2 x 103 195 x 10-3} 22 x 10-3 3.0 x 10-3
Cooler
 Ecool (GeV) — 40 45 1001
Nusnber of rings 0 1 0 1 2
| Feool — 0.5 — 0.5 0.6
| (Bg) in arcs — 4.5 o 4.5 4.5
 Viing (GeV/turn) — 0.95 — 1.2 3.2
| Gring (m) — 491 — 553 1840
 (Bg (M), a4 (cm)) — “,15) — 6,12 | (8,05
| Beog) (cm) — 1.3 — 1.5 0.4
| Ep,.0q (X m-rad) L7x1073 | 57x10-5{ 1.9x10-3 ] 74 x 10-5 | 1.6 x 10-5
Cu 1 38 I 28 136
Collider
N, (nC) 0.1 0.068 0.2 0.14 0.35
| Nbunch 1 1 2 2 2
| Byve(T) 3 3 4.5 4.5 6!
| Coolliger (m) 690 690 460 460 345
 foot) (MHz) 0.5 0.5 1.33 1.33 2
* (cm) 1 | 1 1 0.4
(AE/E)collider (%) £ 0.9 0.8 +1.3 1.0 30.6
(L) (cm-?s-1) 1.5x 1026 | 9.5x 1026 | 7.1x 1026 | 8.6x 1027 | 1.0 1030
19
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th 1s the Ereceeding “solution’ absurd?

« Temperature of beam with &g q = 1.8 X 1016 xm-rad
is<<1°K

» Beam cannot be colder than temperature of pick-ups,
kickers, and electronics, Ts

« At pickups and kickers, assume the beta function is By.
==> minimum normalized emittance is

2 kT¢
m,, ¢2

€n,min = B¢

*Te=42"K, Bs=1.2cm ==> gy yin = 10-12 tm-rad

==> Luminosity in preceeding example is limited to

{L)=10%7cm2 5’1

» This is not so far from what is needed. Is some invention
possible?
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Trading f..; for N raises luminosity to
required level

-----------------------------------------

Muon linac Electron linac

Stochastic Cooler
To thermodynamic

¢ limit

-- 3000 bunches

Jonization

Accumulator
ring

Collider

(not to scale)

« This technique should yield (L) as high as 103! cm2 5!

e Power on producion target is not critical




Summg & Conclusions

« Electro-production is competive with proton production

* To attain (L) = 1030 cm™2 57! muon colliders will require
highly effective cooling of the muons

a) lonization cooling

b) Stochastic cooling

* Ionization cooling scenario is extremely optimistic; needs
several technological innovations
- Very high power production targets
— High charge (50 nC) injectors
— Difficult beam control in electron linac
— Very strong, high precision dipoles & quadrupoles
===> Little “headroom"

» Stochastic cooling implies many bunches with Ny, ~ 103
— Favors low E, g g, via tight cuts on ¢ & Ap/p
— Adiabatically damping —> Ap/p < 10.1%
— Requires very low noise, cold electronics
— Fast transfer & stacking of bunches
==> Little “headroom”
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ScoEe of the Eroject

» Assume the practicality of design scenarios.

« “Realistic” scenario —> minimum SCOpe.
— Collider ring has a circumference = 690 meters
— Complex, cooler rings (for i+ & |-) are = 490 m
— 3 km long S-band electron linac (50 GeV)
~ 2 1.3 km muon linac (2 20 GeV) muon linac
— Clever design may use same linacs to accelerate the
muons from cooler to full 100 GeV per beam

» Major cost is 70 GeV of S-band linac
~ Large reducion through use of existing facility

« Major complexity / technological risk are cooling rings
— must use high field, superconducting quadrupoles
& dipoles (and in the stochastic cooler, octupoles).

36
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« Given optimistic assumptions, it is difficult to envision a

high energy (= 100 GeV) p*u- collider which employs
electro-production of muons with (L) > 1027 cm?s-1,

A muon collider with (L) =1030 cm-2s-! cannot be ruled
out. It would require major advances in several of the
primary constituent technologies.

— Superconducting magnets

— Multi-kiloampere electron beam sources

— Multi-megawatt muon production targets

— Low noise feedback electronics for stochastic

cooling |
— Efficient transfer & stacking schemes

« Efficient means of transverse & longitudinal of cooling |

the muon beams must be found and demonstrated, if
suitably high luminosity is to be achieved.
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Absiract

Using & novel experimental technique, we have measured the flux of pions, eiectrons,
mm.udmtbmwwﬂ&miﬂmﬁhtomddr@.hmrmm
ring. The experimental technique relied upon the use of & non-destructive, tf pickup
tom.mmmmdthbmmam-by-mm. The measured
montonﬂmnuohf- a-l.o:l:o.z,mdthutiodmtoprotmonmga
is Mo = 2.0£0.4 x 10°5,

Submiited to Nuclear Instruments and Methods
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1 Introduction

To date, the only operational s storage rings have been those built to obtain measurements of
the i (g-2) factor.[1, 2] However, the existence of a high energy 4 storage ring would make it
possibie to produce an intense beam of ,’s of sufficient energy to open new opportunitiss in v,
physics and provide the means to explore, in detail, v, — v, and v, — v, mixing. The storage
ring spproach to these studies is very attractive for several reasons: flux normalization can
be very precise; the neutrino energy spectrum is very well understood; and backgrounds
should be very small and precisely calculable. It has been pointed out{3] that the Fermilab
Debuncher might function as an efficient 4 storage ring.

The Fermilab p source includes & high-intensity target station, transport beam lines (AP-
1 through AP-4), the Debuncher ring, and the Accumulator ring, Figure 1. The Debuncher
ring is & 9 GeV storage ring with a circumference of 505 meters. The Debuncher's primary
purpose is to reduce, by bunch rotation, the large momentum spread of the § beam coming
from the production target. It also uses stochastic cooling to reduce the transverse emittance
of the beam. The $'s are stacked aad stored in the Accumulator prior to injection into the
Maia Ring. During normal collider running, the Debuncher accepts negative secondaries
which originate at the § production target and are transported through the AP-2 beam
line. Secondaries whose phase space coordinates lie within the momentum acceptance 8.9
GeV/c £ 2%] and transverse admittance [A(z) = A(y) = ZSrm_& x mrad] of the Debuncher
ring are injected and captured in the Debuncher. The particle composition of the first-turn
beam in the Debuncher is dominated by »’s, but it contains ¢’s, #'s, and u's as well.

10 GoV/L
2 Experimental

To estimate the 4 flux which is captured in the Debuncher, we use a mixture of experimental
data coupled with relatively straight-forward calculations. During normal collider running,
x fluxes have been measured at a variety of locations which are shown in Figure 2. The
measurements in the AP-2 transfer line, at quads 704, 728, and 733, were made using ion
chambers IC-704, IC-728, and IC-733, respectively, while at location D102 in the Debuncher
ting, the measurement technique used a non-desiructive f pickup which is sensitive to, and
relies upon, the bunch structure of the beam. The measured » fluxes (per 10'? protons on




g
l’-lr-: 27 ,\t\,.‘._\_“/
. ) TG
target) are summarized in Table 1. , -3
g ERSYs.

Lo
Table 1: Measured » Flux (per 10'? protons on target) at Various Locations

Location | » Flux £20% (x10° pasticles)
IC-704 100.
ENCALY IC-728 8.7 .
IC-733 8.3 3X40
D102 5.2 et o™

S0 X8 Tar s,

To determine the u/x ratio at injection into the Debuncher, we have used the ray tracing
program DECAY TURTLE and lattice function calculations to simulate x production and
the subsequent decay and transport of »’s and u's. The dmulation considers ouly »'s pro-
duced within & transverse emittance of 22r mm*mrad and discards any « or p which strikes
s magnet pole tip or any x or g whose momentum lies outside the momentum acceptance
of the Debuncher (§P/P = +2%). Using this simulation, we have calculated the number of
#'s and u's which are injected onto the closed orbit of the Debuncher, sad obtain:

T hx 0 Lxw®

\ (/=) Injected into Debuncher = .018.

After three turns (one r lifetime = 1 turn), one finds:

(w's (total captured))/(x’s (injected into Debuncher)) = .025.
Then, in ceder to calculste the ratio of the total number of 5's captured in the Debuncher
to the aumber of protons on target, one uses the number of »’s measured at IC-728 aad

corrects this number (8.7 x 10%) by the fraction (0.88) of »’s that decay between IC728 and

the injection point. Thus the predicted aumber of 4's captured is 0.025 x 0.88 x 8.7 x 10 =
1.8 x 107, and we have:

(] =
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Since the typical §/(protons on target) ratio during normal collider operations is (1.8=0.2) x
10~%, we predict that 4/p ~ 1 in the Debuncher.

We have also used the rf pickup to make a “direct” measurement of the fux of u's in the
Debuncher by measuring the bunch structure of the beam on & turn-by-turn basis. The beam
artives in the Debuncher, at the location of the pickup (D102), in 84 narrow bunches (o=
1 nsec) with a bunch spacing of about 18 nsec. At this point, the fast particles (x's, u's and
€’s) are separated from the slow pacticles (5's) by about 8 nsec, since the distance between
the target and D102 is approximately 455 m. Hence, x's, u's and e's can be distinguished
from P's by looking at the time structure of the output from the rf pickup. As the beam
circulates in the Debuaches, the P's are retarded in time with respect to the x's, u's and ¢'s
by approximately 9 ns (or about } of a bunch spacing) for each revolution. Therefore, after
1 turn, the P's are delayed approximately 1 bunch spacing with respect to the r's, u's and
e’s. P bunch 1 is in time with bunch 2 of the #’s, s's and ¢'s, P bunch 2 is in time with bunch
3 of the ®'s, u’s and e's, etc. After turn 2, the P's are retarded another 9 as with respect to
the fast particles and are again separated in time. Therefore, only for the odd turns are the
¥'s separated from the fast particles. The r's decay in a few turns (yer, = | turn}, while the
electrons spiral into the low exergy edge of the machine, due to the emission of synchrotron

radiation, and are completely lost after 14 turns. After turn number 14, the only particles
left are u's and P's.

The results of turn-by-turn measurements made in 1987(4] are summarised in Figure
3. In these data, there is no indication of a tignal representing circulating u’s - which are
expected to be the only fast particles remaining beyond turn aumber 14. The sbsence of &
“bunched” 4 signal for turn 15, howerver, is not necessarily an indication that there are no
#'s in the debuncher. This can be understood by calculating the 4 debunching time: |

sz(%gi.

For u’s, 7 = 017 and Tp = 27.8 usec ( 17 turns). Thus the u's ace completely debunched
after 17 turns and, consequently, induce o signal on the rf pickap. We have checked the
rate at which u's debuach by performing a simulation which uses the longitudinal difference
equations to study the bunch shape as a function of turn number in the Debuncher. The
results, sbown in Figure 4 for a bunch injected (N=1) with At = £0.5 nsec and §P/P = =
2.0%, illustrate the rate at which the injected u's debunch and indicate complete debunching

3
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in 15 - 17 turns. The f pickup technique is thus not sensitive to circulating u’s in turns
beyond turn 14,

An examination of Figure 4 suggests that it is straightforward to measure the bunched
# signal by killing the electrons in the beam prior to injection into the Debuncher and
then messuring the aumber of fast particles on turns § - 11 using the f pickup. The most
appealing method for killing the electrons is to insert a lead radiator at the end of the AP-2
transport line. Between the last two quadrupoles in this line (IQ32 and 1Q33), the betatron
amplitudes are reasonably small (4 m - 8 m), and the emittance blowup of the 4 bunches
due to multiple scattering should be small.

We bave studied the effectiveness of radiator thicknesses of 0.25, 0.50, and 1.0 radistion
lengths on removing electrons from the beam at the end of the AP-2 transport line. The
progrsm EGS was used to determine the energy of the leading (maximum energy) electron
exiting the radiator for electrons of energy 9.0 GeV incident on the radiator. (The simulation
was also checked analytically using a formula from Tsai.[5] The results are shown in Figure
5. f weimpose an 8.7 GeV cut on the electron energy for it to be captured in the Debuncher,
then, for radistor thicknesses of 0.25, 0.50, and 1.0 radiation length, 40%, 11%, and 0.15%,
respactively, of the incident electrons will survive the cut. We have chosen to use a radiator
thickness of 1 radiation length in order to guarantee that electrons do not contsibute to our

s signal.

3 Results

Our measurements were performed, pazasitic to the running of E-760, during the 1991 Fer-
milab Fixed Tazget run. A one radistion length lead absorber was inserted into the AP-2
transpoet line, completaly eliminating electrons from the beam. We used s Tektronix DSA
602 digital sampling analyser to meagure the time structure of the sigoal from the pickup.
This instrument has an analog bandwidth of 1 GHs; it samples st 2 Giga-samples/second;
and it has & memory depth of 32,000 samples. We could, therefore, capture data for nine
turns during a measurement. The data were taken in the following manner. Each measure-
ment was an average over 64 pulses (cach pulse containing 84 bunches). We first captured
data for turns 1 through 9 and thea set the DSA trigger delay to capture turns 9 through
17. The two data sets were normalised such that the § flux for tum 9 was equal in both

4
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data sets. Figure 6 shows the raw data for approximately 10 bunches for turns 3.4. azd
5. In turns 3 and 5, we see the 8 nsec separation between the 3 = 1 particles and the
F's. On the even turns, the § bunches are approximately in time with the 3 = 1 particles
and, thus, the rf bunch structure shows only one peak. Therefore, in order to determine
the individual particles fluxes, only data from the odd turns are usable. For each of the
odd turns between turns 3 and 11, we averaged 80 of the 84 bunches to produce a “bunck
sveraged” time structure for each of the turns. The data for turns 5,7,9, and 11 are shown
in Figure 7. These data were fit to two Gaussians plus & constant (the fit curves are also
shown in Figure 7). From the fit parameters, (amplitude and o) we could then determine,
for each turn, the area under the two Gaussians. These numbers are directly proportional
to the flux of § = 1 particles and #'s. In order to determine the flux of u's, we then ocnly
hed to make & correction for the number of x’s remaining at each turn. In order to do this,
we used the measured § = 1 particle flux from turn 1 and assumed that this entire flux was
due to x’s. We then calculated the number of »’s remaining after each turn and subtracted
the corresponding number from the measured 3 = 1 flux for a given turn to determine the
aumber of u's. Qur results are shown in Table 2 for turus 3-11.

Table 2: Particle Flux Measurements

| Turn | Flux(8 = 1) | Flux(p) | @20 T & |

i1 33572 —_ | =] =

i 3 6251 2126 | 2.94 | 0.80

E 2232 1287 | 113 112

HE 1597 u7 | 136 | 127
9 1306 1132 | 115 | L.14

H 11 934 1122 | 0.83 | 0.83

5
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4 Conclusions

We have measured the ratio of u's to ¥'s in the Fermilab Debuncher ring. We find a u/»
ratio of 1.0 £ 0.2 and the ratio of muons to protons on target is iy =2.0£0.4 x 10-°. This
is in good agresment with the 4/¥ ratio expected from messured values for the number of
*'s injected into the Debuncher and simulations of x* — 4 decay and subsequent 4 capture.

‘Q\\P 5 X X \00
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2-GeV Protons as Source of Muons

James Langenbrunner

University of Minnesota
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Test of superconducting radio-frequency cavity bombarded by protons

JI.M. O'Donnell. B.J. McCloud. C.L. Morris, 1.B. McClelland. B, Rusnak and H.A. Thiessen

Los Aamns Nutonaf Laboratory, Los Alamos. NM 87545 US4

J.L. Langenbrunner

Department of Phvsics and Astronamy, Uni ersity of Minnesorg, Minneapolis, MN 3555 US4

Received (5 October 199§

A beam of 2x 10' protons /s was focused onto a small zres on
resonance frequency. The input. reflected, and stored power were
We conclude that such superconducting cavities wifl remain viable

supercanducting accelerator for pions (PILAC).

L. Introduction

A proposed superconducting accelerator for pions
(PILAC) at the Clinton P, Anderson Meson Physics
Facility {LAMPF) would accept and accelerate (O
pions/s. In the reference design for PILAC[1.2), injec-
tion of optimum-energy pions into the superconducting
linear accelerator is achicved by extracting a portion of
the pions produced using magnetic focusing and bend-
ing elements. Protons (as well as muons, positrons, and
electrons) with momenra equal to that of the selected
pion momenta will be ransported into the supercon-
ducting cavities. After injection into PILAC, ontly the
pion particles will be accelerated. Contaminants with
velocity different than the pion velocity will not be in
phase with the accelerating of field. it is expected that
the transport system of the pion linac has a very broad
momentum acceptance and wifl transport most of these
contaminants to the end of the linac with roughly the
same momentum as at injection, They will be elimi-
nated in the output beamlines. However, some of the
contaminants will bombard the walis of the supercon-
ducting cavity, and for this reason we tested a cavity for

its response o a focused proton beam incident ona-

portion of its conducting surface.

2. Experincent

The experiment was performed at the lfow energy
pion channel (LEP) at LAMPF. The relevant beam
parameters were proton current of 2 x 101 particles /s,

- on the high-field area normal

-high-fietd fris, The besra

the ighfield iris:6f 2 "Ibéicondiiétins CavItY vperating at the

monitored. The cavity remmined in steady state during this tess
i the high-proton-flux environments proposed in the design of a

pion current of 4 X 0% particles /s, and Protons energy
equal to 68 MeV, This beam corresponds to the largesi
proton beam flux available at LEP. The proton-beam
SpOL size at the position where the beam intersected
the high-field iris of the cavity was caleulated to he 1.5
cm (verticah and 7 cm (horizontal) by the code
TRANSPORT (3. The code is expected 10 be 4 juir
approximation of the true Spot size in the cavity be.
cause it gives qualitative agreement with the <pot iz
at a position 0.78 m away, as determined with photo-
graphic film. The total power deposited by the beéam
was about 220 mW. The POWET per unit area deposited
to the beam direction
was about 20 mW /cm?.

A schematic of the superconducting cavity is shown
in fig. 1. The figure shows the resonant cavity {resomani
frequency equal to 402.5 MHz), the adjustible coupfer,
the ff pickup, and the pieces Of vacuum beamiine
required to couple the cavity to-the LEP beamline. The
beamiine runs at room temPérature, while the super.
conductins_miobiumﬁ section runs.at, liqiid hetium tem.
perature, Further-details of the'cavity are presented in

‘The cavity was Pasitioned at the end of the LEP
beamiine which ‘ensbled us to stégr-thé beam into the
8 was-incident on the same
¢ the duration of this test. The
. 0F thie-cavity was tonfigured such
ve o snitor.the forw. rd power (B} fed intg
the coupler,.and atso the power reffected back (P,)

‘the coupler. The coupler was adjisted such thac
the quality factor of the cavity (Q_, ) with no beam was

0168-9002 /92 /305.00 © 1992 - Elsevier Science Pubtishers B.V. Ali rights reserved
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Pion production at small angles
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w* and =~ production cross sections for 800-MeV protons on C and Cu have be"en measyred at !&bomory angles of . ¥ %0

7, 10%. i5°, and 20°. Pions were analyzed using the High Resolution Proton Spectrometer (HRS) facility for momanta from 364 to

675 MeV /c. Particle identification was made utilizing a time-of-flight method. We estimate the total systematic and statisticsl
error 10 be 1 15% for measurements at & and 3 and + L0% at other angles. These ‘data have been used (0 determine the optimurm
energy and pion production angle for injection into a proposed supercondtucting acceierator for pions. Protons are the main source
of contamination for a #* beam. Proton-to-pion ratios are given for laboratory angles of 5 and larger.

1. Introduction

Previous measurements of pion production cross
sections at small angles have been made by Barlow ¢t
al. [1], who measured 7~ production cross sections for
800-MeV protons incident on carbon and beryllium at

laboratory angles of 0, §*, 10°, and 20°. Denes et al. {2]

measured w* production with 800-MeV protons inci-
dent on carbon at angles of 7, 15°, 20°, and 30°. The
most extensive measurement of pion production near
800 MeV is that of Cochran et al. (3] for 730:MeV
protons incident on a variety of nuclei. Those. data
span an angular range from 15° to 150* and were used
primarily for the design of pion beam lines at the
Clintoa P. Aaderson Meson Physics Facility (LAMPF).
We have weed the High Resolution Proton Spectrome-
ter (HRS) &t LAMPF t0 measure pion production
cross sections for both +* and =~ at laboratory angles
less than 20°. Experimental difficuitics. are most severe
around zero degrees (in the same direétion as the
bombarding proton beam) where the maximum cross

' Deceased.
' Department of Physics, University of Minnesota, Minneapo-
lis, MN 55455, USA.

section for pion-production occurs. These datz were
obtined to address thé:question of the optimum sn-
ergy for injection into  proposed superconducting
accelerator for pions (PILAC) {4}, which is designed 1o

-accept pions produced af ‘zero degrees. These cross

sections are also the basis for estimating the yield of
pions 4t the end of suchi a linac.

Lw

. The High Resclution Proton Speétrometer was used
to select momenta corresponding to pion enetgies be-
tween 250 and 550 MeV at laborstory. angles of 0°. 3°,
5% 7%, 107, 15°, and 20°. These data were coilected with
the standard HRS configuration {51 The energy of the
incident proton beam was 800 MeV and its spin onien.
tation was polarized transverse to the scattering plane.
The data preiented. here are the spin-averaged

The trigger used to define an event was the coinc-
dence of three scintiliators at the focal piane of the
HRS spectrometer. Particle identification was achieved
by specifying the time-of-flight of particles through the
HRS spectrometer reistive to a radio-frequency syn-

0168-9002,/93/506.00 © 1993 ~ Eisevier Science Publishers B.V. All rights reserved
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Combined lonization and Stochastic Cooling

Alessandro Ruggiero
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Proton Storage Ring with Intensity Greater than
Space Charge Limit

Vadim Dudnikov
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lg_'."'_l. Arrangements for measuring the proton cur-
I:"iit__in the tract (a) and the radial current distribu-

‘Tt;'cﬁ'(b): 1) reflecting plate; 2 collector; 3) screen wibution, Step 9 mm.
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FIGURE | Lavout of the proton storage ring. | —secondary stripping gas target. 2 —pulsed gas valve.
1——Faraday cups. 4 —quariz screens. 3. 6—mobile targets. 7—:on collector. & — Rogovsky coil. 9—"pick-
up” station, 10— electrostatic transducer of quadrupole be:im oscillations. | | — magnete-inductance
.ransducer. | 2—transducer of vertical beam losses with high time resolution. 1 3—device for meusuring the
«condary charged-particle concentration in the beam region. § —electromugnetic gt
\alves of the svstem of pulsed gas leak-in. 16— microléaks of th ary gas leak-mn.

TABLE

Storage-Ring Pd
{. Proton energy 1 MeV
2. Field intensity in bending magnets 3500 G
3. Index of field decrease 0.2100.7
4. Radius of rotation in magnets 42 cm
5. Length of the straight sections of an orbil 106 cm
6. Aperture of vacuum chambers in bending magnets - 6 x 4cm
7. Revolution frequency of protons in the s10r4g ring: 1.86 MHz
8. Duration of injection pulse T up to 300 psec
9. Repetition frequency of injection pulse 0.2:0.1 Hz
10. Injection current up 10.8 mA

AV, 0.§5 = 0.5 ;
AV, 0.855~C N=2.910p,
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ABSTRACT

I is a scheme of acceleration in the VLEPP linacs
zenerated by 3 TeV proton beam extracted from the
natch the time structure of extracted beam with that
'he beam ejection is carried out one by one of 10
nches with 100 Hz repetition rate by means of a
jection system. In ejected bunch the ' longitudinal
1 of energy is produced with use of a regular
f linac structure. That permits by using a special
tract to group the protons into very short sub-
orresponding to linec time structure. The pions are
from target in tens GeV energy range in a wide
nterval AE/E = 1. The lithium lens of 0.5 m focal
is used to match the pion beam emitance with linac
s. Linac with its attendant- focusing serves as well
| decay tract providing the produced muons with an
on up to the final energy.

@ Budker Instituite of Nuclear Physics

The VLEPP linear  accelerators {1l with their
rating gradient ~ 100 MV/m being built in the samu
center, where the 3 TeV proton storage ring UNK (2
construction, will open the unique possibility to ¢
accelerated beams of pions and muons in TeV’s ener
High accelerating rate here is of the principal i
to prevent ‘a significant part of pions from decay «
acceleration. High enérgy of extracted from the U
beam ‘will provide with a high efficiency for
duction.

To match the time structuré of extracted pr
with the VLEPP linacs time étructure the beam e jec
be carried out one by one of ~ 10" stored bunches
of a special ejection system [3], operating al
repetition frequency, that of the VLEPP operatiot
bunch is of ~ 10 ecm r.m.s. length. To be matched
wave length of the linacs it is to pass through a

buncher consisting of a 30 GeV regular linac u

3




i

nding channel. Correlation of energy gain in linac
fongitudinal coordinate of particle results in a
of protons in the channel into short subbunches,
by 2 cm. Sudtgrwpdtheprotonbeamlsusedfor
iction. _ : o
rum of plons. producld by Ingh energy proton. in
;a]:partofoomsionlsdmibedinmdamc
au hydmdyﬂamic model by the gaussian distribution
e rapidity ¥ ahuut the 'CMS' ‘rapidity Yo ‘with . a
fined u.rough the CMS Loremz—factor logarithm
5, 6¢c, 6dl: .
@ lyy, Vs )
vZal
. denotes the mean pion multiplicity per collision,

dN'(dy =

s practically equal to a relative energy bite.

transverse momentum spread of pions is defined by
;tical  distribution of their energy E: wE) «
—— inside a hydrodynamically moving volume element

-1
rnperatureTbehgol‘t.hewderol‘plon mass m_ {5,

The full’ expression for momentum distribution looks

&N
E "  const [E" wE") € -(y-y )12

d’p
mstant providing with the proper value of <n:>.
dity distribution from {2) is in a good agreement

dy, {2}

4

with (1) by L>>1 aﬁd y<L, the transverse momentun
bution:

2 o km -
plp, Jd%p, ™ Const m*.EIK‘[ - ] d°p,

where K is the modified Bessel function and m, = f
agrees well .enough with a form p[p I exp(—bp ),

experimentally with b & 6 GeV ! (the masses and
above are measured in energy terms).

In - proton-nucleus collision the incoming
interacts with -a SO called nuclear tube of
proportional to AY® [6]. Due to that the pion
occurs shifted by 8y = - /6 In A as compared |
speétrum. For the copper tan;get Ay=-0.69. Maximum d
pCu collision with equal to 3 TeV proton energy
place near the pion momentum p=2.8 GeV.

An account of energy dependent probability
decay during the acceleration results in effec
of , spectrum maximum to the high energy region. The
pions of initial energy E and longitudinal momentu

reduced during the acceleration up 1o an energy

E + py ® m;
factor: [ ] [ ] where p =
ZE‘, in 2E i cT 0dlE:/dx
standing for the accelerating rate and T, - for

.time. By insertion of this factor into {1) the

spectrum is found to be:
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is shifted by Ay=ul that Is up 1o p=5.4 GeV/c
lision with E =3 TeV by dE/dx=I00 MeV/m that
The whale number of pions is reduced by a fac-
juring the 2 TeV acceleration.

sverse emitance of pion beam is found as ¢ ~ ¢

in dependence on nuclear absorption length A,
entum p and mean square of its transverse
hich 15 equal to ~ 0.15 (GeV/c)® for distribu-
T=m_. Atp="54GeV/c the cmitance value,
| mm.rad., exceeds by several orders the VLEPP
ice. That means the pion momenta available to
into the linac are situated far away the
ictrum maximum. Fortunately the loss in capture
not very large because of a slow fall of
ity from the maximum with energy grow. That
er faint dependence of capture .efficiency on
ue (fig. 1).

gy bite of particle capture into the linac is
a width of stability region for transverse
inac lattice is composed of FODO type elements
fts, occupied with the accelerating umits, and
s short as possible to keep high the average
ate. The minimum drift length is equal to 1 m

1
i
/ "‘
0.4
0.
10~ 107} 1072 10! 1
G,nn.po’,

Fig. 1. Pion yield versus an emitance per relative
interval per incident proton of 3 TeV energ:
decay probability during the 2 TeV accelerat
dE/dx = 100 MeV/m included.

the length of one accelerating unit. Magnetic field gr
in quadrupoles is equal to 5 kOe/mm being confined by
induction ont6 the pole tip and 3mm haif-aperture. In
2 the maximum beta function in periodicity element is
versus a quadrupole strenglh in terms of product kid

standing for que_adrupolc length, d~ for that of the dril

-1
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xtd

in 1 i i
a-function maximum in linac for l/d ratio equal
0.1 (1) and to 0.2 (2) versus focusing strength

kid units. .

c. Ratios B/d for .different 1/d practically coin-
seans the widening of captured energy bite and its
it into high energy regioa in proportionality with
lengthening.. The minimum captured energy is
' = id. By an
landdinmeterslikei'.m.(;'-e\' 100. y.
n with | and d kept constant the beam is moving

the curves fig. 2 so that the beta-function grows

8

up almost in proportionality with energy grow and thw
size is conserved constant despite the emitance decre
the oscillation phase increment trough the peri
element kept constant, i.e. the | and d are altered
the linac length in proportionality with E'?, the
function grows also as E'/? and the beam size is dec
in proportionality with E '*. That allows to ma
aperture of linac reducing along with a rate up t
described as a « E-l/:’.

To match the pion beam emitance, having on tarj
effective béta-function of the order of A/2, with the
acceptance we use the li.thium lens of 0.5 m focal di
The lens being practically thin does not provide wi
ideal matching in -a wide energy bite accepted in
linac, but a big length ‘of hadron target by short len:
distance together with a wide angular spread of
production compensate to a significant extent the chr
aberration of lens focusing.

Shown in figure 3 are the spectra of pions and
after the 2 TeV acceleration in both VLEPP linacs witl;
to 0.25 I/d ratio. Mean collection energy is equal to €
~ the optimum value:for -such a ratio. Relative energy
in accepted beam is" equal to ~ 0.5, the transverse en
- to ~ 1.5:10 ° mm.rad. Full number of accelerated pi
N't = 5-10 % per incident proton that with 3-10'* E
in UNK means ~1-10't pions per second inside ~27% energ




-0 o {ec 100

E - X-dE/dx, I3

jpectra of pions (1) and muons (2) after the 2 TeV
iwcceleration. Quadrupole length | is equal to 0.25m,
"jeld gradient - to 5 kOe/mm, haif-aperture a - 10
3 mm. Drift length d is 1 m, and accelerating field-
00 MV/m.

.10"% mm-rad. transverse emitance. An efficlency for
ception into the acceleration is close to unit. Muon
iansltylnthemimnmalumtahalror
:trum density.

endence of accelerated pions number on cbllectiqn‘

s shown In fig. 4 for different values of L/d ratio.

10

008 -
001y os ;

oMk
0.04
9.03
bo2 |

804 |

o0 N N 2 PR S .
0 30 40 G0 30 400 120 %0 {60

Fig. 4. Accelerated pion yield in dependence on t
. of particle collection from target for d
values (shown on curves in meters); d=1 m.

An increase in maximum N‘ is seen in a wide

quadrupole iength grow. To  utilize that w
significant loss in average acceleration rate the
is to be made altered along the linac length - con
large at the beginning and -beir_:g reduced with an h
beam energy by means of drift lengthening. The &

1




whole lmac length. Aqmcrease in g [

+ near 200 m that is not more t 12 of the
of two VLEPP linacs. Further le “‘ng of the
conserved quadrupole length wiil result in a

vach of linac length to its muummi_ Lt“ sutn oﬁ
..ccleratmg units. l *
half-apert '
meol‘N'onlmac li‘aper’r,
e mximmn fieldﬁ adee
wal to 3 nu{; are shown ih'figure

-

"togéther with

pce on a by kept constant the field gradient,

" varied in proportionahty w}th a. It could be

that at a = 3 mm and Rm*‘- 15 kO¢ the yield of

«d pions though rather high occurs to be a small

. produced in target. .

oid the significant in energy spread

increase

12
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567?28 %10
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Fig. 5. Accelerated pion yield in dependence: 1 - ¢
H =15 kUe, 2 -~ on H o by @ = 3 mm, dashe

inax
on a by grad H = 5 kOe/mm; | = 0.25 m, d =

during the acceleration thg bunch length in pion bear
to that in &oton beam at the target, is to b

sufficiently. short.
bupcher is characterized {see Supplement) by a colie

The degree of proton bunching
~ 707 particles into the bunches of 0.3)«0 length or -
of O.le length. The length ~ O.IAO

the angular and energy spreads captured into the lin:

seems to be adec

homogeneous particle distribution inside them and

bunch length, the r.m.s. energy spread at linac exit

equal to ~ 20 GeV by a negligible Lunch lengthening.
13




nical problems in pion producing system are
n with high energy deposition in target and
in lithlnn_l lens. Passage through the target of
the UNK protons for a time of ~ 100 s will
ased power of the order of 1 MW. The only
_removenwhapmfmacmnnedtarget
sinaunofliquldmaulurget the meited
2w Jeaking with a high velodity through the
lon region - aafrujetfromalmnmw
t;entrwghahntcmhmm
nal conditions in lithium lens are defined both
wition of primary and secondary beams and by
from current. The focal distance of 0.5 m for
' '80 GeV and collection angie ~ 5-10°° rad is
.cm lens length and 125 kA current amplitude.
spetition rate the Joule power will be of the
W inside a ~ 12 cm® opentionai lens volume,
wval will be Tfulfilled by means of liquid
g through tbe isns volume that will simuita-
le with an intensive cooling of structural
t lens heated by beams.
bhe necessary conditions for pion acceleration
linacs consists in their protection from the
. beam a hit that would resuit in unacceptable
Wiation load in accelerating structures.
primary and secondary beams could be achieved

14
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by means of the achromatic bend -by a small angie wi
magnets disposed in a 100 m distance with a qua
doublet, placed in the middle to provide the pions of
energy with a half-wave focusing between the cent
magnets. With a ‘bending angle of each magnet equal to
rad., that by the order exceeds the pion angular spre
quadrupole doubiet hailf-aperture is to be ~ 6 cm !
energy bite ~0.5. With ~100 GeV particle energy the
poles in doublet could be of ~ 2 kOe/cm gradient and
length. o '

Use for pion production of protons of lower ener
the UNK "wafm" ring 400 GeV energy, for instance, re
a less production efficiency but looks rather more &
VLEPE

because of the lower optimum collection energy, less «

to the problem of pion acceleration in the

I7d ratio, significantly more simple the primary protc
mampulatmn Number of accelerated pions with Ep-400
~ 50 GeV collection energy is equal to ~ 8- 107 per
proton.

An efficient way for optimization of VLEPP Ii
gain the accelerated pions and muons yield cons
increase of aperture by conserved focusing rigidit,
haif-aperture changed from 3 mm to 10 min by kept
5 kOe/mm field gradient and 1/d = 0.25 the accelerat.
number is growing up to Nl=2.4-1('fl per incident pro:
is by factor ~ S. Such a modification of linac wiil,

IS




:isemaaltoo.maowimgotinside~soza
m particles.

torm being added 1o longitudinal dispersion
m'-mwiththmvﬂmforxlandxa
in a shortening of bunch length but the effect

nall. For all particles the '/<S_z;." is reduced
ilo. for 2/3 of them - down to 03‘03816.
aluate the beanding tract paraineters ilet us
ract consisting -of a bending magnet ‘with radius
| tune ». In the magnet loagth an integer number
scillation waves Is to go to provide with zero
in the transverse dispersion function ¥ and its
. The longitudinal dispersion coefficient xlis
integration over the bending angle x> J¢ dp and
?_!_;_i?__ . The x,€, product is defined by the bunch
ui‘z’ation; the € - to minimize the linac section
the tract aperture, is to be chosen small
ch more than an energy spread in a beam. That
oice of ¢ ~ 1% and x % 0.6 m. By that the tune
ermined by magnet radius and oscillation, waves
or j=1 with ~ 7T magnetic field and 3 TeV beam
une is 25, tract Jength - 400m, bending angle -
(net aperture - 5 cm. An increase of j by conser-
ts in aperture decrease in proportionality with
length by that increases in proportional:'v with

- with j*7°.
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Fig. 6. Bunchiag efficieacy: proton density distribution lhroulh:luﬂhln. and |
phase hall-profiie afier the buacher for & beas with i inlial energy spread; a=x
luum,xs-o;b-m“kx‘HSdpmiﬂu; c-x‘andx’ucopﬁuuutou
o = the same for 2/3 of particies.
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tract length- up to 935 m. b g
»ossibility for bunch- wise ¢

. ring couldbeusedas ‘mqﬁﬂfor the
linac section in this osse ;

.ﬁa:ﬁcwm

timinto thﬁrhg by - _
1 o nt . in

: . P& that is 25

an in above considdied tractsy fhus requires.
i~ 1.2 GaV

lower linac sectionenergy. aapi*
'!&Vewmwuw%@lwIﬁEd
by 10; and bunch length &1 of ~ 0.!)0 that
the energy spread smaliness condition: GE/AED ~

20
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iimnch revolutions{e in the r;sg

thy

If the wave length of linac section could be ma
.Pm:)formthanﬂwUNKprolonbunchlengtl
&ormer » provides with a proton bunch compressiot
egt;al% ¥ ;ﬂ& a wave and a bunch the compr
W-t@ thegsame -a% for continuous beam bunchiny
E nific j " higherWhen the wave is longer

bunch. So, with A_ = 30 cm asd r.m.s. bunch length I
ahput 80% of protons oould be coliected inside a length
cm. By that the umpressioa could ‘be fulfilled for s
, that allows to redu
%promrnonahty ‘the llmc section eaﬁrgy from 10-12 GeV
to ~I GeV - the minimum- determined by the energy spres
beam.

Pass of such f o,"med proton bunch through the
dtscnbed its  f
compressnon till a collection inside the 2 mm length o
= 2 cm and of ~ 704 -

external buncher will result in

of primary beam protons when 3\0
;\o = 4 cm.

i H
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Problems ol luteuse Secondary Particlke
Beams Production™
G.1. Silvestrov

ABSTRACT

iscussed are the production problems ol iniense
s of secondary parlicles: positrons, antiprotons,
¢ and K-mesons (lo forms (he neutrino beams}.
ig these are the problems I provide the oplimai
ing onlo ibe target for primary beams and lo
{ the secondaries within a solid angle close to
woduction angle. Al present the most effective
ns for such a focusing are strong-focusing lenises
jid and liguid lilhium. Considered arc the desings
| on ihe pumping of liquid lithium through ihe
s which are intended for positron collection in a
- acceleraior operating sl a high repetition rales,
el as the parameters and the specialilies of large
m lenses used lo collect lhe anfiprolon targel
wis. New problems dealing with the formation of
cutrino pareils beams al TeV-range acceleralors
atron, UNC) and the designs of large-diameler
. and liquid-lithium lenses intended for this pur-
are considesed as well.

tre unportanl problem one faces by fhe work wilh
dense prinary beam are the heat removal and the
clums ol the larget against the thermai lailure at
Jdensilses of energy release. To soive lhe problem
.at removal the crealing of mobite solid and jet k-
melallic largels is suggested. To eliminaie the
o isilere during e beam spitl {he scanning of
ary beam on a largel, of rasid exchange of the
21 substance ase considesed.

———

1o the XI1 Internationa} Conlerence on High Energy Acceleralors.

igust 1966

© Hncsuryr sdeproit usuxu CO AH CCCP

In the oplics of beams of secondary particles, three
problems can be defiood for which oblaining of a beam w
muin inlensity is ... . urgenl and requires the crealion ¢
focusing syslems with extremely high magnelic fields.
problem invelves syslems of eleclron-positron conversion |
the need has recently arisén to altain a conversion fact
unily as, for example, in the projects of the positrun sout
{1] and VLEPP [2] (in the latler case, a high degree ol p
on, P06, of the electron and posiiron beams is required
The second kind of prublent is associated wilh an clieclive
tions in the target stations of antipreton storage rings. In
it is mccessary lo achieve the maximum brightness of th
which provides a high phase space density of antiprolons
limited acceplance of a storage ring. Finally, the mosl co
Iocusmg_apparalus is required for neutrino experiments, v
purpose is lo ensure the most effective iormation of a beam
rino «parentss, n and K-mesons, in a broad energy range.

Ia all the above cases the intensity of lhe primary beam
fermining faclor. In view of this, ils focusing on a large
unavoidably leads 1o a heavy thermal load of the larget, su
oplimization of the secondasy beam generation lurns out
rectly connected with ihe thermal target problems.

in the present report we lreal a few variants of the sol
lhese problems, using lithium lenses and utilizing liquid me
in focusing elements and targel devices.




SYSTEMS OF ELECTRON-POSITRON CONVERSION

nventional scheme of generaling intense positron heams
g high-energy electrons into low-cnergy positrons,
es achieving a maximum output from a target, followed
dditional acceleration in a linac with an accompanying
|d, the basic problem is an eflective quarler-wave trans-
the emittance of a positron beam, i. e. the transforma-
hase ellipse from small coordinate and a large aqgutar
1all angular spread. This is required for its maliching lo
scusing syslem accompanying the initial slage of accgle-
should mention that the system of initial beam focusing
iy two conditions: a) fo collect the posilrons in a maxi-
of ahout +£0.6 rad corresponding to the f.m.s. angle of
fhe targel at low energies and b) do«transform i_he
nee in a short distance from lhe largel, Fo avoid an in-
» longitudinat size of the beam, which iszxiue lo a large
.rgence of the heam, lor its successiul additional accele-
. shorl-wave seclions of a linac with a mpximum rale of
These conditions can be satisfied oniy in systems with
jgnetic field; for example, in the SLC project a solenoid
. a jongitudinal field equal to 6 T al lhc(.targel and qu-
decreasing along the axis for a dislance.gu cm. For the
pary beam this provides a coefiicient of “positron collec-
it 2, for the acceptance of the damping ring. To solve
1, it has been proposed lo employ, in the VLEPP conver-
., the most effective focusing system with a lransver-
xisymmetric magnetic field — a short lithium lens of
long with the gradient G =200 kOejem placed dtrec.lly
»f the conversinn larget. In the project under disciission
jont of polarized electrons and pesitrons wilh a polariza-
of about 0.65, and a conversion facior of over unily, is
he performed by impinging. on a largel, the polarized
oduced in a helical uadulator of about 160 m long. The
cam of clectrons  (positrons) with an ecnergy of
oV passes through this undutator and deflecls Trom the
sysfem. Alter 1he target, the specinum of positrons 13
o ) MeV oand the approptinte angle of mnltiple seatie
fene subslanee, ~ 54807 fadd, dovs not dead looaaib
fease o thie beasi el T atisls ~s et ket 13
andd the seattermy shows iat

the aberiabion propeibes

¥

similar lithinm lenses can be efficiently used for the trans
of the beam emittances direclly acar the target  wi
10—20 MeV range (corresponding to a high phasc density
rons) at coltection angles up fo 0.6 rad, uaallainable in
with a longitudinal field.

To extend the possibililies of applying similar systems
Iron sources of linear accelerators whose repetition
reaches hundred Hz, we have soived the problem of heat
from the lens by asing liquid lithinm pumped through it as
reed conductor. With a view {o crealing liquid  lithitem
operaling in the vesl condilions of an accelerating installal
has been iniliated on the creation of a conversion syslen
positron source of the Kharkov linear accelerator LUE-2 -
a 250 MeV primary electron beam at a frequency of 100 11
case, a cone-shaped lens has been used. For the same op
raclerislies this allows the decrease of the cnrrent ampli
the average released energy by a factor of 1.5 (Fig. 1} {3]

At an intensiiy of the LUE-2 electron beam of abouwt 10
les per second, the pulse heating of the tarpel is insignifi
to remove an average power of about 0.5 kW the target
directly in the inner volume of the lens and is covled by lic
um. The flow of lithinm reaches symmetrically the operalin
ihe lens, from the toroidal volumes on s faces. Liguid it

cculates in a closed circuit consisting of lhe lens operating

two long tihes connected to at one end to this volume an
other emd, 1o the electromagnetic pump oulside the vacuu
ber. Current is supplied to the lens by a flat three-condm
line trapsiorming into coaxial cylinders at the place of entr
the vacuum chamber. Here there is a bellows connection,
the leas to be shifted in the transverse direchon. The
non-vacnum part of the lithivm cirenit, inelading the poap
ted on a movabice plale connected fo {lw enrrent input TE
supplicd by current pulses of 50 ps duration with an amp
to 60 kA from a matching transformer located oo the s
The tnitinl heating of Uwe lithisn crenit s perlormed by
heating sysfem. With Hhe bilium melted e the whinde v
starls cireulaling, and af o drequency of HO0 Hz aad st 1he
current the power of abond T EW released i the operatig
of the fens is untformly distoddarfed theoupghoat e oostem,
eonbibriom temperatuse of abant 23076 o estabbiched
The constiuchon i~ tadiafion co~estant, e eniators

ceratdn ated wsndeting oxde coatings

H
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Fig. 1. A lens with liquid hithium:

8—beilows: §—ceramic nsulators,

t; 4—titanium tubes for lithiem supply; §—Tiat cur.

tion of the current input;

—W targe

10~conic sealings; 11 —case of eceentric clamps.

f—cams of contact clamps. Z—conic lens; 3
rent inpul; 6—vacuum chamber, 7.-cosxial sec

In the VLEPP conversion syslem the therinal regime
gel is determined by the specilic fealures of the generatic
by a pure beam of y-quanta, for which the density of ener
grows practicatly linearly with the longitudinat coordin
larget. Computer siinulation 4] shows that with the foll
ramelers; 150 GeV cnergy of the primasry beam, 150-cm-!
lator with A=0.7 cm and P} =0.1, the densily of second:
les at the exit of a W target of 0.5 radialion length optit
constilutes aboul 5 pairs in the whole spectruin in o cirel
0.5 mm radius per onc in the primary beam. Al 10'2 par
pulse in the primary beam and al a frequency of 10 Hz
power, released in the largei, is 50 W, while the encrgy
the exit achieves ¢=400 /g and the lemperature is
during one pulse; this exceeds the magnitude permissible
ted operalion of the targel. The first step in the soluti
problem is to eliminale ithe possibilily of multiple arri
beam at one place by shifling the larget. In this case,
can be made, for example, in the form of a disc. A simil
of the rofaling target with inlense waler cooling has bee
for the SLC posilron source, thereby sojving the problem
ef a large (about 5 kW) averuge power, by spilling ti
beam onto the targel.

We have anocther engineering solulion. In our variant
is cooted by liquid metal, lhe gallium-indivn alloy, and 1
nol only a heat-transler agent but it sels in rotation
which is a [reely-rotating disk aboul 50 min diameter (Fi
farget chamber is wounted on the input side of the fens
iargel exil is al a distance of t —2 mm from ils edge. [t
in the vacuwin chamber with the lens and is connecte
pump through a long transport tube, the pump being ¢
vacuum sysltein. il the targel exit surface is destroyed di
operation or from a single pulse (which will unavoidably
increasing encgry of the primary beam), it is possible 1
without change of the construction, to a variant with the 1
quid-metallic jel largel (for example, a mercury targel)
In this case, the danger consists in splashes can be forn
free exil mercury suriace. These splashes may bombard th
wall of lhe lens which contains the liguid-lithinm volume.
il, there are a prolection titanium disk of about 0.3 1min
between the jet and the lens face, whick is set mio rotat
mercury jet itseif.

7
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2. OBTAINING INTENSE ANTIPROTON BEAMS

B xd Among ihe najor problems concerning eifective proc
W E= antiprotons for injection inlo storage rings, there are the o |
3 gé cusing of the primary beamn on a target, and the cflicient |
& @B of antiprotons up o angles close to the maximum producl. |
= o& The most effective optical systems for such problems are ¢ |
2 g_‘é lithium lenses. The technology of their manufacture was 1
$ £ al the INP in the lafe 70°s and is being applied successiu
i z% acceleralor cenlres FNAL (USAj) and CERN. where simi
- JER have been created dor their spplicalion o antiproton targe
5 Jle ' of the Tevatron-1 and AA-ACOL facilities. :
& =% . The main characterishes of the kenses, which detesmine |
E &" o ra ng- . . i
e TE, -sibitity of the collection of particles of rams. product
- S5E 2 » 42
J N El 253 _ g?;,_‘@’)=2’";;‘c ~ “;3 , i. e. with transverse momen{um
1 - rEw - e I
i 2 ggg R, =0.5GeV/c fos antiprotons, is the field integral over t
' gx E=3 tory of a boundary parliclg, which gives the bendi
.2 | ws y p g g
FaT 300 £ AP :
v ifi de= == SH(!) di. With the run.s. angle of colieclion «, =14
= - - L
g 29 . . .
2 zig maximum ficld integral al the aperture boundary s
W E
% "T‘E‘E J'I,,m-lm;)._u‘a-=i.7-lu“0emn, irrespective of the tulal cuer
2 ;g.“? tiprotons. Since the slorage ring acceptance, e, is somew
mo ozl . '
z == than the r.n.s, emittance ol the anliprolon beam, eu<ly
o - .
= x> L. ‘
f e {Z is the length of the target) and the optimal angle of
Q I ] 2 (¥
3 5 Eii inlo the acceplance e, is equal to u(:—vl.(iﬁ(f‘—‘—(i“—)) <~
7 . A - l . i t
T o] N: is (he lengih of nuclear absorplion of the largel material)
! J ~ T2 racteristic parameters of the dens will be M ~i0
) ‘?E I~15cm<hy,. [or any energy of antiprotons. For tie FNA
=3 at P,=8.9GeV/c and £y =20 mwm - mrad, s lens with suck
lers and aperture R=lcm have an optimal angie of
u,=0.046 rad ('\/_(01) =0067} and the lotal
F=Rfu =22cm, while a lens for {he CERN pr
Eg = 200 mum - mrad o, =0.134 {V(E}f‘-‘-uu.l-iﬁ) and F=7
P, =35GeV/c, i e in this case the source (targel outpu
8 be placed cither near the entrance face of the leos, or

i

e




a large aperture with the same field on its surlace.
or technical problems associaled willh the crealion of rc-
_diameter lenses with ~100kQe Tficlds coitsisls in lhe
the pressure [rom the thermat cxpansion ol lithium,
\g lo considerable stresses in the thin-wall envelope, and
1 adequale heal removal from lithium. Al present there
thods in manufacluring the ienses under discussion, from
jon poini of view. The lenses manufactured al the INP

are elastic syslems (Fig. 3a) where lithium in the
art of the lens is limited by a thin-wall titanium cylinder

10
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Fig. 3a. Lens wilh elaslic wall:
4, 2—retaining bolls; J—titanium hody ol the feits; §—distribution pipes of the
i—Hauges of the distribution pipes; §—siecl body of the lens; 7—collel contact;
& —conic clamps; 9—bolis 10~ berillisn windows,

: outer water-cooled surface. With increasing the lithium
ring the pulse healing, lhe envelope expansion and the lit-
wressibility in the non-heated paris result in a decrease 9!
ce in the sysiem, while lhe siress in Ui envelope walls is

as [5]:

ol
\ Ve 2
E—(l+ ""— +E;-

10

e E—

Here « is the lactor of volumetric expansion of hthium, %,
pressibility, A—lhe wall thickness, R—the cylinder radin
modulus of litanium elasticily, Va—the operating hihiuin
ing heated, Vy—the non-heated section of the hthium volt
cusrenl feeds, which is subjected lo Lhe pressure from the
part of the lens. In the CERN lenses (Fig. 3b), {he stai

A NN i 722 ¢ % S
. 2 NS N =
N R )

S et

W Ry i,
n[u/ 2 L‘i 1B

Fig. 3. CERN lens:

{—wates supply; 2—relaming bolis: J—currenl input; 4—sealed insulator; 5—st
balis; 7 —body of e lens; 8--Hiapium windows; Y—waler supply tubes, 10—«
fi—vperating lithium volumes; 12 —insulator

envelope of the lthium is supporled by a large aumber
balls. This lens is a rigid construction capable of will

. a - .
maximuin pressure close, to p=—1T, in the given case;
x

iutes p=1200alm at T =60°.

With sufficiently durable consiruction, it will be relia
lenses of large diameler, 4—6 cm, the development
sysiems seems more promising. On this path the cardina
a iransition lo the consiructions with tiquid lithium, whic
ral times higher the compressibility. In systems with fle
lithium the problem of heat reinoval is solved also, wh
fenses with 50— 100 kJ energy release this problem tun
practically insoluble with the use of water cooling.

The lirsl experiments with the models of fiquid-fithiu
large. 2—3 cm diameter, were performed i Novostbi
and demonstrated that the main problems detenmining

bi




r of lhe syslem are associaled with [iuid shacks arising
ulse healing. This requires a proper strenglhening of the
elements: a pump, a heat exchanger and transpori tubes.
hows the working variant of a 4-cm-dianteter lens under
ng this construction we plan to test the system with stop
cated at the enirances fo the bufier voluimes (7). The lalter
xcted to the operating volume of the lens by the distribution

Fig. 3c. A lens with liquid lithium:
ames; 2—supply channcis; J—operating lithinm volume; 4—Ilhin-wall cavelope ol
Jithium volume; S—onidized litanium iasulalors; 6-—retnining bolls, 7 —coilet con-
lacts; &—beryllium windows, 9 —supply tubes for liquid hithium.

{2) and this is assumed {o reduce the puise pressure tran-
3 the pumping syslem of the lithium. The iens power is
‘hrough a toroidal matching transformer with radiation-re-
ramic insulators and is iniended for work with about 3 ms
:urreni pulses and with an ampiilude up (o | MA.The lens
ed with a pump which is assumed to be placed behind the
shelding, using transfer tubes of about 4 m long. The
af studying stresses in the lens as well as ihe apparatus
iological problems associated with liquid lithium can be
[5, 6].

ization of the focusing of a profon beam onto a turgel cor-
o oblaining ils size rp, smaller than the eflective size ol
olon source {which is determined by the target length -

12

zt
2
LI
3 W
the acceplance e less than the efleclive emittance of
lons {7].

As lhe energy of antiprotons grows, the necessary !
proton beam decreases down to fractions of a millimetr
example, for Tevalron-! with P,=89GeV/c and g, =2
the oplimal size of the beam has r,<<0.2 mm. At the peal
tensity 2-10 pp the density of energy release will
0.8 ki/g. For a W target this corresponds lo heating up
and its destruction during one pulse. At highest densilies
release which are expecled, for example, in Lhe largels o
antiproton source, in the variant under discussion corres
the geweration of 15 GeV anliprolons by the 600 GeV pr
a principal limitation in the work with small-size beams
the e«massdepleshing» of the targel substance from the be
a lime considerably shorler (han the time of ils passag(
characteristic limes of beam spill, 1.5—2 us, beam scanr
the target surface is likely to be the only possibility for -
the thermal destruction effects without a loss in phase sp
of the aniiprotons. Such a scanning reduce the local
energy release with an appropriate synchronous shift of
tance of the antiprolon section of the focusing syslem
target. This method has been suggesied in [8] and discu
tail in [9, 10} including versions of oplical systems and
cal parameters of the syslem. At present we have con
manufacturing of the first variant ol the system which
four alernating magnets ol vertical and horizontal deflec
magnets are fed by phase-shifted sinusoidal current puls
period in order to achieve circular scanning of a 70 C
beam, on the {farget stand of the Institute of High Ener
(11] with a spill time of 5 us. The magnets have lh
A,=A,=1.6 cm and, at a field of 20 kOe, provide bean
over a circle of 3 mm radius at the focal point of a h
whose focal distance is abou! 70 cm. The paraineters a
scription of the system can be found in [10}. During
menls various systeinatic problems will have (o be solved
dies will be parformed to deternnine the ultimate dJensitie:

, under the

and lhe production angles as V(r,’) =

on the proton beam radius r:-@: . for beam cap

i3




rich do noi result in a dJestruction of a largels during a
m spill under the scanning conditions. The data obtained
vide the basis for the choice of the parameters of lhe ope-
ion of similar systems.

FORMATION OF THE BEAMS OF NEUTRINO «PARENTS»
FOR NEUTRINO EXPERIMENTS

consideration of projects of meutrino channels on TeV ac-
and the increasing requisements for the ‘paramelers of
rams, the necessily arises to search for new methods of
e beams of neulrino parenis. This is associated with ihe

1 the range of meson energies, 0.1—-1 TeV, the angie ol

e from a target becomes very small (0~£§—=-‘-’—(-%2-‘7)—).

» application ol conventional focusing systems such as
worns and parabolic lenses for their lormation proves lo
ve because of the connecling <neck» and the absence of

the near-axis region. This gives rise {o reduced particle
ind to generation of a high level of background caused
usile-sign parlicles. Moreover, the growth of the amount

events ut a detector necessitales working with millise-
s which m lurn leads to complicated problems of cooling
mpused of thin-wall eavelopes, and to problems of sires-
i caused by pulsed thermal expansion. To overcome these

one apply cylindrical lithium ienses wilk a large,
periure which should be fed by long, several-millisecond
Ises. In parlicular, a project has been accepled [or the
ino channel for work with 3.6 TeV prolons. Iis focusing
ludes & telescope composed of three lithium lenses with
ng paramelers: @ 1.8, 3.4 and 6 cm; lenglh ~15 em;
60 and 40 kOe; distances lo the targel of 10, 30 and
pectively. As has been demonstraled in [12], such lenses
one to reduce, by a factor of 2—3, the length of the focu-
1 in comparison with a similar variani based on parabo-
ind reduce, by one order of magnitude, the background

node of operation of the UNC is assumed to be the follo-

6- 10" protons stored and their energy increased up lo
:parale portions of the beam, with 5.10' parlicles in

14

each. will be extracted to lhe target with the 4 s inter
cycle of extraction will tast up to 1 mes. So the lenses wi
plied by current pulses wiil flat tops ol aboul-l-ms an
amplitude of up to 500 kA.

The major problems concerning ihe creation of lithi
with such paramelers has been treated above and we
solve them of developing lhe lechnology of utilizing liqu
pumped through the system.

Al the prolon beam energy and intensily under com
the thermal regimes of the targels become complicaled an
energy release in them, depending on their substance and
can achieve 100 kJ and higher. Using short-focus and s
ture lithium lenses lo collect secondary parlicles require:
the proton beam on a target, to a small, aboul {—2 mm
second argumenl in favour of the work with a small-siz
connected with increasing the nomber of secondaries emer
(he side of the target which belong lo a nuclear-elects
cascade developed in it. These particles are responsible fol
ase of the total energy release; it can be decreased under
{ion thal as the size of the beam is reduced, a sienulianeo
on of the lransverse size h of the target can occur, th
h=4c being conserved. In the limiling case, al a=0.1—(
cnergy release will be only determined by ivnizalion loss
lhe losses due lu nuclear excitation of the primary beam @
practically energy-irrespeclive. For example, in a lithian
about 150 cmi lony the energy release will be reduced 1o
de lower than | kJ. However, as the beam size decreases
cnergy release densily grows fast, and a slalionary large
rafe only in an explosive regime. At a spil} tise of th
about | ms this problem can be solved by a rapid excha
substance in the healing region, thal is by using a flat dic
ic jet crossing the beam axis with a velocity of several e
res per second, thereby oifering simullaneously the po
solving the heal removal probiem. This possibility has Ix
sed earlier |13, 14] and at presenl we starl work on il
realization. :

To do this, an experimental device (Fig. 4) has been
a siationary freely-flowing jei of gallimn-indium alloy.
20 ¢m wide (along the beam axis) and ifs transver
he=1=2 mm. The device is assumed to be mounied on
larget sland and we intend lo investigale ma X adn.
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energy felease at )n'llich the substance density on the beam
s nok decrease, wilth the 76 GeV prolon beam, lfocused lo
cident on it. This will give information aboul how many

__;/////m'%e

Fig. 4. A stalionary jet target:
\lion hole; 2—heam axis; 3—nozzie of the Jrain chamber; 4 liquid metal; 5—pamp.

¢ substance shouid be exchanged in more intense UNC tar-
d about the required velocity of a jet. It is more rational lo
iquid-metailic jet targets (the jet velocily is aboul 100 m/s)
sulse mode ol operalion, using for tkis purpose ihe electro-
. melhod ol accelerating a liquid wetal. To analyse these
lies, a device has been designed in which a narrow, ~2-mm
veen {wo flal current 20-cm-wide conductors is short-circui-
| stationary flow of liquid metal. When passing through the
w a current pulse of about 2 MA amplitude, the metal will
+d oul from the gap under the pressure of the magnetic field
iagnilude is above 100 kOe. Using this device, the parame-
1 liquid-metallic jet will be studied and the optimat regimes
:hosen, which provide the maximum velocity. ’

I
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Comments on Polarized Muons
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H. A. Thiessen

At Meson factory energies, the only significant source of muens is the decay:
R TR

In the center of mass of the pion, the muon is produced with spin parallel (anti
parallel) to its direction of motion. If the pion is in flight, the folding of the
kinematics results in muons produced backwards in the center-of-mass
appearing forwards in the lab. The resultant mixture of muons cbserved in the
iab system then has nearly zero polarization.

To obtain polarized muons, we need to consider pions produced at rest or nearly
at rest. Since the kinetic energy of the muon produced in the decay of a stopped
pion is about 4 MeV, this necessarily means that we will be looking for very slow
muons. This may be an advantage because these muons will have a smaller
invariant phase space due to the small initial muon momentum.

It seems to me that it will pay to look at the technology developed at meson
factories for producing low energy polarized muons.

One good example is the so-called "surface” muon beam. In any production
target, some pions will be produced that stop near the surface of the pion
production target. Whean these pions decay, they result in a nearly
monochromatic beam of 100% polarization. There are two serious difficulties

with this approach. First, it works only for o+ (ut) as stopping a— mostly interact

before they decay. Second, any time structure of production of pions is washad
out by the 26ns lifetime of the pion.

i hope that we at Los Alamos can evaluate some low energy muon sources as
candidates for a muon collider. Since the technology is already well deveicped,
we may be able to do this with only a small investment in time.



Muon Source

Mikhail Grachev
INR
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