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Ionization cooling ip besed on uss of
the ionization enarfy lossen of charged par-
tloles, whioh travel in matter, with the ex-
ternal source compengation for the average
energy losses of equilibrium particles /i-3/.
Fhen the motion in matter occurs at the eve-
rage elactron density ., the power of los-
gen Jy; snd the frictionai force ;; are,
correspondingly, equal to t

.-../'V e, = %
-4/ . 'zﬁz:-““‘??“: (1)

whare € and 1, are haprge and mass of
en electron, £ =£&n( 2 ) e 8§12 ,
#, i the stémic nu&i& of matter, 7 13

the “effective Lonization Eatential, and 7=
ie the velocity of particle motion.

1. For aimplicity, let us first consi-
der the cape of a straight-line motion of
the beam under cooling in matter with ioni-
zation lomges. The epecific fsatureas of the
ionizetion cooling manifeat themselves in
this cane as well, but the sum of the decre-
ments ig completeiy in dependent of the spe-
gific features of the particle motion, inc~
luding the pregence of focusing. Assuming
that the deviations of the longitundinal mo-
mentum and the iranaveras momentum (with
regpect to the direction of the force which
recsvera the energy lopses) are mmall, [aP,{,

[, 0Py [ 2 , we immediately obtaix,
in e linear approximation, the damping de~
¢rements In the form
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and an expresslon for the sum of the decre-
mente: o 2P, ’3‘02. 2
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In the nen-relativistic cese, 2 rapid
fall in the frictional force with inoreasing
of the kinetlec energy £, leads to & negative
value of the longitudinal decrement and to
a aubstantial decreage of the sum of the
descrements compared with et 2y :
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This is 3¢5 times less than the sum of the
traneverse decrements only.

In the relativistic reglon, where the
ionization loeses become, in practlice, ener-
sy;:gdgpendent. the sum of the decrement is
eq

-
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The magnetic structure of a cyclic ioni-
zation cooler and the shape of a target sho-
uld bs suoh that the decrements from i{rans-
versa degresg of freedom ares 'trangferred! to
a longitudinal one., To ensurs the energy
spread damping, it la epufficient to place the
targets on & peotlion where the position of
the closed orbit of a particle depends on ita
energy and to make the target thickness vari-
able in order that the larger thickness ¢ of
the target correspond to the higher energy:
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.where ¥ 1pg the diaparsion function in the

target region (VW= 2Ax4p). It V&< it im ne-
ceapary to use the coupling with both trana-
versnl degreea simultaneously.

2. The multiple scattering on the nuc-
lei and slectrone of the target 1teslf and
the fluotuations of ionization loases are re-
Terred to the mein *heating' factors determi-
ning the equilibriom of the momentum apreads.
To a sufficient aceurac{, the direct diffu-
gion of transverse snd longltudinal momenta
can be written down ae followa:
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where 4 5,[‘”“‘}-/5‘ and Afmax is the ma-

Xloum energy transfer to & target electron:
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{no mperture limitation ip assumed}. If each
decrement is regarded to be made equal to
one third of the sum of decremente (3) as =8
result of the choice of the magnetios struc-
ture, the equilibrium wvalues of the irens-
verese angles and of the energy spread are
then determined by the foll ng expressions
{with the excitation of trensverse oscilla-
tiona by the fluctuntions of ensrgy loeses

taken Iinto account):
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where £, . are the values of the beta-
~function’in the targst region and . i=
the energy spread in the beam,

Thus, one can obtain a emall value of
the squilibrium transverse emittance

Priz 2
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bisohoosing the magnetic astructure so that
ths minimum of thes beta-function take place
in the target region (assuming ¥, € g V&.’/)’ )

) ¥
The squilibrium geometrical longitudi-
nal emitience of the beam will be equal o

y 1
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where 6} ig the mean azimuthal deviati-
on of the particles in the bunch from the
equilibrium rarticle, which is proportional
t0 ¢ . Let us assume that compensation of
the ionization losses tekes place on & g-
~harmonio of the revolution frequency &; in
the phi?e etability regime. The relation be-

(6)
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twean and £ is th -
pressioﬁ; e 1is en given by the ex
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where A 1 dius of the sccele~

rator, o) = pedgiayudd /o’ ip the frequency of
Phage omo 11§t10n3.544 is the amplitude of
energy gein from the aocelerating element
per tum, # is the aquilibrium phase (no-
te that ei s v equale the fonlization
losses per turnh) and, finelly, 4w/ charsc-
terizes the variation rate of the particle
revolution frequency in the accelsrator as
the energy varies and tends o zerc at the
so=called feriticsl snergy', dependent on
the sccelerator megnetic structure. Hence,
we obtain
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Thus, 1n order to obtsin as amall equilibri-
ue longitudinal emittance of the beam ap
Poseible at a given energy of cooling, 1t ia
necessary to ma:imalgi decreage the affecti-
ve 'longitudinal focal length*k -53” of
the accelerstor, in particular, f? to in-
creage the harmonic number of the apS%ied
compenastinf RF voltage in the single-~bunch
regime, 1t 18 necespary to strive for wor-
king at an energy olose to a critical one.

After cooling one can take advantege of
the smallness of the equilibrium longitudi-
nal emittance {due to smallness of the equi-
librium length of the bunch) for a sharp mo-
Nochrometization of the beam. To do thias, it

ig sufficient, for example, to eliminate
firet the ionization losses adiabatically
slowly, smoothly reducing the thickmess of
targets, and then to decremape the accelera-
ting voltage. This results in 1engthan1n§
tha bunch, thereby gsining, proportionally,
in monochromaticity. The adlasbatic lengthe-
ning o¢f the bunch can alsc be made In an ad-
ditional metched acoelerating track, or using
8 bending expender with further compensation
of the energy gradient along the bunch.

3, lLet vus now consider for what partic-
lea the lonizsaiion cooling le ressonable to
uee /3/.

For electrons and positrona, the ioniza-
tion cooling is not applicable st all. At
low energies the muliiple scattering takes
Elaoe nmore rapldly than the ionizatlon decse-

eration, and at high energiea the main
energy logses are the radlation onee which
cocnr by large 'portions' becaume the brems-
strahlung spectrum 1s uniform up to the
quenta energies of the order of the initial
energy of electrons.

When cooling the protons and antiprotons,
the major obstacle at not too low energles
ie a gtrong (nuclear) interaction with the
target nuclei., (It is worth emphasizing that
the necessity for confining the particles,
soattered in the target st an angle peveral
times larger compared with the equilibrium
sngular apread, offers the possibility of
neglecting the perticle losses because of the
single Coulowb ecattering). In this case,
the particle loss ecross section is nearly
equal %o the totel nucleer crose section.

The setimates show that the proiton beama can
be cocled only at 100 MeV even for the
hydrogen terget /2/.

For entiprotons, the nuclesr cross sec=-
tion at low energles ig much larger and
hence, the ionization cooling is 1napp1£cab—
le for them, except, possibly, the reglon of
very low energles where the cross section
for entiprotons isg unknown.

The moet interesting and promlalng ls
the application of lonization cooling to muon
beams since there are no, in practice, radl-
ation losses and nuclear interactlon zexcept
the Coulomb mcattering) for these beams. The
lifetime of the muon beam is limited by the
muon decay with the time Y7, even under the
conditions when ihe accelefetor confines the
beam with the equilibrium emittence with a
eufficient reserve. Therefore, the time of
cooling has to be meveral times shorter com-
pared with the deceay +time:

(=5) = 1T,

In our further conslderation we will rest-
rict ourselves to the case fo Yec p/fim,
where 4 1g the mase of a muon, since at
nonrelativistic snergies the equilibrium an-
gle proves to be toc large - of the order of
unity, whareas at higher energies the equili-~
brium energy spread becomeg too high. The
condition For & sufficlently high rate of
cooling tekee the form
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It we usge, for example, lithium tar-
gete, then an admiselble fraction ¢ of

the orbit, ueed for a target, should be es
follows:

15007 5 7o0™
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i.8. the target substence has to oeoug of
the order of 1% of the accelerator orbit.

Importance is of the fact that the pe-
veral phase osoillations muet occcur during
the damping time, and, hence, the frequen-—
¢y of phasge osciilations should be pubstan-
tially higher than .

It is worth noting that the cooling
can be mads both in the cyclic” (the above
formulae are addresped Just to thla cese)
end quapl=linear accelarators with a total
energy gain gsveral times highar compared
with the energy of cooling; the accelerator
has to include sections with bending magne-
tic field. In this case, the energy digper-
sion function in the target region needs to
be chosen correctly in order to carry out
the longitudinal cooling as well. The gene-
ral estimetes of the equilibrium emittances
remain valid.

4. Let us briefly dlecuss, sccording
malnly to Refs /4=-6/, posaible applications
of ionization-cocled muor beams. To produce
intense, completely pure and deeply-cooled
muon beams, the following stsps are neces-
sary to meke:

1) %o produce a pion beam with as low
emlttance aa poesible at on energy £. of
about 1 GeV, by using the moat intenss pro-
ton beems with san energy of hundreds of
GeV and higher snd the nuclear cascade in
the conversion target;

2) to let the plons decay in a sirong-
ly-focusing stralght-line channel; thie en~
sures the minimum increase of the transver-
se emittence;

3) to perform the ionization cooling
of the produced muon beam;

4) to accelerats, to the necessery
energy, the produced muon beam in a linear
or cyclic acoelerator with & rate of coo-
ling several times higher, per unit length,
then#c /2, ; this provides the smsllness of
inteneity losses becauge of the muon decay.

These muon bheams 1s possible to use
either for a direct gtudy of the interacti-
on of muons with nucleons and nuclel or for
obtaining, after the injections of muons
into a specinl magnetic trask, a generator
of electron and muon neutrinos and antineu-
trinoe up to the total energy with a very
small angular spread. The latter can be mpa-
de close to ¥ /Eew , where £. 1a the
energy of accelérated muons. With £ -
= 1 Te¥ and a 300-m~thick ghield, tﬁZs will

enable one to have the trensverse sizes of

the neutrinc beam of the order of 3 cm.
Thie circumetance will permit the metting
up of neuirino experimentas to be simplified
to a considerable extent.

However, the most interesting poesibi-
lity 18 to make the colliding muon beame
experiments., If the aberrations do not in-

creage, during acceleration, the smittance of
muon beame gathersd in two very 1Eprtdyunchea
with the number of particles Arz=Am- =¥m '
then heving injected them intd thé ring with

& gtrong magnetic field H4 (to inorease the

number of collisione »: during the lifetime

of accelerated muons), one can ohtain the lu-
minoslty

i En ¥,
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where fA and > are the values of the beta~
~functione in the region of jonlzation ter-
gete and in_the interaction point, respecti-
vely; and f is the repetition frequency of
injection cycles.

1 £
If we set AL, = 10'), = 1 TeV,

H = 100 kG, f & 10 Hz end’4 - 3, - 3oma, o
we obtain the luminosity exceeding 107 lem” °g;
As shown in Ref. /6/, close parameters can be
achieved with the help of proton klystrons
by utilizing the intenge proton beams of the
modern end future ascelerators st ultimately
high ensrgles.
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