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1. This talk is not a resume of the whole Workshop, but
gimply of nur—(meaning; Novosibirsk). current ﬁndhrutanding'of
how to use the cooling technique jo.achiavé the laxing; aver-
age luminosity in ﬁﬁ colliding beams, assuming that we have
already learned how to obtain the required number of antiprotons.
This understanding results, pgrtlg, from our ﬁiacul#iéna here
at this Workshop.

0f course, the cooling technique can be apﬁlieﬂ in a wide
range of experiments in elementary particles and nuclear phys-
"ice and in other fields. .

There are several methods to cool beame of fast charged
particles, or to keep them cold enough despite any heating
diffusion pracesueﬁ. This latter aim is closest to the subject
of this Workshop.

But let us say a few words in general on particular methods
of cooling. . '

gl Synchrotron rédiatiom damping - uﬁrruntly, the most fa-

miliar - is of extreme nﬁufulnanﬂ for electron and positren

. beam nnnling, especially today fer high luminosity ete” colliding




beam experiments. Radiation cooling will be very useful for

the next (or even after-the-next) generation of pp colliding
beam facilities at energies more than 5 TeV, aaaumiﬁg the bend-
ing magnetic fieid would be about 100 EG or more.

3. Ionization losses should be useful for ccdoling muon
beams (of course, the average enmergy losses should be compensat-
ed from the external energy source in the same way as for the
axnchrotrnn radiation case). Ionization cooling becomes effec-
tive for relativiatic particles (g 2.y heuauae only in this
case there id*hntidamping due to decreasing ionization losses
with increasing particle ahurgr. .

This coeling is useful only for muons, because for all re-
lativistic hadrons the cross~gection of "strong interaction death"
is too large and, for e~ the radiative losses, are bigger than
ionization losses.

To have better equilibrium emittance it is necessary to place
the light matérial target in a region with very low beta-value.

Tonization cooling makes it possible to obtain intense, high
energy low emittance nunn‘haans hrJacaalerating the cooled muons.
With the use of a upeui&l.high-fiald storage ring it would be |
possible to obtaim very intense and narrow v”i,?,.., "13,.. - beams,
and even high-luminosity muon célliding beams ¥’

4, Stochastic cooling is most effective whem it is necessa-
ry to demp large amplitudes of betatron oscillation and large
momentum spread 1ﬁ proton (antiproton) beams; thiﬁ ie especially
important for the initial stage of antiproton storing. But the
rate of stochastic cooling goes down with increasing linear den-
sity of the stored beams (special disadvantage for bunched beams)

aﬁd for beams of small emittance and small momentum spread. The

*) E,Perevedentmev, A.Skrinsky. The use of intense proton

bedms of big proton accelerators for linear accelerating structure
excitation; VI Accelerator Conference, Dubna,.1978.
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good feature of stochastic conling:ia that its rate does not
decrease for higher enmergies. |

5. Electron codling gives high cooling rate in the case of
medium and, especially, low emittance proton (antiprpoton) beams
in the medium and low energy range. The use nf.Qlectroﬁ cooling
for highdf energies is the subject ;f our discussions today.
Note, cooling intense prntuh beams need experimental study.

6. While interaction,cooling helps to confine the beam emit-
tances gnd consequently the beam dimensions to their minimum ad-
missible level &t the nalliaion pointe., This emnables one to main-
tain the maximum attninahl& danaitr and the maximum attainable
culliaiun Juminosity. The ennling tina naturally, should be in

~ any case much smaller than antiproton life-time due to strong

interaction with eolliding particles:
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+ 106 sec ,

Some effectis of diffusional character lead, in the interaction
ragime, to beams - tend fn expand. Among these effects are:
the multiple scattering on the nuclei of residual gas and on
the cooling b;am particles (pair collisiomns); an iﬁfluanﬁa of -
the different noises of tha-nagnat}a field and RF systews; ac-
cumulating effects of non-linearities of the guiding fields and,
£inally, the coherent a;eétra-aggatic field effect of the col-
1iding beam. Pafticularlr,the existence of this latter effect
is in practice the most gignificant and, therefore, let.ua spe-
cially dwell upon this affaet at least schematically.

~ If the transverse dinemian! turn out to be toe mll for
a beam which contains (for the sake ef li.plitiir} only one
bunch with a number of pnrticlaa fVIJ the colliding rnrticiq




during one collision can acquire a scattering angle larger

than htha admissible angle which is determined by the admittan-

ee of the storage ring. While decreasing the colliding bunch
density only the multiturn effects become destructive, In this
case, the colliding beam field can be considered as a lens which
varies the frequency of the particle betatron oscillations. An
influence of this lens can be chamntariaed by the frequency
shift &Y , If & is so high that the frequency is nearing
the linear machine resonances, the particle oscillation amplitu-
de increases very rapidly (in a few turms). With further'dacrae:_ae
in bunch density, AV also decreases and, at the value 4V = 0.1,
the influence of the c_ul;l.id:i;ng beam field in "good" operating
points leads to quasidiffusional behavior of the amplitude of
betatron oscillations under the effect of strongly non-linear
field of the bunch. In this case, the diffusion rate rapidly de-
creases with qécreaaa of betatron 1"1':~wenv:pnmar:rnr.:.:jr shift and at AVS1074
the diffusion induced by collisional effects becomes practically
negligible (even at the largest life-times of the beams, suppos-
ing that all the oth_ér sources of the diffusion have been ulti-
mately suppressed)., In the range &V = 10" 141074 the diffusion
rate not only depends on the inen value AY but also depends
on the presence of modulation of this shift by synchroiron os-
eillatinu as well as noises of magnetic :riald and alsu on a
number of other factors., The beam "erosion® cauuad b;y the dif-

* and e~ at high

fusion can ba suppressed with frictiun. For e

energies the very strong friction is the radiation friction.

Under these conditions one can achieve the following values:
ﬁ’}m = (34-5}*1{!"2._ At these values one can overcome the dif-

fusion by strong radiation friction. Por pp colliding beams at

energies of hundreds of GeV, as mantiuna_ﬂ above, the only kind
of friction for which one can hope today is electron cooling
by circulating electron beam of the same average velocity. Though
the cooling rate will be a few orders of magnitude lower than the
radiation cooling rate attained, Therefore, it is hardly possible
to hope for machine operation with the frequency shifts higher
than, say, A, = 11072,

At a given a&v,_, a relation occurs between maximum achiev-

able summary luminosity L._ of the installation and the number

=
of particles in the weaker haﬁm Nﬁ- « Since, in the first appro-
ximation, Lz does not depend on the number of particles in a
strong beam, then we will take Npﬂ A":a*=/V. In this case, the re-
lation mentinn.ed above in the beams which are symmetrical over
r- aﬁd z-directions ( aT=4Z , ﬁ;ﬁg-ﬁﬂn at the collision points)

has the form:
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where _"tp is the classical radius of the proton, 3/ is the
relativistic factor for the beams at the experiment energy, 'j_a
is the rotation frequency. ot :
It fha beams are separated into several bunches, the total

ultimate luminosity over all the collision points, at a given
total number of pa_rticl.aa N , -remgine the same, It is determin-
ed by the.ahnva fﬁmula :'-11'. the 'Bu:ﬁchea wounld callidu 'tmly.r in .. _
the useful mgimilar (over F, -value) pniﬂta and the collisions
would not occur at all parasitic points. '.Ehe latter can ha lehiat-
ad in the one-track storage ring with the help of the transverse
) fields | == sufficiently

high (as it is plaﬁneﬁ for VEPP-4), but in thé cage ar'th'n two-

':luaaireaunant electrﬂﬂtatic

track Bi;arag;a ring it can be achieved by the nppropriat- lu].ac-
tion of the inturamtion gametnr.




The minimum emittance of the beams which corresponds to
the given above formula for the ultimate luminosity will depend
on the number of bunches I, in the colliding beams. It is de-

termined by the formulae:
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Of course, this emittance should be less than the admittanca of
the storage ring (taking inte account 'l:ha losses in useful aper-
ture if one needs to separate orbits at parasitic points of col-
lisions): |
E o S

This condition gives.thg-limit for achievable 1,:.. NHote, that
operation, using NPJL}{'V},- , does not allow one neither to in-
crease the luminesity considerably nor to decrease t_he emittance
of the antiproton beam compared to the values given above

and consequently, 1t does not ease the problem of anti-
proton cooling. This regime is rather a partial replacement if
high energy electron cooling falls,

7. Let us shift now to the discussion of electron cooling
directly in the eolliding regime at energies of hundreds of GeV.
Let us assume initially that the tranaverﬁ%’%%pcraturﬁ is neg-
ligibly smell (longitudinal temperature is emall due to rels-
tivistic character at AP/ and APS comparable in the labora-
tory system). In this case, the electron cooling rate ?—_:-f will
be determined by the transverse velocities of ﬁntiprntonﬂ (or

- protons):
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where %,,e are the elassical radius and the charge of the

electron; LCMS is the Coloumb logarithm of antipretom-electron
collisions; ﬁ:"'—' is the peak electron current at the moments of
cooling; e is the fraction of the antipfntan orbit oeccupied
by the cooling region; 53 is the cross-section of the anti-
proton beam on the cooling region (the cross-section of electron
beem should be not more tham this wvalue since, in this case, the

‘cooling rate will be decreased); 63'-"' are characteristic anti-

proton angles at the collision region.
As to 49‘;- -, one should have in mind that not only the par-

ticles giving the main contribution to the luminosity (which cor-

responds to the emittance & should be cooled but the par=

min.)
ticles which have the angles by factor K = 2+3 bigger, should
also be cooled, since otherwise the luminoslty decreasing time
will be too small due to +the irreversible diffusion pumping of
particles into the "tails"™ of the distribution function. Under

these conditions:
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wheraﬂa is the value of beta-function in the cooling region.
Consequently, using expressions for E min ORE geta.
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(note that in the latter formula the depandenca on a/ disappaara).
max. ~ [flg
It is assumed here that ':i'e‘ y Where 3’1 is average

b L
electron current in the electron ltorage ring, //, 1is the cir-

cumference of this storage ring which should be by intagor times




less or should be equal to the distance between the antiproton.
(proton) bunches; it is assumed that the electiron beam is accumu-
lated into one bunch with the same laﬂéﬁgﬁgﬁf%ﬁﬁ% for the bunches
in the main storage ring.*)

8, For colliding beams, estimations carried out by the latter
formulae show that large electron currents are required in order
to obtain cooling times on the order of 102—103 gsec at the lumi-
nosity of 1030 em 2 g™ (the pulse currents should be on the level

of the cofBiden
of tens or even hundreds amperes in the many ﬁEEEEEEqFEéiﬁaﬁ-
Achievement of such currents in the storagg rings at electron
energies of hundreds of MeV and higher is not a problem now. But
difficulties appear due to the necessity nf having a low effec-
tive temperature of electrons in order that the angles in the
electron heaé-ahould be lower then those in the proton (antipro-
ton) beam and should not decrease the cooling rate. Having in mind,
that electron beam cross-section should be not bigger than that
of antiproton beam, we obtain the restriction on electron beam
emittance: 3 |
' g <lps
Only in this case the cooling rate would not decr&asaugﬁdi;iqghlly.
In order to maintain small enough spreads in electron beam, a
sufficiently strong effective frictiomn is requirad for electrons.

*) HNote, that in &rder to cool protone and antiprotons in
one track collider in a time, it is necessary to have iwo indepen-
dent electron storage rings with eleciron ?alncifias in the cool-
ing sections parallel to the beam under cooling. The interaciion
of electron bunch with antiparallel beam should be a;gludad by
corresponding phase shift to prevent very dangerous beam-beam ef-
fecis, especially en ali#trﬂnl.haring two thousands times lower

momenta,

10

For this purpose,it is natural to use radiation friction. This
can be done either directly in the main storage rings or with
the transportation of electron bunches after their heating into
the special deeply and fast cooling storage ring and also by in-

jection into the main"storage ring of just cooled portion of par-
ticles. ' : '

* A few processes can lead to the heating of electron beams:
heating with the . hegggiﬁﬁggggivaa; appearance of electron
coherent instabilities; self-heating due to the inter-beam elec-
tron collisions and also the influence of the synchrotron radia-
tion quantum fluctuations.

The firat effect is the simplest and it can be easily handled.
For this purpose, it is sufficient that the time of effective
cooling of the electrons is sufficiently small:

£
CA A _f_’ie),

(the formula iﬁ gerived from the simple thermodynamic considera-
tions "heat flow halﬁnce“}.-Evan 1F.one takes into account that

6, should be lower than Oy , for the parameters required, we
obtain simple requirements for T:mi* '

The problem of coherent instability is much more complicated
and has many forms. Operational experience of electron storage
rings, though, gives the confident hope that one may obtain the
required parameters. So, at VEPP-2 storage ripg the peak electron
currents one can manage to obtain are 20~40 ﬁ_ with moderate
temperature even at an energy as low as 100 MeV,

In order to overcome the effect of intermal scattering which
in the relativistic region nearly innevitably leads to the beam
self-heating, both the ultimate pewerful damping and selection

11




of a very special structure of the electron storage ring are re-
quired. In particular, it requires the ultimate radial focusing
in the bending sections and zero wvalues for the dispersien funo-
tions and their derivatives at the long straight-sections (2ool-
ing sections, for example). This problem seems to be solvable.

El;mination of dangerous influence of gquantum fluctuations
of radiation requires similar ways but looks like it is easier,

9.' The problem of obtaining the circulating electron beams
with parameters necessary for the effective cooling of pp collid-
ing beams would become much simpler if one could exclude (or
sharply attenuate) an influence of the transverse electron tem-
perature to the cooling rate. This was obtained in the case of
"direct"” elecirpn beams with the help of a longitudinal magnetic
field which "magnetizes™ the transverse motion of electrons at
the prﬁton4alac£run collisions, The search for such versions is
at the very begimning. :

10, In cnncluuion,-I can say, that cooling with the help of
éirculating elactrun"heama can become an important tool for in-
creasing the effective luminosity of the installations with pp
culli&ing beams at energles ranging from tens of GeV to several
TeV, .

' The author is very grateful to Brs.Yﬁ.S.Derbanuv. N.S.Dikansky,
I,A.Ebap, I.N.Meshkov, ?.?.Enrkhumchuk, G.M,Tumaikin with whom
discuseions have helped to form these considerations and thanks
Dr, D.,Cline and other participante of the Workshop in Madison
for stimulating interest. :

Some additional conmideration on the questions mentiomed
‘are given in the review paper by &,I.Budker, A,N.Skrinsky YEl&é-
tron cooling and new pelﬂihiliti;a in elementary particle physics®
(Uspekhi Fiz, Nauk, 124, W°4, 1978; the English translation is
availlable) and also in the cycle of the Novosibirsk papers on
ulactrql'cualins. .
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