UHCTUTYT ALEPHOW ®U3UKH
CO AH CCCP

Ya.S.Derbenev and A,N.Skrinsky

ON HIGH ENERGY ELECTRON COOLING

NPEMPUHT UAD 79 -87




L

ON HIGH ENERGY ELECTRON COOLING

Ya,S,Derbenev and A.N.Skrinsky

Instituie of Nuclear Physics of Siberian Division
of the USSR Academy of Sciences, Novosibirsk

1. Electron cooling as a method of producing intense ;unuF
chromatic beams of heavy particles in storage fin;l can be used
in a broad field of experiments on eluuantarw.pirticiadphy:inu,
nuclear physics, etc. /1/. By now, this method Eaa.aﬁcuaiﬁfuily
been tested in two lahnrafariau /1,2/. Eigh energy electron cool-
ing is mainly intended as a method to ensure high luminosity of
colliding proton-antiproton beams /3/ if we already can obtain
the required number of antiprotons.

This paper is a short review of our conceptions about pos-

 gibilities of heavy particle beams cooling at'high:unlrginu by

the beam of ultrarelativistic electrons coasted in the storage
ring. It contains preliminary comsiderations reported at Furt:ﬁap
at Madison /4,5/ and also the results of fhc studies carried out
for recent time.

Before proceeding to the subject of this paper let us say
a few words in general on the methods which enable one to cool
the beams of fast charged particles, or to keep them cold enough
despite any heating diffusion processes.

2, Synchrotron radiation damping - currently, the most fa-
miliar - is of extreme usefulness for a1-=¥gun and positrom
beam cuuiing, especially today for high luminosity e'e” colliding
beam experiments. Radiatiom coeling will be very useful for the
next (or evem after-the-next) gemeratiom nf.pﬁ nnllidin;‘baai
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facilities at energiles mnrﬁ than 5 TeV, agsuming the bending
magnetie field would be about 100 KGsor mnra._

3. Ionization losses ahould be useful for Gﬂﬂling muon

beame (of course, the &furaga anﬁrgy luaﬂua ‘should be unmpanaat— i

aed from the extermal energy uanrue in the uamg way a8 for the
synchrotron radiation case). Iuninatiun cooling becomes effec~
tive for ﬂiﬁ*ﬁiviltil plri:hlﬂ ( aﬂa 2], ‘because only in this
u:ii th:i! is ne antidamping due to ﬂanrtu-ina iunimatiun losees
ﬂith inereasing particle energy. '

This nunliﬁg is useful only fhr muons, because for all re-
1ativiitie hadrons the urn-l¢nlntinn of “gtrong interaction death"
il too large and for l th. ruiiativa lﬁlﬂll are higg-r than
jonization losses.

To have better equilibrium emittance it is necessary to place

the light iuturinl target in a region with very low beta-value.

Ionisation cooling ulkn- it possible to ahtnin 4intense, high
iﬁnrﬂ; low emittance lunn beams by tuntlnrnting the cooled muons.
With the use of a -pauinl 15h-fiuld storage ring it would be
poesible to obtain very intense and ‘narrow 1}. ,l{- ‘!lu il- beams,
and even high-luminosity mmon colliding beams /6/.

4. Stochastic cooling is most effective 1han it is necessa-
ry to damp large. amplitudes of betatron oscillation and large
-munentun spread in profon (antiproton) heamﬁ; this is especially
Aimportant for the initial utlge of antiproton storing. But the
rate of atnahnntie coolin; goes down with increasing linear den-
pity of the ntnrud beams (special disadventage for bunched beams)
or for beams of small emittance and small momentum spread. The
good featu:ﬂ of stochastic cnuling is that its rate does not

decrease for higher energies.

5. Electron cooling gives high cooling rate in the case of
medium snd, especially, low emittance proten (antiproton) beams
in the medium and low energy Tange. The use of electron cooling
for higher energies is the subject of our discussions today.
Note, cooling intense proton heams need experimental study.

6, While interaction, cooling helps to confine the beam emit-
tances and congequently the beam dimensiona to their minimum ad-
missible level at the collision points. This enables one to main-
tain the maximum attainable density and the maximum attainable
collision lumineosity. The cooling time, naturally, should be in
any case much amaller than antiproton 1ife-time due to strong

interaction with colliding particles:
[
2o =X fﬁ?/ize-r e 107 + 10° sec.

Some effects of diffusional character lead, in ths interaction
regime, to beams tend to expand. Among these effects are: the
multiple scattering on the nuclei of residual gas and on the
colliding beam particles (pair collisions); intra-beam scattering
which leads to self-heating of & beam at high energies; an in-
fluence of the different noises of the magnetic field and RF
aystems; accumulating effects of non-linearities of the guiding
rields and, finally, the coherent electromagnetic field effect
of the colliding beam, Particularly, the existence of this latter
effect is in practice the most gignificant and, therefore, let
us specially dwell upon thie effect, at least schematically.

1f the transverse dimensions turn out to be too emall for
a beam which contains (for the sake of gimplicity) only one
bunch with a mmber of particles N , the colliding particle

during one collision can acquire 8 scattering angle larger than



e

today is elect lin
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i de 1 than the
only the multiturn effects become destructive, In this case, the cooling rate will be a few orders of NAgH-tuRe lower e

the colliding beam field can be considered as a lens B L radiation cooling rate attained. Therefore, it is hardly possible

with the frequency shifts higher
ries the frequency of the particle betatron oseillations. An in- to hope for machine operation with Squency g
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fluence of this lens can be characterized by the frequency shift Shne, DRy ‘m)ma?-l o

i relation occcurs between maximum achiev-
4y .. 1t A\s} is so high that the frequency is nearing the 1i- BY- & GAVE A\’de v ;

' f installation and the number
near machine rescnances, the particle oscillation amplitude in- able sumary luminosity Ls of the installation a

i ker beam A5 . Since, in the first appro-
creases very rapidly (in a few turms). With further decrease of particles in the weaker beam /o , PP

& th mb f particles in a
in bunch density, &Y also decreases and, at the value avVR0.1, ximation, L"E does not depend on the number ol par

' Mo=Ae=/. In Phis case, the re-
the influence of the colliding beam field in "good" operating strong beam, then we will take /%p™/7% ’

lation mentioned above in the beams which are gymmetrical over

r- and g-directione ( a4¥ =47, F;_.=ﬁx=f3,at the collsion points)

points leads to quasidiffusional behavior of the amplitude of
betatron oscillations under the effect of strongly mem-linear
has the form:

5. J’NAVMQK /
4 i ?{ :

creases with decrease of betatron frequency shift and at 4AY<£ 10~ == 2, B
o

field of the bunch. In this case, the diffusion rate rapidly de-

-3 (1)

the diffusion induced by collisional effects becomes practically

. £ is the
negligible (even at the largest life-times of the beams, suppos- i Z? A th? SLuweLon . I“i‘&i“" B AR PR, ﬁ?- "

ing that all the other sources of the diffusion have been ulti- relativistio faotor for the besns at the expsriment energys fo

mately suppressed)., In the range _A’J s 10'1 +1 0'4 the diffuaion is the rotation frequency.

' ' h the total
rate not only depends on the given value AV but also depends If the beams are separated into several buuches, o

i i
on the presence of modulation of this shift by synchrotron os- ultiﬂ_lﬁtﬂ- luminosity over all the cn;l.lisinn points, at & given

: : yrmin-
cillations as well as noises of magnetic field and also on a total number of particles /V y Temains the same 1% 1o determin

number of other factors. The beam "erosion" caused by the dif- ed by the above formula if the bunches Would collide only in

1 : o 11isi
fusion can be suppressed with friction. For et and e~ at high the useful and similar (over Po -value) points and the co lisions

’ i ints. The latter can be achiev-
energies the very strong friction is the radiation friation. would not occur at all parasitic points e e

Under these conditions one can achieve the following values: ed in the one-track storage ring with the help of the tramsverse

i ; f tl i 1% :3
AV ax = (345)+10 2. At these values one can overcome the dif- quasiresonant electrostatic fields su ficiently high (as "

fusion by strong radiastion friction. For p§ colliding beams at planned for VEPP-4), but in the case of the two-track storage

' | ' t nter-
energies of hundreds of GeV, as mentioned above, the only kind ring it can be achieved by the appropriate selection of the lnter

section geometry.
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The minimum emittance of the beams which correrponds to :
the given above formula for the ultimate luminosity will depend
on the number of bunches Ry in the colliding beams. It is de-

termined by the formulae:

< S
e lin é’f?d)’waxd'ﬁa s
2
4
Emin = 2 [_ﬁ ﬁa

7 (&Vimax) Fo s T

0f course, this emittance should be less than the admittance of
the storage ring (taking into account the losses in useful aper-
ture if one needs to separate orbits at parasitic points of col-
lisions):

'Emi‘n S adm
This condition gives the limit for achievable Lz . Note, that
operation, using /'1{9-'-"‘-}/"/,’8, does not allow one neither to in-
creagse the luminosity considerably nor to decrease the emittance
of the antiproton besm compared to the value given above and
consequently, it does not ease the problem of antiproton cool-
ing. This regime is rather a partial replacement if high energy
electron cooling fails.

7. Let us shift now to the discussion of eleciron cooling
directly in the colliding regime at energies of hundreds of GeV,
Let us assume initially that the transverse electron temperature
is rather small (longitudinal temperature is small due %o rela-
tivistic character at AP, and 4Py comparable in the laboratory
system), so that in tﬁe eooling region the angular spread and
electron beam dimension are smaller than those of the beam under

ccoling, Tn this case, the cooling rate will be maximum and will be

determined by the traneverse velocities of antiprotons {or

protons) /1/:
g X
? Ze?

{53#

where Zgje are the classical radius and the charge of the elec-

\ (3)

tron; [_GE 10 is the Coloumb logarithm of antipreoton-electron
collisions; Jemmis the peak electrﬁn current at the moments of
cooling; -!zc is the fraction of the antiproton orbit occupied
by the cooling region; Sﬁ' and 5,& are the cross-section and
the characteristic angles of the antiproton beam on the ccoling
regioﬁ.

As to GP" , one should have in mind that not only the par=-
ticlee giving the main contribution to the luminosity (which cor-
regponds to the emittance (‘fm;nfl should be cooled but the par-
ticles which have the angles by factor K = 243 bigger, should
also be cooled, since otherwise the luminosity decreasing time
will be too small due to the irreversible diffusion pumping of
particles inte the "tails™ of the distribution function. Under

these conditionsa: -

¥s
Emin Y2
6, = K
P. (f}qn )
S‘p=2$ﬂ'=£miuﬁp (4)
st _‘Z@I:ﬂ: Z Zelp _ﬁpj&
: € s (fx'@mi.n)i

where ﬁ is the value of beta-function in the cooling region.
Consequently, ueing expressions for Emt'u one gets:

=1 = /0 -?é {ZE zﬁuéﬂ ; éiﬂmqﬂﬁé jﬁffit
e & Z/% a:r#ﬂ"ﬂ.ﬁ/% Vad

(5)
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(note, that in the latter formula the dependence on J disappears).
It is assumed here that Jemx=.zﬁe/fb , Where ‘7!;" is average
electron current in the electron storage ring, }Ie ig the cir-
cumference of this storage ring which should be by integer times
legs or should be equal to the dlstance between the antiproton
(proton) bunches; it is assumed that the elagtﬁon beam is accumu-
1ated into one bunch with the same length 4: , or less, as
that for the bunches in the main storage ring, ) From formulae
(5) and (6) it is clear that the maximum cooling decrement de-
creases quite rapidly with an increase in the antiproton energy
and current (or luminosity).

8, One should also take into account that possibilities for
increasing the enmergy and current of antiproton beam are confin-
ed with the effect of selfheating due to multiple intermal scat-
tering (see also pp.10,11). This effect appears at 7 -values
higher than its some erutial value which in smooth approximation

coincides with the betatron frequency (or transition energy)

* ) Note, that in order to cool protons and antiprotions in
one track collider in a time, it 1s necessary to have two inde-
pendent electron storage rings withelectron velocities in the
cooling sections parallel to the beam under cooling. The inter-
action of electron bunch with antiparallel beam should be exclud-
ed by correponding phase shift to prevent very dangeous beam=-
beam effectas, especially on elecirons having two_thrcusands times

lower momenta.

10

1 8/
gram .

The more accurate calculation /9/ shows that the value je, can

‘be increased due to nullifying the dispersion function i in

the straight sections and also due to its decreasing in bending
magnets (see formula (8)). But it iIs hardly feasible to increase

a&z in the heavy particle storage ring up o the values of

- hundreds &and more.

The ratio of the self-heating rate to cooling power does
not depend on the emittance and their comparison leads to the

simple condition of the cooling effect existence:
4
€ Moy =2 M _/.f(_&)
/V /“:-t o e.?cm 7 : at J’Z‘-‘*Jﬁ:z (7)

9, PFor 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 1ﬂ2~103 sec at the lumi-

nosity of 103ID em™2 5“1 (the pulse currents should be on the level
of tenms or even hundreds amperes in the many bunches regime of
the collider).

Achievement of such currents in the storage rings at electron
energies of hundreds of MeV and higher is not & problem now. But
difficulties appear due to necessity of having a low effective

temperature of electrons in order that the angles in the electron

‘beam should be lower than those in the proton (antiproton) beam

and should not decrease the cooling rate. Having in mind, that
electrnn.baam cross-section should not be bigger than that of
antiproton beam, we obtain the restriction on electron beam

emittance:

el

11
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Only in this case the cooling rate would not decrease addition-
nally.

In order to maintain spall enough spreads in electron beam,
asufficiently strong effective friection is required for electrons.
FPor 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 electron storage ring of just cooled por-
tion of particles.

A few processes can lead to the heating of electron beams:
heating with the beams under cooling themselves; appearance of
electron coherent instabilities; self-heating due to the intra-
beam electron collisions and also the influence of the synchro-
tron radiation quantum fluctuations.

The first effect is the simplest and it can be easily handl-
ed. Por this purpose, it is sufficient that the time of effective

cooling of the electroms is sufficiently small:
2
e < 2505 (5)
M N \ G

(this formula is derived from the simple thermodynamic consider-
ations "heat flow balance"). Even if one takes into account that

&E should be lower than 6%’ , for the parameters required, we
obtain simple requirements for Crey -

The problem of coherent instability is much more complicat-
ed and has many forms. Operational experience of electron storage
rings, thcugh, gives the confident hope that one may obtain the
required parsmeters. So, at VEPP-2 storage ring the peak elec-

tron currents one can manage to obtain are 20-40 A with moderate

12

temperature even at an energy as low as 100 MeV.

10. In order tc.overcome the effect of intermal ecattering
which in the relativistie region nearly innévitably leads to
the beam self-heating, both, the ultimate powerful damping and
selection of a very special structure of the electron storage
ring are required. In particular, it fequirea the nltimate ra-
dial focusing in the bending sections and zero values for the
dispersion functions and their derivatives at the long straight
sections (cooling sections, for example) (elimination of dan-
geous influence of gquantum fluctuations of radiation requires
gimilar ways but looks like it is easier). This problem seems to
be solvable. '

Preliminary calculations for the storage ring of such a type

show that self-heating disappears under the condition:

e /) ‘;}ﬁ &__1__. : :
T<te oKW s @

where ﬁe=ﬁex;ﬁ€2 are ﬁ -functions,

- 1 ra¥\21h -
}r=[’§§_*(ﬁ ] <x>"‘Xrnax?'f',
v ig the fraction of the orbit,where Y or its durivitiva
a’f’/dgare different from zero. The brackets <... ) mean” sver-

)

aging over the orbit of electrons., As it is seen from formulae
(8), the erutial energy can additionally be made higher due to
strong modulation of ﬁ -function on the sections where "Y_EO -

At 3;5353( the transverse temperature of electroms will
be determined by . quantum fluctuations of energy. In this case,
the bunch can be longer due to ite thermalization hy.interﬁal scat-
tering. The compensation for this enlargement will require strong-

er RP-voltage.
1
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11. In the case when the condition JE“*:QI is too diffi-
cult to schieve technically and the self-heating is unavoidable,

the equilibrium emittance and energy spread for the electron

beam will be the following:
s /Véquzgtrzlad 2 1
o 7z Jct)<F‘> (e<¥) @)

("a}gg)i=¢l3’“:(<ﬁ&>/<ﬁgz>)'& y (ger <y 00

(we assume here that észxg-tfe whish can be achieved due to

resonance coupling for X and # oscillations; in this case
the self-heating attenuates because of decrease in the beam den-
gity). From (9) and (10) follows that the longitudinal tempera-
ture is approximately by ﬁ???&t)!timea less than the transverse
temperature. At given paremeters of the electron storage ring
the maximum decrement of cooling appears to be independent of

electron current:
NeZeCL !
(L'c nax %ﬁ%ﬁc ?f-m =A% {L)<F$ (11)

(Go<be, Sp<Se s (~<()

At emergies much higher than the crutial value ( Jﬂ$>3&1),-¢unl-
ing power achieveable appear to be too0 emall if nn_ﬂpecial means

are used,

12. In the region 3¢¥?Jit one can use the mean which enables

one to weaken strongly the effect of high transverse electron
temperature appeared at self-heating on the cooling rate. It is
achieved by intrdducing the strong focusing of electron beam on

the cooling section so that the J?-ﬁfhncticn becomes manyfold
less than the cooling section length: f L /7 '
: : & .

14

(whence ﬂc{{ﬁp ). Similar effects was already used in the
case of "direct" electron beam (at'T;M<Eﬁﬂn_} with the help of

longitudinal magnetic field "freezing" the transverse motion

of electrons in the proton-electron collisions /9-11/. The eirculat-

ing beam of high energy can be magnetized with the system of
standard quadrupoles which is of preference by technical reasons.
When introducing the strong focusing the beam cross-section de-
draasea but the transverse temperature is correspondingly in-

creases and the contribution of collisions with the "microscopic®

impact parameters decreases. But in this case, contribution of

the proton-electron interaction at distancea of the order of

transverse gizes of the beams incresses sharply since this inter-
action goes during a large number of oscillations of tranaverse
velocities of electrons (possibly even along the whole length

of cooling) and its efficiency is already not restricted by the
transverse temperature. One can imagine the proton interacting
with the electron disk with the diameter of the order of oscil-
lation amplitude and having the electron mass and charge. In
this case, the proton exchange with the heat emergies only with
the longitudinal degree of freedom of these objecte. The cooling
rate here is determined by the beam dimensions and the spread

of relative velocities (in moving frame}

(AH) . 42’@" +r2€:° (12)

(assuming c,apmavpy ¥
If the longitudinal velocity spread in an electron beam and its

size are 8o small that

J’gp-:"”‘“”ﬂfc' , ©p>0Ce (but Gp<<be )
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the cooling decrement is determined again by the proton emit-

tance with the new (smaller) value of the Coloumb logarithm:

<= Ky lpr/po) 22 p o

wheré the minimum impact parameter 18 equal to the electron beam
gBize: men e GE
of maximum interaction time:

Prax = (76:) (Th/7€) = 6ok ’

it is assumed that
F;P'?-'nf 3 _}Omax o Pmin .

The parameters AU'e” and 6.:_- increase with an increase of elec-

and the parameter fﬂ“aj is defined

tron current. It may seem that this increase can be compensated

‘in the wide range by decreasing parameters ﬁt and ﬁ.-_- o it

one should take into account that the lomgitudinal veloeity
spread is not only determined by the energy spread and also by
the spread of amplitudee and anguler comcillations of the electron

- F) 5T

veloelty:

(14)

I At
( A'Bi'=.dlr-§:9 in the laboratory frame)., At the energy values
3“ = TDE-‘IHJ thiu énntribution becomes substantial, =0 ome can
only minimize the cooling time over the pasrameters Jr_t and ﬁ.: .

Optimum conditions correspond to the approximate equalities: *

ﬂﬁ‘:%r&;:{d&/c : (15)

7’ _ -

An existence of the optimum over the parameter ﬁc is commect-
ed with that at relative velocities sufficiently small the region
of efficient interactiom during collisions becomes smaller than
the diameter of electrenm beam,

16

Under the conditions JﬁPE@&“/C)and 6Pf£ 6& the cooling
decrement is equal to:

/VE ZE.ZP :
{261-(2%"/:) é& | (16)

With the help of the relations (9) and (10) one can find
out the optimum values for the parameters ]‘-’L‘L and [B¢ as the

L
functions of Ve and Cogd

()= (42,

from the formula (16) follows:

(E'C_)“Ff 7C m(fat)ﬁpf e . o

Apparently, in practice one can always ensure the condition:
76 S (8% /) opt

by making ﬂf sufficiently large on the cooling section., Then

s Y
) ~ j/eteia-wic) o 8
..;_- EF“f' fﬁﬁc }

the cooling rate will be determined by the largest size of two

beams. Taking into account that Pfaﬂc one can differ the

following cases:
2
15 ADel
1) {7‘7'5 ‘}(_&_J)‘Pf , then
3y LAY &, (A
4 (19)
¢ Jopt = e 756,572 Fent; ((ﬁ'l,uf P(c)w

(compare with the formula (13)).

2) 3’ <(‘"&")uﬂ

crement is determined by the formula (18).

, in this case the cooling de-

17



With the proton emittance given, the cooling rate increases
in the case (1) with the increase in number of eleétrons and
decreases in the case (2). The decrease is connected with the
rapid increase in the spread of the longitudinal electron velo-

cities which is due to the increase of electron' emittance

(A'&EH/C gildrzeg) . The maximium is achieved when

(‘fﬂﬂp‘f s (Jz %f)% >

in this case

7/
=1 _ o~ o~y e )? o (20)
Ce "("-c )mx e ?"’ M 3’15,, €ron -

13. At sufficiently low longitudinal temperature in the
dense magnetized beam one more factor can become essential, namely,
a shielding by the electrons remained of the interaction of the
proton with electron circle (the shielding like the Debay shield-
ing in plasma). Thie effect becomes essential in the case when
nc is larger than the length of Langmuir longitudinal oscil-

lations: |

where &

In this case, the shielding radius can become less than the

transverse size of electron beam: Y,
- 2 2 2..?/
2k <~ = (aVaf ) wpl
and maximum eooling rate is decreased by shielding by no more
than the factor @Wpg/fl/fC . Estimations for the real condi-

18

tions show that this effect should be taken into account under
optimization of the cooling beam parameters.

The results presented here seem to give us a basis for the
optimism in the question of suppressing the deirimental effect
of the electron beam self-heating. The results, though, are pre-
liminary and for the final conclusions additional thourcugh

gtudies are re quired'.

The authors are very grateful to Dra. N.S5.Dikansky,
I.4,Koop, I.N.Meshkov, V.V.Parkhomchuk, G.M,Tumaikin, with whom

discussions héve helped to form these considerations.
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