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Abstract

The prospects to use continuous electron cooling for increasing luminosity and quality of collider experiments,
involving nuclei/nucleons, are discussed briefly. Possible sets of collider parameters are presented. © 2000 Elsevier

Science B.V. All rights reserved.
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Now, the Electron Cooling (EC), proposed and
developed at Novosibirsk [1-9], is accepted as an
important working tool at many laboratories
throughout the world [10].

There are different types of experiments and
problems to apply EC:

e storing of secondary stable and long enough
living hadrons, nuclei and ions (maybe in combi-
nation with stochastic cooling - to raise effective
acceptance);

e achieving of very low “temperature” of stored
particles;

e suppression of beam blow-up due to diffusive
effects of different natures (multiple scattering by
internal targets, external noise, multiple intra-
beam scattering, beam-beam effects, etc.

This talk is devoted to the reaching of highest
luminosity at the collision stage in colliders, when
collisions involve hadrons and (stripped) nuclei.

*Tel.: + 7-383-235-6031; fax: + 7-383-235-2163.
E-mail address: an.skrinsky@inp.nsk.su (A. Skrinsky)

I intend to consider colliders, specifically — not
“mergers” or “crossers” with their specificity. Con-
sequently, we have in mind e/ p*/7; e*/"Z;
p"'pt T pT"Z; Z,Z,, etc., colliders (where Z is
the nuclear charge number; we consider the case of
fully stripped ions only, since the loss cross-section
for non-stripped ion at collisions is overwhelmingly
high). We have in mind colliders of relativistic par-
ticles (v ~ ¢) with double ring and single head-on
interaction region. All four transversal (geometri-
cal) emittances are considered equal to ¢ (geometri-
cal, without =), all four beta functions equal to f,,
and equal to bunch rms length 64,4, €qual for both
beams. Distance between bunches is equal to
Dy, - the same for both beams. Transversal space
charge effect for ions is considered as limited by the
maximal sustainable betatron tune shift Av,
beam-beam effects are considered limited by maxi-
mal tune shifts &, and &,.

(The stochastic cooling being quite useful in the
collection of secondary heavy particles, is not useful
in reaching high luminosity collisions, where high
density of particles is needed.)
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Let us look, for example, at the simple formulae
for an electron-nuclei (Z, A) collider, presenting
ultimate luminosity for different cases.

If the number of electrons per bunch N, is
limited “externally” and ion longitudinal density is
limited by space-charge tune shift Av, the ultimate
luminosity will be

c A 5, Av

—2 V2
2nr, Z R, Dy,
where R,, is average ion storage ring radius, and
7 1s ion relativistic factor (ion velocity is assumed
to be close to velocity of light c).

If the limiting factor is the beam emittance (it
could be either the fraction of collider acceptance,
small enough to ensure good lifetime, or ion beam
emittance affordable for effective electron cooling),
number of ions per unit length is limited by space
charge, and number of electrons per bunch is lim-
ited by ion beam-beam tune shift £,, the ultimate
luminosity will be

2c 4%, EAv
2 VIZ: z? 'z Rz4y Doy

in both previous cases independently of IP beta-
function.

If the limiting factors are beam emittance and
beam-beam tune shifts, the ultimate luminosity will
depend on IP beta-function

L _dme A &g,
eZbb rery 72 VeVz BoDus

where r., r, are the classical radii of electron and
proton, respectively.

In this case, the proper value of beam emittances
should be produced not by beam-beam interaction
itself, but “externally” - to prevent the flip—flop
instability (when the diminishing of the transversal
size of one beam makes beam-beam tune shift for
the other one higher than the critical value and its
size grows up; this change produces further dimin-
ishing of the first beam size, etc.). The solution for
electrons (positrons) is the formation of beam emit-
tances needed by quantum fluctuations. For par-
ticle beams under EC, it is worth arranging proper
emittances by the relative inclination in the cooling
section of particle equilibrium orbit and the guiding
longitudinal field by the angle corresponding to its
emittance angle (using the so-called “monochro-

LeZl = Nbe

&

matic instability” [2]). In this case, the cooling rate
for rms and higher amplitudes is not slowed down,
but for smaller amplitude it becomes negative.

The maximal values of tune shifts Av and & de-
pend on whether strong cooling for the particles
involved does exist. Very rough estimations (for
optimal operating conditions), based on the “world
experience”, are

¢z, Av =0.005 - if there is no cooling
and
&z, Av =0.05 - if cooling is “good”.

And “good cooling” means that number of colli-
sions (or number of turns for space-charge limita-
tion) per cooling time N q1y/co01 15

6
Ncoll/cool < 3 X 10 .

(Tt is necessary to be cautious with this estimation,
since it is based on the experience with radiation
cooling, for which the cooling power grows with
oscillation amplitude; for ECooling at collider
parameters of interest the dependence is just the
opposite. The subject needs careful simulation and
experimental study.)

The “good cooling” prevents diffusion, and
hence beam emittance and luminosity degradation,
due to “non-linearities” in beam-beam interaction
or in particle motion under combined action of
space-charge and machine imperfections, or due to
multiple intra-beam scattering. The latter diffusion
is active for ions if

A > —
Yz Dy
for a quasi-symmetric collider this condition trans-
forms into operation “above critical energy”, or into

vz > Qg.

For even higher energies - depending on beam
emittance and linear density — the multiple intra-
beam scattering heating becomes too slow to be
taken into account.

In many cases, the same high- and long-living
luminosity can be reached without cooling, but
would require much higher intensities and emittan-
ces. These smaller emittances under good cooling
lead to much smaller transversal spot size at colli-
sion and allow one to observe the lifetime of
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reaction products much more efficiently. The corre- hence for ion energies below 600 MeV/A, the most

spondingly smaller angular spread at collision gives recent and perfectly operating ECooling device was

possibility to study much smaller momentum trans- developed and constructed by INP for SIS Heavy

fers. In some cases, the much better monochromati- Tons Synchrotron at GSI [11], the scheme is pre-

city under cooling is also important for physics. sented in Fig. 1. But we see clear prospects for much
Discussing future EC-based colliders, we need higher energies.

not forget — up to now, the highest electron energy For electron energies up to, say, 5 MeV

used for cooling was not higher than 300 keV, (E; < 10 GeV/A) technically it is quite possible to

e 6 T » l_r w8 @
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Fig. 1. Electron cooling system for the SIS synchrotron at GSI, Darmstadt. (1) Electron gun; (2) Electron collector; (5,6) gun solenoids;
(7) bending magnets with toroidal solenoids; (8) the main high-precision solenoid.

Fig. 2. Scheme for electron cooling system for electron energy up to 5 MeV. (1) Electron gun; (2),(3) gun solenoids; (4) Electrostatic bend;
(5) toroidal coil; (6) main solenoid; (7) collector; (8,9) collector solenoids; (10) SF6 feeder; (11) recovery rectifier; (12) main rectifier; (13)
collector colling input.
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use conventional rectifier-based accelerator-recu-
perator (the option presented in Fig. 2), similar to
INP high-power electron accelerators used for in-
dustrial applications [12-14]. In a special installa-
tion of 1 MeV, 1 A (presented in Fig. 3) continuous
operation was achieved [15], with the whole beam
path from the gun to the collector immersed in
500 Gs longitudinal magnetic field. The main im-
provement needed is to diminish rectifier ripples
(by switching, probably, to the higher power supply
frequency - from 400 Hz to few kHz) and to stabil-
ize better the average electron energy. The Van de
Graaff-type electrostatic accelerators, also con-
sidered as potential candidates for this energy
range, have excellent energy stability, but provide
much smaller (“active”) currents. Thus, the long-

Fig. 3. Experimental installation for 1 MeV, 1 A electron beam
acceleration-recuperation studies. (1) Electron gun; (2) acceler-
ator tube; (3) decelerator tube; (4) electron collector; (7)-(9)
solenoids.

term reliability of operation could be more difficult
to achieve, due to higher sensitivity to the sudden
current losses (caused by ion and secondary elec-
trons processes in high-current electron beam un-
der recuperation).

For higher energies (starting from few MeV to
hundreds of MeV electrons, up to hundreds of
GeV/A ion energy) the most promising approach,
at least, in my view, is the use of RF acceler-
ators-recuperators, of the type now under con-
struction at INP for Free Electron Laser [16], the
scheme is presented in Fig. 4. The operation of such
a device, yet never tested, does not raise doubts in
principle.

For even higher energies (if EC happens to be
useful) the electron storage ring under strong
enough synchrotron radiation cooling can be of
interest.

The important step — very much desirable from
technical and economic points of view - is the
switching from continuous guiding longitudinal
magnetic field, in use in all the EC devices up to
now, to the “interrupted field” approach: to im-
merse in longitudinal field the gun and the cooling
section, only. To keep electrons properly transver-
sally magnetized in cooling section, the radial
phase advance between the exit from the gun sec-
tion magnetic field and the entrance to the cooling
section magnetic field should be strictly 2nn (for the
same field directions) and the radial magnification
should be inversely proportional to the magnitudes
of magnetic field - for proper compensation of
coming-out and coming-in rotation kicks (any ro-
tation around the beam axis is not important, of
course). Special care should be taken to correct
chromatic and other aberrations.

But, in addition to the high-intensity effects men-
tioned and other familiar ones, there is also an
important phenomenon, which appears in some
cases at high intensities of cooling electrons and
ions, called “electron heating” [17], the studies of
which started just recently. The suppression of ef-
fects of this origin might require additional section-
ing of the cooling section, fast feedbacks, and/or
proper radius of beams merging, etc. The prelimi-
nary estimations show that this kind of instability
should not hamper the collider options presented
below.
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Fig. 4. Microtron-recuperator. (1) Electron gun and pre-accelerator; (2,4,5) bending magnets; (3) RF CW accelerator cavities; (6) beam

dumper; (8) cooling section (appropriate positioning).

Prior to giving the sets of parameters for poten-
tial colliders, let us present the simplest formulae
for EC, multiple intra-beam scattering, recombina-
tion rate, and lifetimes as a background for these
rough sketches.

The cooling time for reasonably high beam en-
ergy (y, > 1) and the longitudinal magnetic field of
finite value Hy,,, is given by the familiar formula
[2,6]

14 1 33 372
Teool = 'z <Z Un>

4 72
2nr ¢ Z7 Leeool Bl \ 5

where n. is the cooling electron density (in lab
system) 7 the fraction of the collider perimeter oc-
cupied by the cooling section, v, the relative elec-
tron-ion velocities of different natures (in their rest
frame) and Lc.o, the effective Coulomb logarithm
for “magnetized” collisions [6,18,197:

For high-energy colliders, the main contribution
to velocities in the cooling section v, are: ion trans-
verse velocities corresponding to the ion beam
emittance ¢

2
&)z
v, = [2c2
ﬁZcool

and longitudinal electron velocities induced by
relative energy spread A. (for example, due to
energy modulation along the electron bunch ap-
pearing at RF acceleration)

velong = CA ceE-

The latter velocity should be smaller than v, for not
slowing the cooling.

The Multiple Intra-Ion-Beam Scattering (MIBS)
can blow-up the beam emittance and kill the col-
lider luminosity. To prevent the degradation, the
increase due to MIBS in transversal ion velocities

LC L= 1n|:[\/ znre ne/'y% + 1/\/§Lcool] - 1\/ 8/ﬁZcool + (me c/e) (Uetr/Hlong):| )

(me C/e) (Uetr/Hlong) + (re/z)(ﬂlcool/'y%‘g)

If Lceoor 1 one unit or more (this requires high
enough longitudinal magnetic field in the cooling
section), the transverse electron velocities enter the
cooling rate via this logarithm, only. Hence, the
expansion of electron beam by diminishing longitu-
dinal magnetic field in the cooling section relative
to the field at the electron gun makes cooling
slower - because the influence of the electron den-
sity decrease is much stronger.

vmips collected during 7., should be smaller than
v,, Where

2.3 74 5/2
rpC VA Zav NbZ

UmiBs = [~ — 2N T5H2 5» p 372 Yeool
VZRZaVﬂZcoolﬂO e

n A?

and

T ne3?4
A=T T2,
2 n(” 2rpzz>
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here f,,, is the average beta-function in ion ring,
Bze0o1 the ion beta-function at the cooling section,
and N, the number of ions per bunch.

If we prevented beams blow-up, the luminosity
would decrease with time due to losses of particles.
The electron beam losses are caused in most cases
by single bremsstrahlung at ions in collision; cross-
section of the process grows fast with ion charge. As
a result, electron beam lifetime is

Telite = 4]\[26
Lezan,OZ2
where Ny, is the total number of electrons, and
0,0 =4x1072° the single bremsstrahlung cross-
section of electron at unit charge.

The ion lifetime, in addition to the usual pro-
cesses in collisions, is limited by (radiative for our
cases) recombination events with cooling electrons.

Table 1
Nominal collider parameters

E. 4 GeV
o 270 m
Hcoll Zav 35T
Dy, S5m
Table 2

Electron-proton collisions (with ECooling/without ECooling)

The lifetime due to this process is

1 1%
T = })Z 0
Zrec 309‘79,202 Zzneﬂ ln(ZOCC/Uetr) o

(o is the fine structure constant).

Here, I want to underline especially the propor-
tionality of the recombination life-time to v.,: for
high Z ions this lifetime could become uncomfor-
tably short, but we have a possibility to increase it

Table 3
Electron-*He collisions (with ECooling/without ECooling)

Eygs 27GeV/u

502 36 GeV

Nuesn 0.5x101°

Ney 1x10"/1x10'2
ﬁcoll 3cm

€peams 7x1077/6 x 10~ cm (geom.)
Oreoll 15 mCm/013 mm
Ocon 5x1074/4x 1073
Lcool 13m

Heoot 05T

Icoolpeak 15 A

I cootmean 0.15A

Neoljeool 3 x10°

T ciire 3x10%s/3x10*s
Trccomb 1x 105 S

MIBS Suppresses/no need
Lenes 1x1033cm™ 257!
Table 4

Electron-uranium collisions (with ECooling/without ECooling)

E, 40 GeV

503 25 GeV

Ny 0.4x10'%/2x 10!
Ney 4x101°/2 x 10!
ﬁcoll 3cm

€peams 1.4x1077/1 x 10~ * cm (geom., without )
Oreoll 10 mem/0.16 mm
Becon 3x1074/5%x1073
Lot 13m

Hcool 05T

Icoolpcak 10 A

Icoolmean 01 A

Ncol/cuol 2 X 106

T arite 3x10%s/3x10%s

T tecomb 3x10%s

MIBS Suppresses!/no need
L 1x10%3cm 257!

cp

Ey 15.5GeV/u

503 243 GeV

Nup 1x10%/1 x 10°

Ney 1x10'/1x10'2
ﬁcoll 7 cm

€peams 1x107%/1x10™*cm (geom.)
Oreoll 25 mem/0.25 mm
Becon 35%x107%/3.5x 1073
Lot 13m

Heoot 05T

Icoolpcak 10 A

Icoolmean 3 mA

N cotrjeool 1x10°

Teiite 200 s/2000 s

T'recomb 4000 s

MIBS Suppresses/no need
L.y 1x103 ecm™ 257!
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very substantially almost without damaging the
cooling rate (keeping the L¢., bigger than 1).

Let us present now sets of parameters for a “me-
dium energy” collider (the general parameters of
the collider in Table 1); the cases for specific colli-
sions are presented in Tables 2-6 .

The previous discussion and evaluation in the
tables confirm, in my understanding, a great inter-
est in further development and active use of Elec-
tron Cooling for elementary particle physics, as
well as for nuclear and atomic studies.

Table 5
Proton-antiproton collisions (&, Av = 0.03! Dy, = 13 m!) (with
ECooling/without ECooling)

E, pbar 40 GeV/u

§93 80 GeV

Ny 3x10'°/2x 10!
Novarb 3x 10192 x 10!
ﬁcoll 3 cm

€peams 1.6 x107°/7x 10~ 5 cm (geom.)
Oreoll 20 mem/0.14 mm
Ocon 7x107%/5x1073
Lcool 13m

H, oo 05T

Icoolpcak 60 A

Tcootmean 03A

Ncoll/cool 4x 107

MIBS Suppresses/no need
Lypbar 3x10%2cm~2s7!
Table 6

Uranium-uranium collisions (Dy, = 13 m!) (with ECooling/
without ECooling). (But what for?!)

Ey 15 GeV/u

593 477 GeV

Nup 3x108/3 x10°

ﬁcoll 10 cm

€peams 1.8x107%/7x 10~ *cm (geom.)
Oreoll 40 mem/0.4 mm
Ocon 4x10"*/4x 1073
Lcool 13m

Heoon 05T

Icoolpeak 03 A

Leootmean 4 mA

Neoljeool 3x10°

Trecomb 1500 s

MIBS Suppresses/no need
Lyy 1x102%cm~2s7!

Acknowledgements

The considerations presented here have bene-
fitted from many discussions with colleagues at
Budker INP (Novosibirsk), GSI (Darmstadt), Up-
psala University, DESY (Hamburg), JINR (Dubna).
I am especially grateful to V. Parkhomchuk (INP).
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