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I. Remembering...

Highlights and key issues of electron
cooling - from idea to realization.
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1. Remembering...

One day
in far 1965t ..

i 3

..One head is goo

o ..but two ones are
& much better...

~ G.Budker and A.Skrinsky



1. Remembering...

1966 - The First Report

sut of the set-up, with the
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1. Remembering...

1966 - The First Report
‘Common opinion was: a brilliant idea...

unfortunately - nonrealistic one...’

(From “Budker’s stories”)

Yes, but — not for stubborn Siberians!



1. Remembering...

- Beginning of The ldea Realization

- ,

e & From The
Yy q9-y7 Relativistic
Stabilized

Electron Beam
Boris Chirikov-
The Experimenter

storage of electrons: to electron COO|II’]g

External injection and
storage => 300 A, 31013 e

G.Budker: “Fellows, don’t
stick to your iron stuff!”

1 1
; R A e o
The signals {‘rom B el
the aperture probe Ry
: | SNE i !—} &

and “Rogowsky belt” 8




1. Remembering...

1968 - “EPOCHA The Straight” —-
Prototype of Electron Cooler

STTOXA - 3nekTtpoHHbIU TTyyok OXnaxaarowmim AHTUNPOTOHLL

EPOCHA - Electron Beam to Cool Antiprotons The ideas and theauthors

v Electron beam in
B-field

(I.Meshkov, A.Skrinsky)

v' Electron energy
recuperation (.sudken

v' Resonance optics

4 "
fl”
‘ : (I.Meshkov, R.Salimov)

& v' Magnetic field
' formation  .meshkov)

\\'

Electron temperature

measurement
(I.Meshkov, A.Skrinsky)

V.Fainstein, V.Ginkin, V.Kudelainen, I.Meshkov,
R.Salimov, A.Skrinsky, B.Smirnov, V.Ponomarenko



1. Remembering... Highlights and key issues of electron cooling
1970

“EPOCHA The Curve’ -
First Electron Cooler

V.Kudelainen ™ B\
I Meshkov
R.Salimov
A.SKkrinsky




1. Remembering... Highlights and key issues of electron cooling
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“Sancta sanctorum” of electron cooling - NAP-M
“Antiptoton Storage Ring - Model”
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Budker INP, 1974 - 1984 o



1. Remembering... Highlights and key issues of electron cooling

1974 - First electron cooling of protons In
NAP-M

Proton beam
density
distribution
at e-cooling
measured
with
magnesium
jet
profilometer

12



1. Remembering... Highlights and key issues of electron cooling

‘ EXPERIMENTS ON ELECTRON COOLING

6. 1. s, .5 e, s onansty v 1 weeone | \/EN All-Soviet Conference

A. N. Skrinsky

gt e s on Part. Accelerators, Moscow, 1974

USSR Aca dn\y fSi

The electron cooHng methnd was st q d by ol Table 1 (Continued)
hor< in middle gin l

| of the th
d f 1 H bH h dl 19 ] 1 th Be t t ve numbers:

1974 — First experlmental success and first
report on electron cooling of protons in NAP-M

E, 50 MeV Ip 50 pA
E. 37 keV le 0.1A
(I)p_equilibrium 1 mm

T.0o 3 sec - In full agreement with
Budkers theory (Classu: plasma formulae).

]yThptb qlbdi

_&

G I Budker Ya.S. Derbenev N.S.Dikansky, V.l.Kudelainen,
1.N.Meshkov, V.V.Parkhomchuk,D.V.Pestrikov, B.N.Sukhina,
A_N.Skrinsky, First experiments on electron cooling, in Proc. of
IVth All-Soviet Conference on Part. Accel., v.2, p.302, 1975;

IEEE Trans. Nucl. Sci., NS-22 (1975) 2093; Part. Accelerators 7

(1976)197; Rus. Atomic Energy 40 (1976) 49. 13



1. Remembering... Highlights and key issues of electron cooling

1975 - Unexpected results after e-cooler improvement

Provisional text
not revised by CERN
Translation Service
NUCLEAR PHYSICS INSTITUTE
SIBERIAN BRANCH OF USSR ACADEMY OF SCIENCE
PS/DL/Note 76-25
October 1976
Preprint N.P.l. 76-32
G.l. Budker, A.F. Bulyshev, N.S. Dikansky, V.l. Kononov,
V.l. Kudelainen, I.N. Meshkov, V.V. Parkhomchuk, D.V. Pestrikov,
A.N. Skrinsky, B.N. Sukhina

NEW EXPERIMANTAL RESULTS OF

ELECTRON COOLING

Presented to the All Union High Energy Accelerator
Conference, Moscow, October 1976

(Translated at CERN by O. Barbalat)

* % % % %




1. Remembering... Highlights and key issues of electron cooling

Improvements: B-field homogeneity in the cooling
section - about 10-4,

gl e

electron energy stability — better than 10-°.

As result - “... the betatron oscillation damping
i time is inversely proportional to the electron
B current

& and for a current of 0.8 A it amounts to
| 83 mSs (proton energy of 65 MeV) -

-much shorter of “The Budker’'s numbers!”

What a puzzle!

- 15



Remembering... Highlights and key issues of electron cooling

';3;;; New results —> new puzzles’?

lniiqﬁ'

“D Artagnan et les Trolis Mousquetaires’.
V.Parkhomchuk, A.Skrinsky, I.Meshkov and N.Dikansky
In control room of NAP-M (1975)

16



1. Remembering... Highlights and key issues of electron cooling

Progress in the theory of electron cooling

1. Flattened distribution of electrons over velocities f(\_/’G)

In Particle Rest Frame 2(V.Parkhomchuk)

T — Cathode
V., ] ﬂzyzmcz Ve

At the ca - isotropic

Electrostatic

accelera!lon

\/

ell ell

After acceleration - flattened



1. Remembering... Highlights and key issues of electron cooling

Progress in the theory of electron cooling

2. Electron beam magnetization (Ya.Derbenev, A.Skrinsky,
Rus. Plasma Physics, v.4 (1978) 492)

Interaction of
an 1on with
“a Larmor circle”

Everything was described in very first theoretical
paper of Ya.Derbenev & A.Skrinsky, but..

18



. Remembering... Highlights and key issues of electron cooling

T . Ve « ; 4
i s L *
. . R b
i
.

..we understood the magnetization effect when experiment
has shown it!

Electron cooling team in control room of NAP- M (1976)

I .Meshkov, B.Sukhina, D.Pestrikov, V.Ponomarenko, V.Parkhomchuk, N.Dikansky



1. Remembering... Highlights and key issues of electron cooling

First cooler rings

In Europe - 1977 - 79, Initial Cooling
Experiment at CERN

M.Bell, J.Chaney, H.Herr, F.Krienen, S. van der Meer,
D.Moehl, G.Petrucci, H.Poth, C.Rubbia- NIM 190 (1981) 237

In USA - 1979 - 82, The Test Ring
Experiment for Electron Cooling
Experiment at Fermilab

T.Ellison, W_Kells, V.Kerner, P.Mclntyre, F.Mills, L.Oleksiuk,

A.Ruggiero, IEEE Trans. Nucl. Sci., NS-30 (1983) 2370;
at the initial stage participated N.Dikansky, . Meshkov V.Parkhomchuk

(BINP)

20



1. Remembering... Highlights and key issues of electron cooling

Single Pass Cooling Experiment

“MOdel of SOLenoid”

L.Arapov, N.Dikansky, V.Kokoulin, V.Kudelainen,
V.Lebedev, V.Parkhomchuk, B.Smirnov, B.Sukhina

~

—
- | = Budker INP,
== 1986 - 1988
= 1=l 1H 1 MeVv

C ] H™, 1 MeV, e, 544 eV

f‘_.

| | i

21



1. Remembering... Highlights and key issues of electron cooling

Second Generation of Cooler Storage Rings
1988 - LEAR - Low Energy Antiproton Ring (CERN)

1988 - IUCF Cooler Ring (Indiana University
Cyclotron Facility, Blumington, USA)

1988 - TSR - Test Storage Ring (MP1, Heidelberg,
Germany)
1989 - TARN-11 - Test Accumulator Ring for

NUMATRON, Tokyo University, Japan
1989 - CELSIUS - Cooling with Electrons and

Storing of lons from Uppsala Synchrocyclotron
(Uppsala University, Sweden)

1990 - ESR - Experimental Storage Ring (GSI,
Darmstadt, Germany)
continuation 1 5



1. Remembering... Highlights and key issues of electron cooling

1992 - COSY - COoler-SYnchrotron (FZ Juelich,
Germany)

1992 - CryRing - CRYogenic EBIS + Storage
Ring (MSI, Stockholm, Sweden)

1993 - ASTRID (A Small multi-purpose
Storage Ring, Aarhus University, Denmark)

1998 - SIS - Super lon Synchrotron (GSI,
Darmstadt, Germany)

2000 - HIMAC - Heavy lon Medical ACcelerator
(NIRS, Chiba-shi, Japan)

2000 - AD - Antiproton Decelarator (CERN)

2002 - Electrostatic cooler storage ring at KEK (KEK,
Tsukuba, Japan, China) [E.Syresin, WeODCHO02]

23



1. Remembering... Highlights and key issues of electron cooling

Coming soon:

2005 - Recycler Electron Cooler(Fermilab, USA)

2007 - Two cooler rings complex (IMP, Lanzhou, China)

2006(?) - Low Energy lon Ring (CERN)
20?? -TARN-I11-renovated (RIKEN, Wako-shi, Japan)

2005 - S-LSR : Solid magnet Laser equipped cooler
Storage Ring (Kyoto University, Japan)

24



1. Reflecting...

25



11. Reflecting...

What I1s “a harvest”?

What was done

with electron cooling
application?

v Electron cooling of “all the elements”

of The Mendeleev Periodic Table

and antiprotons !

26



11. Reflecting..What iIs “a harvest?

*» Particle physics with “electron cooled” and
extracted protons, deuterons and
antiprotons :

v' Antiproton physics => [FAR

v’ “Mezon physics” =>  IUCF, COSY, SELSIUS

v First antihydrogen generation in-flight =>
=>  LEAR (stochastic cooling)

continuation ‘

27



11. Reflecting..What is “a harvest? Particle physics...

Electron cooling in traps =>
=> antihydrogen generation in traps

ATHENA ATRAP

/

2002 - First H-bars In traps

continuation ‘

28



11. Reflecting..What iIs “a harvest?
** Nuclear physics

v'Studies of radioactive nuclei and rare isotopes, exotic
nuclei states (like bare nuclei decay, etc.) => ESR

v' High precision Schottky mass
spectroscopy => ESR

- 194000 peaks identified
- 500 different nuclel

— about 200 of them with ”_
unknown mass Nuil

Mass
accuracy
~ 2-10"7

known nuchoes
B sloble nuchides
B moasses measued alt G5l

continuation ‘, 29




11. Reflecting..What iIs “a harvest?

<+ New stage of experiments in atomic and
molecular physics =>

=> JSR, CryRing, ASTRID

30



11. Reflecting..

“* “Nonliouvillean” particle
beam physics

!

Particle beams

with a cooling mechanism

31



11. Reflecting... “Nonliouvillean” particle beam physics

Development of

“the cooling ideology”

» Radiation cooling (e*e rings) - 7
- very first cooling method,;

» Electron cooling - the next step!

» Stochastic cooling (S.van der Meer, CERN) -
sussesful realization: W* and Z° !

» Laser cooling with “an aid” of electron
cooling => TSR, ASTRID, ESR

» Muon cooling (A.Skrinsky) - Is being
developed and to be realized.

32



11. Reflecting... “Nonliouvillean” particle beam physics

“Crystalline beams”

First observation - NAP-M, V.Parkhomchuk et al.
Budker INP, 1979

First idea of particle beam
“crystallization” - V.Parkhomchuk, 1979

lon beam ordering (“crystallization”)
= ESR, M.Steck et al.,

= SIS, M.Steck et al.,
— CryRiIng, H.Danared et al.

33



11. Reflecting... “Nonliouvillean” particle beam physics

“Crystalline beams”

Beam ordering in NAP-M (1979) and ESR (2002)

10> ‘ I"“,

(A p) 238\ J92+ ‘ Al .
- ”

p ion 20 30 AA".A ”_.— .

+ -
ESR an.“’ ,.
400 MeV/amu A - '
A °
W 0 )

10-6 oo ®o--0-0-0
¢\1‘2C6+'.—t ‘ A‘ NAP-M, p, 68 MeV
e
¢ ".'

E ; 2
¢ A' (dN |on) 1 Z N ion
2
dS scaled ﬂ /4 A ﬂwC

10”7

10 102 103 104 10°
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11. Reflecting... “Nonliouvillean” particle beam physics

Enrichment of the particle beam physics by
Initiation of the further development of
Intense particle beam physics:

Stability of intense and dense (cooled!)
particle beams In storage rings;

Intrabeam scattering in cooled beams;

Physics of crystalline beams;

Stability of a particle beam In storage ring
In presence of an internal target;

Beam-beam effects in colliders at a cooling
presence,

etcetera...

35



11. Reflecting..

Where we are
and where we (o..

*Theory of electron cooling

- Is well developed, e

however It Is very multiparametric, ;i

that requires application of numerical

&

simulation!

36



11. Reflecting.. Where we are and where we go...

*Numerical simulation...

One of the achievements - BETACOOL.:
a code for numerical simulation

of electron cooling process

In storage rings (JINR, Dubna) THPLTO94

An example:
Simulation of 1on beam ordered state

In ESR ‘

37



11. Reflecting.. Where we are and where we go...

Numerical simulations of beam dynamics
In electron cooler storage rings

7
~ 04

0.000

® GSI experiment

. .
~~~ simulation

-He-3

1111l

-2e-2

New criterion
f the ordering

0 2.2
\ ]"ZEZ ° >
To,

and the equilibrium
point

-4 e-2

ESR

Emittance [m rad]
1E-9

L L1 Loy 1 LTI

1E-14

1E-1D I1IIE-?I T TTTTIT T T TTTII UL[I][I]I[I]I%
Momentum spread

Results of Molecular Dynamics calculations:
evolution of GSI 1on beam parameters (emittance
and Ap/p) during electron cooling process g




11. Reflecting.. Where we are and where we go...

‘*Theory (physics!) of electron
cooling:
Cold intense beams

The “old” opinion: an ion beam, to be cooled
effectively, should have

— at stochastic cooling - large emittance and low
Intensity;

— at electron cooling - small emittance and even
(indifferently) high intensity.

The question: what Is a beam
Intensity limit at electron cooling?

39



11. Reflecting.. Where we are and where we go...

Cooled Intense beams - new
phenomena “on the table”..

SELSIUS effect - “electron heating”: ion beam

current is limited by “two beams instability”!
(D.Reistad, V.Parkhomchuk, et al, 2000)

COSY effects - two stages instability in proton
beam at electron cooling: nonlinear effect of electron
beam on proton one and coherent instability of cooled

proton beam (J.Stein, J.Dietrich, V.Kamerdjiev, R.Maier,
D.Prasuhn, H.Stockhorst, 1.Meshkov, A.Sidorin, 2002)

HIMAC effect - residual gas ions influence

(K.Noda, E.Syresin, T.Uesugi, I.Meshkov, 2004) - confirmed In

COSY (2004) 40



11. Reflecting.. Where we are and where we go...
Coherent instability development in the cooled proton
beam in COSY...
1(t=0)
2(t=8s) ——
3(t=16s)

o injection

l6s

999999

1 - t=0, injectioﬁ_;m
2 - t=8s, horizontal betatron oscillations start;
3 - t=16 s,”jump” from horizontal oscillations to

vertical ones, At;,,,< 0.5 s.

[1.Meshkov, A.Sidorin, J.Stein, J.Dietrich, V.Kamerdjiev,
Part. & Nuclei Lett.1 (2004) 43]

41



11. Reflecting.. Where we are and where we go...

..and in HIMAC [K-Noda et al.]

time(sec)

=W ®oNg -
- o~ o

(Ah29pA
A(c, AR
- \
Jr\\'

Y

" Start Frequency

.. .- ] - > -__‘ EwF :
3.0254MHz { * 3.1254MHz ! 3.2254MHz ‘
Av=-0.300 . Av=—0.120 Av=+0.120 Av=+0.300
- 12frev

“Center Fi
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11. Reflecting.. Where we are and where we go...

HIMAC A/Z of
Electron Energy vs Shaker Frequency residual gas
5 34 0" N He . lons stored In
2 339 ¥i | electron beam
c > 338
o2~ .?g
S 3,37 ’
Q@ bzi,_Nz* K cosy
L 3,36 ‘_‘ | Electron Energy vs Shaker Frequency
0
- Shaker f 80 O
Apl’ll 2004 L travel /QO+
= I A
_ & 70 [
These ions z
provoke 5 o resose_oes
3-component g J
) .. m - N+
Instability... Xel*
50 ‘
0] 100 200

June 2004 f _shaker [kHZ] 43




11. Reflecting.. Where we are and where we go...

An “old” gquestion:
Do we need electron beam

neutralization?

No! =if we deal with an intense ion beam
(especially of heavy multicharged ions); then
neutralization makes a harmful effect .

Yes! = if we have to form a cold and well

compressed ion or (especially) antiproton
beam of a modest intensity.

44



11. Reflecting.. Where we are and where we go...

‘*Electron cooling engineering

Electron energy range of electron coolers:

Today => 10 eV (KEK) -
- 400 keV (IMP Lanzhou/Budker INP);

“Tomorrow” => 4.4 MeV e~ = 8 GeV p-bars
(Fermilab) [S.Nagaitsev, TUXCHO3]

“After tomorrow” =>

=> 54.5 MeV e~ = 100 GeV/amu ions
E-cooler for RHIC (BNL/Budker INP/JINR) -

— see below

45



11. Reflecting.. Where we are and where we go...
T

Electron cooler for IMP, Lanzhou -

. reidy for dellvery frm Budker INP

i

_I
—..u=-rc
» e |
stk -
.
]

I

-‘:I."'."

UPLT120 | v, Parkhomchuk, the leader of the team



11. Reflecting.. Where we are and where we go...

“+* New concepts in electron cooling
“technologies”

Electron cooler based on
electrostatic accelerator

of electron energy ~ 7 MeV
(proposal of BINP for

FAIR project at GSI)

New scheme of electrostatic
accelerator and e-beam
“magnetization” (see WEPLTOS56)

47



11. Reflecting.. Where we are and where we go...
** New concepts in electron cooling “technologies”

Electron cooler with bunched and
single pass electron beam-
- the scheme based on

recuperator-linac

(proposal of BINP for RHIC
mentioned above)

This I1s an advance In the range of

few tens of MeV of electron energy.

48



11. Reflecting.. Where we are and where we go...
“* New concepts in electron cooling “technologies”

Electron cooler - recuperator concept
(Budker INP)

|" Ibm A&

0

n F%‘*
T

—_

B M

Linac based electron cooling system with electron
energy recuperation (Proposal of Budker INP for RHIC)
49



11. Reflecting.. Where we are and where we go...
»* New concepts in electron cooling “technologies”

“Crystalline” beam application:

Electron-ion collider with
crystalline ion beam =

= very high luminosity.
[D.M6hl and T.Katayama, RIKEN preprint
ISSN 1346-2431 AF-AC-39, Nov.2002]

50



11. Reflecting..Where we are and where we go...

=)

J

% New concepts in electron cooling “technologies”

* Single particle cooling:

Possibilities for Experiments with Rare
Radioactive lons In a Storage Ring
Using Individual Injection

TUPLT103 A. Sidorin, I.Meshkov, A.Smirnov, E.Syresin,
G. Troubnikov (JINR, Dubna, ), T.Katayama (Tokyo University),
W.Mittig, P.Roussel-Chomaz (GANIL, Caen)

51



11. Reflecting..Where we are and where we go...

=)

“* New concepts in electron cooling “technologies”

LEPTA Project (JINR, Dubna)

TUPLT104 1.Seleznev, V.Antropov, E.Boltushkin, V.Bykovsky,
A.lvanov, S.lvashkevich, A.Kobets, Yu.Korotaev, V.Lohmatov,
I .Meshkov, D.Monahov, V. Pavlov, R.Pivin,, A.Sidorin, A.Smirnov,
E.Syresin, G.Troubnikov, S.Yakovenko (JINR, Dubna)

The goals:

v' Electron cooling of circulating positrons and
Positronium generation in-flight;

v Antihydrogen generation (FLAIR project,
GSI1, ELENA project, CERN);

v' Electron cooling of high energy ions and p-
bars with circulating electron beam.

52



11.2. Where we are and where we go...
“* New concepts in electron cooling “technologies”

LEPTA scheme

See TUPLT104
Septum

Collector e’ trap

+
Quadrupole € source

Cooling section

Detector

|.Meshkov, A.Skrinsky NIM A379 (1996) 41 SK
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“11. Reflecting..Where we are and where we go...

% New concepts in electron cooling “technologies” (Eeizd)

Electron cooling of positrons in LEPTA and
0 . Positronium
generation

v

@
> |
@
o
oo |




11. Reflecting..Where we are and where we go...
“* New concepts in electron cooling “technologies”

Antihydrogen
generation ~
in—flight P

e

(FLAIR ,subproject” in FAIR project, GSI,
ELENA project, CERN);

515}



11. Reflecting..Where we are and where we go...
Status of LEPTA prOJect

‘ﬂ_-—-e o

13 ‘Aprﬂ»ﬁom

1st turn of pulsed electron beam




11. Reflecting..Where we are and where we go...
Status of LEPTA prOJect

gtron beam spot on
fluminescerit §creen

640 % 40 [E000252 © 00:00:23 @ 00:00:19

B wIDECDT
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Conclusion:

“Electron cooling Is

as Inexhaustible
as electron iItself..”

One can paraphrase it now

The famous sentence;

‘electron 1s as inexhaustible as atom...

Viadimir Ulianov (Lenin), 1909
58



