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The new accelerator complex NICA is designed at the Joint Institute for Nuclear
Research (JINR, Dubna, Russia) to do experiment with ion-ion and ion-proton collision
In the range energy 1-4.5 GeV/u. The main regime of the complex operation is ion
collision of heavy ion up to Au for study properties of dense baryonic matter at extreme
values of temperature and density. The planned luminosity in these experiments is 1027
cm 2-¢” L, This value can be obtained with help of very short bunches with small
transverse size. This beam quality can be realized with electron and stochastic cooling
at energy of the physics experiment. The subject of the report is the problem of the
technical feasibility of fast electron cooling for collider in the energy range between 0.2
and 2.5 MeV.
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We hope that the low energy electron cooler will be helpful for NICA
operation by analogously with others scientific centers

: . !” . " 0,30 ! ! | w&
—— - EETR 1|  —e— SIS Bi* accumulation
gt i g B! 0254 Je=400 mA H
. l R M~
—— - " - £ o020 N
Il : | ~
a e (" § 0,15 ,N
¥ . ,"ff‘r,-fy--fy-'rf-ﬁ‘qrr‘ﬂ-ffd;frm ‘ ' I \ £ 0’10' .N.
Il IS
A 'ﬁ' i | ‘ oo 40“ 1 2 3 4 5 6
v M 7o U j time (s)
. A Accumulation Bi beam at SIS-18
Assembling NICA Booster Cooler in JIN T ;
10000 - 10616A, 7.47*10° -
- - : )
4000 ‘ 2098iA, 9.6*10"
Vacuum level 101! is obtained
LEIR Lead |0n COOIlng, 01 2 3 4 5 6 t:m:/sei 10 11 12 13 14 15 16

accumulation, acceleration

) . Accumulation of carbon ion at ener
cooling time about 0.1 ¢ Jy

7 MeV/uin CSRm




Correction of line
straightness of magnetic
force line in Dubna

First tuning of coils was done in
Novosibirsk, So after the transportation
procedure the correction is not very large

Black line is before correction, the Red line
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Vacuum baking in Dubna

Assembling of vacuum chamber Cathode activation after baking
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Base of High-Voltage cooler for NICA is COSY cooler
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2.5 MeV electron cooler — 2MeV electron cooler —
Integration into NICA Integration into COSY

The next step is high-voltage cooler for NICA collider
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Main parameters cooler NICA

Parameter Value
Energy range 0.2+2.5 MeV
Number of the cooling section 2
Stability of energy (AU/U) <104
Electron current 0.1-1A
Diameter of electron beam in the cooling section |5+20 mm
Length of cooling section 6m
Bending radius in the transport channel 1m
Magnetic field in the cooling section 0.5+2 kG
Vacuum pressure in the cooling section 10-1 mbar
Height of the beam lines 1340/1660 mm
Total power consumption 500-700 kW
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Comparison COSY and NICA coolers
Both system have classical design with longitudinal magnetic field,
but NICA cooler has two line and small distance (32 cm) between ion
beams;
Both system have section-module principle of the design of the
accelerator column
NICA has a section-module principle for the cooling section (as
Fermilab) but with continuous magnetic field. COSY has one and
Indivisible cooling section.
NICA cooler will have possibility of the online magnetic
measurements with BPM method. COSY cooler was equipped by the
vacuum compass probe for the magnetic measurement.
Cascade transformer for power supply of the magnetic coils for both;
Electron collector with Wien filter for both
“Magnetized” electron motion for both
“4-sectors” electron gun for diagnostics of the electron beam motion
for both

There are a lot of common and different features
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NICA cooling section

Coils of the longitudinal magnetic field Each vacuum section contains the

BPM and the correctors of the
transverse magnetic field. So, the
rough regulation of the magnetic
force line is possible as result
measurement of BPM with electron
and ion beams. The ion beam is
used as base line for the electron
beam

Requirements to the magnetic
field is very strong — 10°. The
adjustment  elements  should
provide regulation with 10um
accuracy. In the present
construction the coil have
possibility incline and rotate
changing angle in two direction.

Cooling section consists of 6 standard section with length 1 m



Cover of section is installed on

numerically controlled machine tool

I.N. Meshkov and first

cooling section for NICA in
BINP First coil during winding
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Pattern for on-line checking sizes
of the coils during manufacture

First party of the coils of the
cooling section Y
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COSY design. The idea is decreasing role
of the magnetic field induced by wire splice
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Cooling solenoid
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Match section between the different magnetic field is close to the cooling section in order to
decrease the longitudinal magnetic field in the toroid. It strongly saves the electrical power
and reduce the transverse kick for ion beam.



Decreasing magnetic field in the toroid reduces the problem with
transverse kick on ion beam.
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Transverse trajectory of ion at energy 0.2
MeV.

Match section between the different
magnetic field is close to the cooling
section in order to decrease the longitudinal
magnetic field in the toroid. It strongly
saves the electrical power and reduce the
transverse kick for ion beam.

Magnetic field along ion orbit at electron
energy Ee=0.2 MeV. Z=282 cm is center of
ion corrector, Z=170.8 cm is entrance to the
toroid. Integral of the bending field of
toroid is 29.4 kG*cm.

=50 Cooling section is 2 kG, toroid is 1 kG.



Toroid

section

Bending coils of electron

————

lon corrector
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Toroid Is the most complicated place
where meet together two beam lines:
electron and ion. Moreover the ion
corrector should be located in this
place. Also the it is place for vacuum
pumps. The coils for bending field is
placed on the toroid side. The power
consumption is restricted so the coil
should contains maximum value of
copper. In addition to all problem two
electron beam should be located with
distance 32 cm.

The decision of most of problem

IS decreasing magnetic field in the
toroid. But free cheese only in a
mousetrap. The length of the cooling
section less (6 m) than the straight
section along ion orbit (6.84 m). The
distance 0.84 m is spent on the
matching section.



Winding process of coils of the toroid section




Compass




All Magnetic elements of transport channels may be
measured with Hall Probes System Magnetic measurement system
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Three or more elements connected
together for magnetic measurements in
order to accurate measure of one
elements (edge effects);



3D design of Accelerating Column

Design of high-voltage section.
1 — accelerator tube, 2 — magnetic coil, 3
A — electronics (coils 2.5A, 500 G and HV

= PS +/- 30 kV), 4 — section of cascade

1 u transformer, 5 — safety ring, 6 — oil tube
Electrostatic accelerator of NICA cooler. It for solenoid cooling, 7 — isolation
Is divided on two part. The middle section support, 8 — stiffening rib.
contains  of ~vacuum  pumping, BPM, 42 high-voltage section (COSY is 33 section)

correctors and mechanical support.



~ |.N. Meshkov and
—
=8~  bottom of high-
voltage vessel
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Central part of high voltage
vessel in Novosibirsk
workshop
Section of electrostatic
accelerator




-transformers
connected to :
series: section 1
-tube is alternation
of the ceramic and
metal rings section 2
(sections);

- tube is filled by

oil;

- section has
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/ two transformer PS generator
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each column is
divided by two part
\

S ARRRR AR

gap for correctors,
BPM, vacuum pump

Cascade Transformerl
as Power Supply

Length of NICA cooler is larger and we
decide to use two transformer column. One

for collector and the other for the HV “Transformers section looks like accelerating tube”



New section
of Cascade
Transformer




High voltage terminal — gun and collector
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Design of high-voltage terminal of NICA cooler. X and Y displacement of electron in the
The left picture shows the electron gun, the right ~ €lectron gun. The red is ion flow, the
picture shows the collector. blue is flow of the electrons.

This design of magnetic system of electron
gun is proposed in order avoid ion
bombarding of cathode by the secondary
lons.



| | | | | | | NepumeTp KonbLE, M 503,04
B0 { Rmm) ¥ L KonuyecTso ny4xkos 22
50 r~ 7 7T 17T 17T 17T 17T 17T 17T 17T 17T 17T 1T°T __|||||||||| B Cp- = MHHE n.lln-'“a’ Y GFE
E 4 C JHBYHHLMA B TOUKE BCTPEUM, M 0,35
40 i UL L 1r BetatponHbie uacTotsl, O0/0, 9,449 44
30 i 1r Xpomatuunocte, Q°%0° -33/-28
: 1LC AKCENTAHC KONbLA, T MM.Mpas 40
207 1L MmnynbcHbid akcentanc, Ap/p #0,010
10 : ’ DaKTOp KPUTHYECKON IHEPTUK, J, 7,088
0 —bee- Ineprua woHos ¥ AU, MaB/H 1,0 3,0 4,5
L KonuuyecTeo MOHOB B NydKe 2,0-108 2,410° 2,310
10T L | g Cp. KB. MMNyAbCHBIA pa3Bpoc, Ap/p | 0,55-107 | 1,1510°% | 1,5-107°
-20 - 1C Cp. KB. 3IMMTTAHC, TMM-Mpag, 1,1/0,95 | 1,1/0,85 | 1,1/0,75
0 - 1 CeeTMMOCTE, cM ™ c ! 0,6:10% | 1,0.10° | 1,0-10%
_ 1 C Bpemn pocta BMF, © 160 460 1800
-40 L | £_||||||||||||||||||||||||||||||||||||||| _ ~
o0 I The standard gun of the cooling system designed in
e — T BINP has diameter 3 cm. This cathode diameter is
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useful for low-energy cooling. The size of ion beam is
decreased at acceleration so such cathode diameter
may be excess value. Table shows the parameter of
the collider NICA. The typical r.m.s emittance at
energy 3 GeV/u is about 1 7-mm-mrad. So the typical
= size of the ion beam is 0.3 cm. Therefore we decide to
try the gun with smaller diameter of the cathode.
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= - High density of the electrons at same current;

- Easy transportation of electron beam;
ﬂ [: - Possibility to have a large magnetic field in
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Diagnostics of the shape of the electron beam
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Response of the beam shape induced by quadruple component of the bending magnet
(n=0.5 and n=0.5) . The experimental result from COSY cooler, energy Ee=910 keV.



Radial oscillation of the electron beam

Analyze of the electron
\ i FE, trajectory in COSY shows
o~ _ ¥ o |c®y . -
NP Tl %% that there is a radial
-0 = ors &8, 0' . .
e, @O?L% +#”°  oscillation of the shape of the
T - electron beam (“galloping”).
N O o (e “a The edge trajectory have
e Larmour oscillation but the
R Y| obs. P - - -
%) et & center trajectory is line. It can
o ORep RGO 23 .
af® | ol @ S Ty be different reasons such
| | = behavior. It is possible that
— [ zm7iieas the mai n reason iS
b ) (T . R combination of the electrical
Aierta ) 75 % lens from the control and
@ | el anode electrode.
2t Ao d The special design of the electron gun can control
L Z2mo I=[116 » . 0s
galloping” mode. 1 — cathode, 2 — control electrode, 3 —
anode, 4,5,6 — anode with electrostatic lens.
M| i
2 3 \ | To fit a parameters of electrostatic lens and the value of
o | _ || the magnetic field (phase of Larmour rotation) is
possible to control radial oscillation.
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RF and e-cooling preparation to collider operation
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1. Coollng and stack!ng with RF barrier voltage. 19T AGT 4.5 GeVu Ni=2-109
2. Formation of continuous beam
3. RF of 22-nd harmonic, bunching
4. Increase RF voltage and bunch length decreasing - cool
5. RF of 66-nd harmonics, e-cooling 10

In colliding mode RF has 66 harmonics and

the bunch is located in every third separatrix.

Electron cooling enables to decrease the 1027

transverse emittance and longitudinal length of 0c00l

ion bunch. So, the luminosity may be stable at

presence of the electron cooling. »
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Cooling simulations for COSY
Cooling of bunched proton beam on COSY. Electron energy 908 keV. Electron current 0.5 A.
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e-cool can well operate with RF harmonic



Fitting curves of the shape of the proton bunch for the start (left picture) and

the end (right picture) of the cooling process. RF on, e-cooling with 570 mA, Np=2-10°,

Ee=909 kV
V. mV VvV, mV

t=0s t=500 s
60 200
40
20
0 o, =85ns

0.5 0.6 0.7 0.8 0.9 0.6 0.7 0.8
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1 1s experimental profile, 2 is gauss shape, 3 is parabolic shape

The estimation of the length according equation gives the length 14 ns that is very
close to the experimental data. So, the beam core attains equilibrium induced by the

space charge force. b
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(277)3/2 y°U RF
e-cool can help to obtain the space-charge limit

HZ

s —



The time of the longitudinal cooling doesn't depend from bunched or continuous mode of the
proton beam and the typical value for this experiments were about 100-150 s. In time of the
cooling process the typical life-time was good enough. The particle losses were not detected
during 600 s period.
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Signal from beam current transformer (left picture) and decrease of the momentum spread
(right picture) during cooling process. The curve 1 describes whole distribution function and
curve 2 describes only the central core with Gauss shape.



e-cool can well operate with usual RF and target
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e-cool can well operate with barrier bucket and target

Electron cooling with barrier bucket and target with density Ee=1259.5 kV, n,=2-10'4 cm-

05/29/2016 17:1¢
4 dB/dlv F‘ef 95.00 dBm SWT 3792 ms
LOG T

05/29/2016 17:06:0¢
4 dB/div Ref-95.00 dBm SWT 3792 ms
LOG

103 dBm 103 dBm

111 dBm 1111 dBm

119 dBm 119 dBm

-127 dBm

: J ki Q»‘;ﬂ' NA'\\,L " h I | i MV! M@JLMZW A M‘ AL
%Nmﬁ\q\udf\wm W-MMWI e 7" waM'M[}MMWJW /u}\Mﬁﬂ»l;,,w/LY i “IVIJ\F'M\.”\\ R % \ﬁﬂww , , 7 a mig M{\li H 'J(*"’\’"

. I L L L l 135 |
135 48P0 002 GHz Center 1.9003 GHz 1.9004 GHz **1" 3002 GHz Center 1.9003 GHz 1.9004 GHz
Res BW 1.00 Hz Span 300.000 kHz Video BW 1.00 Hf Res BW 1.00 Span 300.000 kHz Video BW 1.00 H

127 dBm

2016-05-29

HGFBHCKG’H*G—EGGH%&F@@P

"\

324mv’!
|
||
| |

g2.4mf--\

=

A mY

276my 7800Ns a7gmy -B00ns




Experiments with target without electron cooling
Target has a significant influence on the dynamic of the proton n,=2-10%# cm-
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target

-135 dB
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Res BW 1.00 Hz yan 200.000 kHz Video BW 1.00 H

target + barrier bucket

Spectrogram of Schottky noise at target action. The top picture shows ionization loss in cluster
target corresponding to hydrogen density n, =2-104 cm-2. The bottom picture shows the
simultaneously action barrier bucket and target. All spectrum duration is about 550 s.



Electron energy 1259.65 kV, Je=500 mA Experiments with e-target

Electron cooling suppressed the longitudinal action of the target with density n,=2-104 cm
without help RF.
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Electron cooling
practically suppressed
longitudinal and
transverse growth
induced by target but
the more precise
tuning storage ring
and e-cooler is

necessary.
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Transverse e-cooling at 909 kV energy
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Changing transverse size during cooling experiments. Curve 1 is cooling at energy 909 kV,
curve 2 is reference cycle without cooling, curve 3 is cooling at energy 1259 keV, curve 4 is
growth of the transverse size at changing working point despite of electron cooling action.
Tune was shift at AQx/ A Qy =0.02/-0.01.



Example of the transverse and longitudinal cooling

cH] B DELT,

Np=7-108, Je=400 mA, n=-0.066,
Ee=909 kV, y=2.77, v,=2.25, >y,

The initial proton momentum spread was
widened using white noise beam excitation to
Aplp =£2 -1073, and it was cooled down during

100s. Np=3-108, Je=800 mA,

Ap/p =5.5103 Vertical width, mm
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Example of the transverse cooling
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Combined action of stochastic

and electron cooling
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stochastic only  stochastic+e-cooling initial no longitudinal
Electron energy 0.908 MeV COOL after e_COOhHg
Proton energy 1.66 GeV
Stochastic cooling vertical and horizontal
E-cool time 120°s
Stochastic cooling time 400 s
Beta function x/y 4m/3m
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Summary

1. The many problems of the electron cooler at 2.5 MeV (modular
approach of the accelerator column, the cascade transformer, the
design of the electron gun with 4-sectors control electrode, Wien
filter etc) are experimentally verified during commissioning in

COSY.
2. But there is enough new decision for future hard works. At the

end of work the NICA collider will obtain a powerful system of
the electron cooling.



