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Main requirements
from physics experiment: NICA

Poccus

The goal of the project is

construction at JINR of a new accelerator facility, that provides

1a) Heavy ion colliding beams "7Au™* x 97Au™* at
Vs, =4+ 11 GeV (1 + 4.5 GeV/u ion kinetic energy )
atlL = 1E27 cm2.s- (at Vs, = 9 GeV)

average
1b) Light-Heavy ion colliding beams of the same energy range and luminosity
2) Polarized beams of protons and deuterons in collider mode:
pTpT s , =12 + 27 GeV (5 + 12.6 GeV kinetic energy )
dTdT Vs, =4+ 13.8 GeV (2 + 5.9 GeV/u ion kinetic energy )
Laverage = 1E30 cm2s (at s, = 27 GeV)

3) The beams of light ions and polarized protons and deuterons for fixed target

experiments:

Li= Au=1+4.5 GeV /uion Kinetic energy
p, pl =5+ 12.6 GeV kinetic energy

d, dT = 2 + 5.9 GeV/u ion kinetic energy

4) Applied research on ion beams at kinetic energy from 0.5 GeV/u
up to 12.6 GeV (p) and 4.5 GeV /u (Au)

7
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from physics experiment:

‘Main requirements -

« changeable experiment energy
for heavy ions collisions:

Au + Au (4.5, 3.5, 1.5) GeV/u
Yy=538,4.7,2.6 Possibility of variation of
gamma-tr ~3 + 15

Objectives for optics design

with  luminosity ~1027 (at 4.5
GeV/u)

* operation with proton beams
(12.5 GeV -y =14.3)
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Luminosity ﬁmmlalon ue to Beam Space Charge

For bunched beam with Gaussian distribution in all planes

Ve, | rpzZNi C 1 p.lo, \/ D, )
{5‘/30\(}_27['6\,5273 \/EGS (Gx-'_o-y) ,Bylay S’ :Bxygxy+ e
For round beam, smooth focusing and sufficiently small dispersion
5 r.Z°N, C
Vse = 4”’0\,827/3(9 \/ZO'S - limits beam longitudinal density, N, /o,
1.5 | | T T

For 3, = ﬂy* and head-on collisions the luminosity is

L= f n, N (G j e -y? dy xHp (3
A \|ese, ' ff1+x >

assuming g, = &, 0ne obtains a luminosity limitation © 1 2 3 4 5
/ 2,3
L= el [GiH(iiD&/“ g A moe (o, (o] 2
r,Z (C/nb) S p Z4rp2 ct |\ g * sC
3
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Luminosity <, ——> "Timitation due o Beam Space Charge

For the case of fixed ring acceptance and circumference one should also exclude N;. That
results in

Large luminosity requires:

Acsy noelo, (o
L =8x" e bCS ﬂ*H
o \

/

QsShort separation length, C/n, QOSmall circumference, C OLarge value of a/p*

UPossibility of variation of ‘
gamma-tr ~3 + 15

Objectives for optics design

— [Large emittance => large acceptance

O Large acceptance

O Small perimeter
O Small beta-function at IP

U Acceptable IBS rates
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H&CGEF&CR WIE” ! |ES

Optics optimized for Au+Au collisions at 4.5 GeV/n (y =5.8)
Yy =7.6

Slip factor

« + 4.5 m for particle detector n=1/y,?-1/y?
=0.013

* Phase advance 90° per FODO-cell

* Dispersion zeroing in straight sections

* Vertical beam separation

*Tunes ~x.44 (same as in FNAL Recycler)

| = N7 T
i\ i

Ll“,p_p:::r* = r‘m‘.‘_[-

5

Cross-section view of the
NICA Collider dipole magnet
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o decrease phase advance per cell
variation of gamma-tr: 90°-> 60° -> 30°

O\

“resonance” optic structure® with
variation of D through the ring

1 T D(S) - orbit compaction factor
= —j—ds (OCF)
P(8)

d“D 1 &
—HK(S)+ & k(S)]D:% , where  K(s)= eGE) ck(s)= eAG(s) e-k(#) =g, cos k¢
p k=0
il
Correlated  change  of D(¢) = D+ 5(¢) = =
dispersion through the orbit o= 2 D(g)-r (¢)
moves alfha close to zero L _ i rd R R
. =(1+r(¢)
or to negative values o(d) R

» [ocTpoeHne «pe3oHaAHCHbIX» MarHUTOONTUYECKUX CTPYKTYP C KOHTPONIMPYEMOW KPUTUYECKOW 3HEepruemn
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Poccus

variation of gamma-tr:

2
« The solution of equation a°D +[K(s)+ g k(g)][):i
ds® 0 (s
» with modulation of gradient and curvilture: 1 %0
S ———==|1+ Y Jr]cosn
ck(@)= ) |g,|cos k¢ 0 () R[ nZ:: ¢j

k=0

» gives the expression for OCF:

N 2\
o =i2 1+ L KRJ . 2 _'rk} &
y 4-1-kS/v) |{v ] L-@-kS/v)?]
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SUPERPERIOD
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Cell dimensions

Mult-pole

units of length - meters

[m]

OISP_X&Y

Corrector
L
0.6 F'r”/ 1.5 15 0,3 F-quad
I . — . I . s _ =
ET EETA_W P _X DISP|’ -
- I
0.3 ;
0.3
D-quad Dipoles Dsext
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90° phase advance for Au 4.5 GeV/n
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, . , Au 4.5 GeV/n
Dispersion suppression

-using  special quads
gradients in edges cells

[m]

DISP_X&T]|

BETA_X BETA_¥ DISP_X DISP_Y

(possible to adjust for the

S = . ...--@.-...-.@..ﬂ

F-quads strength adjust

different Y;, i.e. different

phase advance in arc) Au 3.5 GeV/n

*D=0 due to 27N — phase advance

[m]

DISP_X&T]|

BETA_X BETA_¥

DISP_X DISP_Y

F-quads sfrength adjus

per Arc
i I?

Protons 12.45 GeV

il

Au 1.5 GeV/n

DISP_X&Y

h
[m]

L L L L
DISP_X&Y]|

BETA_X

BETA ¥ DISP_X DISP_Y

BETA_X
P T e e R Y e R e e R Y Y]

BETA_i DISP_X DISP_Y
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Straight sections

B at IP ~35cm

vertical beam separation
«enough space for non
structural equipment: RF-
resonators, PU for SC, injection,

Spin rotators...

* keep total tune of the ring x.44
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I Aud5 GeVin Ring tune 12.44 1 12.44
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1
[m]

L L L L
DISP_X&Y)
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- [] BETA_X - DISP_X - DISP_Y

= | N | . . I N . . . I N . — -_-I -

8 Au15GeVin Ring tune 8.44 1 7.44
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Straight sections

T T J
Audb GevVin
1.6=245Tim 7
2.G=264Tim {_
3.6=264Tim |&
3
E
]
= DISP _% DISP_Y 437
IHlim = iIli ] 1] il
| 1 2 3
L orbit
1P /4 o7 0.16m
o — y=0
.' Beam envelopes for|e=40pi mm mrad dp/p=+/- 0.005 -

[cm]

Size Y

Ay tot Ax_dl=p Ay _di=p

10.45*2+0.6=21.5m - between bunches --> 25 bunches in the ring

Ax_tot

| 45M  10.45m
1
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Poccus

Straight insertions in arcs

2 1 phase advance

 additional space for non
structural equipment: e-cooler,
injection, spin rotators...

a0

Au 4.5 GeV/n

[l

BETA_X&Y

3 X 9m free space

.
[m]

//\\/\ﬂ /\/\Jx/\ N

IJIEF" L

1|I:5 BET.-'JL _x DISP _x
H. omms .. oums .HE

DISP_Y

RuPAC 2010 27.09-01.10 r. MNMpoTBuHO,

35.1m

163.2
1T T T

15



Full optics 7| Au 45 GeVin

By =76
gx: -38 k

¥
s / 3
£ =-37 -/

&=29 | Bur e
€y= -32 I

534.2m
perimeter

[ma]

/




Au 1.5 GeVin

Bir=32

Full optics

534.2m |

(-
-/l \ T ‘5000000{ )'k }0000000. \‘

[m]

L
DISP_X&Y

£= 29
£,= 28

DISP_X DISP_Y
[ ] III m (U TN TP TR T ANT PN TR TART AN T AN TFN TR T A (N TYN PN A T AN TR TRAT AN T AN TN TRAT AN T I m

Protons 12.5 GeV
&r‘ =58.4

§,= -37
£,= -34

L L
DISP_x ISP_Y
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Poccus

Ring tune

X.44

12.5

E OV, +2- v, 008"

§

-
o}

12.4

Sinnae

1 2 3 4 5

125
& F 8 9 1011 12

Tune diagram (fractional part) with sum resonances up to 12th order
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Poccus

Chromaticity correction

1. Au 4.5 Gev/n

Additional
sextupoles

%

90 degrx 3 x4=1080 degri Arc
if all SP are regular

Regular \

SuperPeroid

Phase advance is not equal
90 degricell, Sextupoles are
not compensated

>

Two families
of sextupoles

5f1, Sdi

Dispersion
Supressor

2,3. Au 3.5Gev/n, Au 1.5 Gev/n

Two families of
sextupoles
(16 total)

Sf1=0.154 kG/cm?2
Sd1=-0.264 kG/cm?

All sextupoles in the arc (near each quad) are used for chromaticity

correction (24 total)

Sf1=0.054 kG/cm?2
Sd1=-0.085 kG/cm?
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Chromaticity correction

4 . Protons 12.45 GeV

=
g}

10

Protons 12.5 GeV

I[rn]
[m]

BETA XY
1
DISF_X&Y

i

W WV IV W

EETA x ISP x DISP ‘I" 43

Sd1 Sd1 Sd1 Sd1
Sf1 Sf1 "Rspr 5592 st 5592 Sf1 Sf1

-
1

Q

Only sextupoles near central lenses (four families) in each superperiod
(where dispersion function are positive) are used

(16 total)
Sf1=0.072 kG/cm? Sf2=0.110 kG/cm2
Sd1=-0.207 kG/cm? Sd2=-0.284 kG/cm2
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Poccus

Au 4.5 GeVir f/
0.43
Y
0.46 7
/ Q
044 L __.,..-——_::'—-==="-= y
L
dp/pel 000
0.42
15 -5 25 0 25 5 13
Au 115 GeVvin
043 \ Qx
0.46 \\
0.44 Pl BN i S
T
Q
Y / \ dpfpk®
b, |
0.42 / C |
-10 -5 0 5 10 15

Dependence of the ring tune on dp/p
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0.020 “.v..._v. Y IR ATANGE

alfa-x [rad]
0.015 0.015
a.010 o.010
0.005 0.005
0.0 0.0
0.005 -0.005
{1010 -0.010
0.015 -0.015
x [m]
0.020 -0.020
-0 -0.008 (.06 (.04 -0.002 0. 0.002 0.004 0006
...tracking in MAD, OptiM
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-0.010

alfa-y [rad]

Phase space at IP

Furn of inns
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2 T T
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Dynamic aperture

Au 4.5 Gev/n
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2 1
] o ]
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oo g,
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— + = 1y _ ]
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200 Pi

Phase space at IP

Win32 version 8.5107

T - T - - - - T T

o0 0.005 0.0lo 0.015
003
0.02 -
ol
0.0
-0.01 |
-0.02

-0.03

-0.04

-0.020 -0.015 -0.010 -0.005
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[
Dynamic aperture

Au 3.5 Gev/n

16209710 05.13.46
|

0.0 0.005 0.010 0.015 0.020
yim)
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0.020
a.015
a.010
.05

0.0 -
-0.005 -
-0.010 -
-0.015 -

-0.020
-0.010

Poccus

Win32 version 8.51/007
] Y T 28 T

13/09/10 23.31.01

0008 -0.006  -0.004  -0.002
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Dynamic aperture

Phase space at IP
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Acceptable IBS rates

NICA: Conceptual Proposal for Collider, Valeri
Lebedev, Fermilab, January 11, 2010

... Triplet focusing
looks preferable. It
results in

essential increasing
IBS growth time...
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TiRg Triplet, 24 per.
[s] Triplet
'3— \* )|
4<10 | FODC 35 per.

IBS

| | |
6-10°F -/.\- .

FODO
FODO, 30 per \.

2 10°F i
v oo FODO, * per.
O | —&— | |
3 4 5 6 7 3
VENGE Wy
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Rccepfame |B! rafes

IBS rates were tested for full ring FODO- & ODFDO- structures

EIJ Niun G €y c1:| 6.Gx max T i avx sc z‘ﬁ‘l:B'B L
B | x10° | [em] £y X103 | 620, 4.y | [ceK] Ve vy 5 Iebv, g | x10Y
MMeMPAT, [em]
VALY optics, 4.5 5.3 60 1.12 1.79 7.5 1120 | 5.80 | -0.026 -0.007 6.046
V. Lebedev n,=20 0.60 55 6.22 | -0.039 -0.010
Ling=454.2
ODFDO, Au, 45 5.3 60 0.86 1.89 3.8 1320 | 5.80 | -0.026 -0.008 6.628
full optics n,=20 0.86 7.6 8.64 | -0.031 -0.008
Lying=392.46m
Fit to VAL4
ODFDO,_ Au, 4.5 5.3 60 0.90 1.58 4.5 770 | 5.80 | -0.028 -0.008 6.624
qu" thzlczs n,=20 0.79 8.0 8.35 | -0.034 -0.009 D|fference |S due to
ring= M . .
FODO, Au, full | 45 | 53 | 60 | 114 | 162 | 45 | 890 | 580 | -0.021 | -0.007 | 6.629 different straight
optics ny=20 0.76 5.4 6.95 | -0.029 | -0.008 section structure
Ling=363.26m -
Fitto VAL4
FODO, Au, full 4.5 5.3 60 0.93 1.46 45 5601 5.80 | -0.024 -0.008 6.628
optics n,=20 0.89 9.0 7.13 | -0.030 -0.008
Ling=374.30m
FODO, Au, full 4.5 5.3 60 1.26 1.69 10.1 760Y| 5.80 | -0.019 -0.006 6.610
optics n,=20 0.77 6.3 6.83 | -0.026 -0.008
Ling=343.50m

26
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Collider Luminosity | ° e ov = 5‘/50 +2- 5Vbb ‘ 0.05

x‘HL(") [+]
0.5 — =1.714 _

[+] 1 2 3 4 5

dedt ! dedt, -1 ot -1
Adjust ¢,, €, & 0, (0, -fixed) until {E—J { e J i [ 2 ]

i Cl'P

F00

Acceptance [Pi"mm*mrad]

250

Increase ¢,, ¢, & 0, proportionally _—
staying in the ring acceptance

0o

150

100

S0

Increase N, ions in the bunch keeping OV =0V + 2'5Vbb‘ <0.05

-1 -1 -1
dedt, de delet, fD.ﬂh.NiDﬂz o,
- = e = - Lun = 'HL —
X W op 47;'311:' E}:.E}F |3IP 27
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Collider Luminosity

“scaling ing

lon-ion and collisions Polarize .
d 110 : =
opement | 15 | 23| as |proons|
GeV/n € GeVl/u 5+12 | tad®
u GeV — -t
i . 27 /
Ring acceptance, | 340300 | 200/200 | 4040 | 40/70 | ™ —
m-mm-mrad —/ ﬁﬂyﬁ
1 il / - ’J !
Ring long. +£0.005 £0.005 | " =
acceptance, Ap/p 7
Maximum 1 ‘
acceptable RMS |4 )05 | 11/06 | 12006 | 1.1/0.6 EL eV
emittance, €, /¢, g
m-mm-mrad 0 ol 210 a1’ 5u10°
RMS momentum | g 6,403 | 1.3-103 | 1.7-10% | 1.2-10°
spread
Particle per bunch A2
i C nNo.c|lo o
corresponding to | o 4 400 | 25.409 | 4.9-100 | 2.5-101 | L =gz APV MOE O [0 || 5
tune shift 74 2 c3 * ﬂ* sC
AQ =0.05 P
IBS growth time, s 110 600 710 8700
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Energy of the experiment Ton-ion and ion-proton collisions Polarized
15 GeV/n | 356eV/u | 45 GeV/u e,
Ring circumference, m 534.2
Transition energy, y, 3.2 58 7.6 68
Phase advance per cell, ° 30 60 90 varied
Slippage factor, 1, 0.051 0.015 0.013 0.004
Betatron tune Q,/Q, 8.44/7.44 10.44/10.44 12.44/12.44 12.44/12.44
Number of bunches, n,,,., 26
*Total chromaticity of the -28.8/ -29.6/ -38.3/ -37.2/
ring(before correction), §x/§y -27.5 -32.4 -36.6 -335
Ring acceptance, n:-mm-mrad 200/300 200/200 40/40 40/70
Ring long. acceptance, Ap/p +0.005 +0.005
Maximum acceptable RMS 1.1/0.5 1.1/0.6 1.2/0.6 1.1/0.6
emittance, sx/sy n-mm-mrad
RMS momentum spread 0.6-103 1.3-103 1.7-103 1.2:103
Particle per bunch 0.4-10° 2.5-10° 4.9-10° 2.5-10
corresponding to tune shift
AQ =0.05
B*, cm 35 35
Bunch length, cm 60 60 60 60
IBS growth time, s 110 600 710 8700
Maximum achievable 1.8-10%5 2.0-10%7 4.2-10%7 4.2-103!
luminosity, cm=2 s
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Spin rotator

E. cooler [%

RF1
Polarimeter

Spin rotator
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Thank you
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Classic optic structure:

"Resonance” optic structure*
for super-period:

( = R 2 o 2
“s=iz<1+%m 5 g, L
1%

_.I__
& (1-kS/V)[L—(1—KkS/V)2 2 4~ 1-KkS/v

1(R) & O _EEZOO I 9y
_E[; k;xa(l_kS/V)[l“(l—kS/V)z] Z(VJ Z:[1—(1—k8/1/)2]

k=—00
. ] +0(g, -r),i+j=3)
Orbit compaction factor < |
for structure with str. sec.:
—q S- L MIiN{kS-v} => maximum influence to
s S-L, +Ly orbit compaction factor
S Str

KS>v
2.7V o °
SN 60°+100 |:> 3+5 Cells per super-period
" el
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*D=0 at straight sections in resonance structure => 2m*n - QX... - integer
phase advance per Arc :> arc 9

S,rc a- number of super-periods in Arc min [Varc - kSarc] =-1

Sextupoles compensation:
Sarc_even 2°7Z-°Varc.Sarc — TV
QX - 0dd S 2 arc

Phase advance between Cells through S_,./2 super-periods

4.5 GeV/n; y=5.8 => Q,arc y,>6
Narc:2 => QXarC:3 (Vtr zQX)
Min[Q,arc-1*S_ ]=-1 => S_,.=4

3/21 — ph. ad. per super-per.

3Cell * 90° - superperiod 33
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NICA: Conceptual Proposal for Collider, Valeri
Lebedev, Fermilab, January 11, 2010
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* Large acceptance |:> Calc. of Dynamic Aperture & compensation of nonlinearities

T T 4
[En] [En] NICA: Conceptual Proposal for Collider, Valeri
g Lebedev, Fermilab, January 11, 2010
1o0f .
. -ref. point ~ NicaVAL4
M Oy Tracking in MAD:
0 L L _ . ¥ [rad]
0 S0 100

y [m]
. ’ (X.X") -phase plane at IP (Y.Y') -phase plane at IP
~002  -000 O 0o 002
&pdp
Actions (C-S inv.) in IP for initial coordinates of particles lost after L 1 ( mplp 3 A.gre?ment between .
5000 Hurns, &,gma=140 mm mrad, &mg, = 210 mm mrad, (Op/p ) =0.0125 S—L‘L;_TI ™ p‘) } <l TPGCklﬂg in MAD and OPTIM
= - (MAD used for further

B Dynamic aperture exceeds the requirement of 40 mm mrad by ~2 fimes investigations...)
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Luminosity Limitation due to Beam-beam Effects
BFor bunched beam with Gaussian distribution

Ve, | TLZN,  1+p% (U,
Svesy | ATABY e, + 2, |1z,

BFor round beam =>

2
L I’pZ Ni 1+ ﬂz
B ArABre| 2

BCombining the above equation with the equation for space
charge tune shift one obtains

T o,
Vg = 5VSC\/;E)/2(1+ ,82)

BFor NICA parameters the space charge tune shift is significantly

smaller than the tune shift due to beam space charge

BmSmall B” results small o, and, consequently, small v,

Blarge value of 6./B" results in phase averaging for high order

resonances and significantly mitigates the beam-beam effects
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Heavy Ion Mode: Operation Regime and Parameters

I Injector: 2x10° ions/pulse of 177TAn32+ I

i at energy of 6.2 MeV/u 1 _.."'_r*"' ~
N NN BN N BN BN BN BN BN BN BN BN S BN BN B e Ee b e aw oaw omw ol }i" \"_
Collider (45 Tm)| + Booster (25 Tm)
Storage of 1(2-3) single-turn inject}.pn,

! 9
26 bunches by ~ 1x10° ions per ring acqe?:::rf;!ln:pzt‘: 415{]};113[ ) f
¥

at 1 - 4.5 GeV/ “.: . electron cooling, acceler i0Mn
electron and/or stochastic cooling ‘. up to 600 MeV;‘u;

o - ~ “\
-~ b
4 ™) >
f i Stnppmg {BDDD] 197 A 132+ == lg?Au?9+
F 4
Fd

T“lH]J.dSC I .*f Nuclotron (45 Tm| \l
IP-1 . collider gy, | injection of one bunch !
rings | of 1.1x10% ions,
.+ s leration up to 1/
2X26 1njection acce
- /
L , eyeles \ 1-4.5GeV/u max.
\ - V4 ¥ . - 7
- Sy - - -
- = =

9
G.Trubnikov, NICA project September, 2010 Novosibirsk



2.3. Luminosity preservation

Beam life time defined by IBS
If AQ is fixed as before then beam life time by IBS is proportional to

A ﬁzyzfmm (@XPJE:
o .

L 77 10 -flo,,o0,,0,,lattice functions )
Collider 2T - 534
TIEE and T::D-E:II “e =1 A} V5 ion EHEFH}’ HGW tﬁ resﬂ'lve thE Frﬂhlem?
1107 - : -
E=—————_=- | = Smooth lattice functions to increase 15
Tips //—I (S.Kostromin, JINR & V.Lebedev, FNAL)
Thato 100 . = Stochastic cooling at
2.5 GeViu < E < 4.5 GeViu
Tcanter . (T.Katayama, G.Trubnikov, N.Shurkhno);
sec = Electron cooling at
1 1.0 GeViu<E < 2.5 GeViu.
1 15 2 25 3 35 4 453
E, GeViu
= 23
ﬁ .Meshkov, Status of NICA project CPOD2010 August 27, 2010 Dubna
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NicaVAL4 Tunes vs dp/p: first and second order chromaticity

correction
Xtune vs dp/p
9.48
9.475 -
tune=9.44856-0.43dp/p+268(dp/p)"2
9.47
| N Ytune vs dp/p
9.463
o 9465
3 4
946 s 0.02 - 9.46 - K
9.455
9.458 -
9.45 o ,0‘5)_ Tune=9.44-0.36 dp/p-70.6 (dp/p)*2
- >
9.445 ~—— S - S | 9.455 -
-.01 -,005 0 005 01
dplp 9.453
945 T T T T T T A L
-.01 -.005 0 005 .01

D,

£ P
2 <0.05 (depends on working

v=V{+ov . . +ov, +&
P point location)
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o decrease phase advance per cell
variation of gamma-tr: 90°-> 60° -> 30°

O\

“resonance” optic structure® with
variation of D through the ring

C
ij D(S) ds - orbit compaction factor

OCF
p(s) 0
d“D 1
> HKE) +ek©D=—— , where K(5)=CE ()= SACE)
p(s) P
&-k(¢p) = ZQKCOS k¢ with g, =— —IAGcosk(/ﬁdqﬁ ¢=2m-slL,
oo Somn] b 5 f0
p(#) R & ‘ Com p@)
Correlated  change  of
dispersion through the orbit — o~
moves alfha close to zero D(¢) = D + D(9) =
or to negative values L1 - E D(g) - (o)
L (4T R
) R( (#) R R
42
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