Simulations of Beam Dynamics and Beam Lifetime for
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Im

= EDM: a permanent separation of positive and
negative charge (vector along spin direction)

= Fundamental property of particles (like mass,
charge, magnetic moment)

= Existence of EDM only possible if violation of
time reversal and parity symmetry
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Electric Dipole Moment (EDM)
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= EDM: a permanent separation of positive and
negative charge (vector along spin direction)

= Fundamental property of particles (like mass,
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Stage 1 Stage 2 Stage 3

Precursor experiment at COSY FZ Jiilich Prototype proton storage ring Final storage ring
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= Deuterons with p=970 MeV/c = Simultaneous CW and CCW beams

Pure Electrostaticstorage ring

= Proton Magicmomentum

Advancement towards final storage ring will B AREUSEIEMSELECEY

(701MeV/c)

= Decrease the systematic errors
" Increase EDM measurement’s precision
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Stage 2

Prototype proton storage ring

g

Electric magnetic storage ring

Simultaneous CW and CCW beams

.. ... '~ k| " Operatesat 30 MeV and 45 MeV
= Decrease the systematic errors
" |ncrease EDM measurement’s precision
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Prototype EDM Storage Ring

Goals:

" Frozen spin capability
= Storage of high intensity CW and CCW beams simultaneously Beam life time > 1000 s

= Beam injection with multiple polarization states

= Develop and benchmark simulation tools

= Develop key technologies beam cooling, deflector, beam position
monitors, magnetic shielding....

= Perform EDM measurement
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Prototype EDM Storage Ring

Goals:

my TASK
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Ring Design and Parameters

rF Qss Q;:

QD QD
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Basic layout

)

= Fourfold symmetric squared ring ” o '!TQF

* Circumference = 123 m T'QSS osal

= Three families of quadrupoles will be used
el dQF

B Focusing QF
ii. Defocusing QD W
iii. Straight section QSS
: . : QD QD
= Ring will be operated in two modes | QF Qss QF
-

i.  With all electric bendings ( at T=30 MeV) .
ii.  With electric and magnetic bendings (at T=45 MeV)

(5]

QSS = straigh-section Quadrupole
d = drift section

QF = focusing quadrupole

QD = defocusing quadrupole

EB = electrostatic bending
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Schwerionenforschung

Simulation Results

» Lattice Optics
» Estimations of Beam Losses



Lattice Optics : o @ OF gss

= MADX (Methodical Accelerator Design) °
=GF 29 m
Qss ass |
. QF !
One cell = QSS-d-QF-d-EB-d-QD-d-EB-d-QF-d-QSS N aF
EB
QD 't QF Qss GF P oD
Lattice type | By _ax (M) Q. Q,
Strong 33 1.754 1.227 Lattice Flexibility :
Medium 100 1.835 1.748 Betatron tunes Betatron functions
Weak 200 1.796 1.881 0.2< Q, <25 B, <20m
Weaker 300 1.770 1.923 0.1< Q,<2.5 By =400m
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B, v, Dy (m)
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Lattice Generation:
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Estimation of Beam Losses

Four main effects of beam losses

1. Hadronic Interactions

2. Coulomb Scattering Two different scenarios

3. Energy Loss Straggling l.  With Residual Gas

4. Intra Beam Scattering Il.  With Residual Gas + Target
i. Residual Gas ii. Target

= Gases are H, : N, with 80:20
u O-tOt — 204 mb
= Nitrogen equivalent pressure P, = 3.7 x 10! mbar

" n,, =530 x 10> atoms/cm®

= Carbon target with thickness
ne~2 X 1012 atoms /cm?

" fo =0.596MHz Calculations for four lattices are performed in each case
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1. Hadronic interaction

T1oss = beam loss rate

n = target thickness or rest gas density
Otor = total cross section

fo = revolution frequency

1

T~ =N0ootfo

i. Residual gas ii. Target

t1=351 x10"%2s71
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2.Coulomb Scattering

w1072 Beam Loss Rates Vs Lattice types
sond Residual gas
- (arbon target
-1 _
T~ = N0yt fo .
'y 120 1
M
1]
Wh Ornp K — W
ere . — i -
tot VB 6 E 1.00
.
and @ 0.50 -
A
6= ,B_
L i
0.00 - o i »
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A=Transverse acceptance > 10 mm mrad Vertical Focusing Strength (m)

pB1 = Transverse betatron amplitude
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3. Energy Loss Straggling

=relative beam loss probability per turn

Probability depends on maximum energy loss (€,,,4, )and longitudinal acceptance (6,,4)

x1073
I ;
o 2.00 A
_5 o
H 150 A — Ol
m
. . . ™ 6 < 6 Omax
Geometrical longitudinal acceptance £ 100
3
."é"l
5 _ chamber radius _ 30 mm E 0.50
acc Max. dispersion Dmax
0.00 { *— * ; * ; "
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No beam loss with T=30 MeV theoretically Maximum Vertical Focusing Strength {m)
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4. IntraBeam Scattering (IBS)

w10~ Beam Loss Rates with 185
IBS
1 — D I 2.30
loss — L 52
cYacc ~
330
IBS _ N E
D™ = 06 ::
€ 4, i
£
D{®® = longitudinal dif fusion coef ficient @ 3004
€ = emittance of beam = 10 mm mrad
B, =average beta function 1.90 - ')
L= coulomb logarithm 50 100 150 200 250 300
N=10° particles Maximum Vertical Focusing Strength (m)

V. B = beam momentum
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TOtaI Bea m IOSS rate Total Beam LifeTime vs Lattice Types

1000

800 1

Beam Lifetime (sec)

With Analytical Formulas

I I I I I
20 100 150 200 250 300

Lattice SCS IBS Total loss Beam Maximum Vertical Focusing Strength (m)
Type HI (10~*s™1) (107%s71) rate Lifetime
(By-max) (1076s™1) (10~*sY)  (s)
33m 7.65 2.34 9.47 1055
100m 27.3 2.10 27.5 363
200m 24 94.6 1.99 90.0 111
300m 208 1.90 195 51
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BetaCool For Beam Dynamics:

“

BETACOOL program is to simulate long term processes (in comparison with the ion revolution

period) leading to variation of the ion distribution functionin 6 dimensional phase space.”

File Task Beam Effects ECOOL Ring Lattice Filename | Output MAD format |
FHEsEH IS0 ©eooe® Lattce Stucture Fie [Outpat MAD fie <]
o *| Output MAD filename _ Find |PTR-100.tfs Open
step multiplier Rates | Evolution | Horizont | Vertical | Long | 3D rate | (g2 MED R awie £ JPTR.mad Deen
[o_j Electron Cooling Modify Lattice Structure [W]
1 j Rest Gas Horizontal ]uom 779717472 [1/sec) Reduce flename Find Inone Open I
1 Z,j Intemal T arget Vertical m [1/sec] Extended step [cm] |10 j

o _ﬁ’ Collision Point
l1— == | Longitudinal |5.32315 [1/sec)

. Particle Losses

1 —j: Intrabeam Scattering Particle number |-7.156607037E-5 [1/sec] Calculate Lattice Make output MAD file

0 = addw » od | | betacool exe | O adBwin bat | Open
-_| Additional Heating Calculate Find Ibetacool exe Open tacool.exe | Open m n.bat

0 - Stochastic Cooling

) 2 |v Draw Evolution of Rates

- Gated Stoch. Cooling
0 —= Laser Cooling

1

Emittance | Injection | Stability | Bunch | Characteristics |

lon beam IBunched - I Reference Energy

rms un-normalized and normalized ’95 %= l5.991‘ ms

I~ Auto skip of points

lon kind | Lattice | Mean params | RF system | Reference point I

" Gamma 1.032206 ——
Horizontal |10 ——| [15:328007 [pi-mm-mrad] =
A — P C Beta 024785 ——
Vertical |10 == [15.m7 P S [ = v =
momentum and kinetic energy spread
Longitudinal [0.0025 ——| [05g57ee8188 | [Mevie | € Momentum 023831 —— [Gev/c)
ion beam model particles maximum ) =
Particle number [TES —~J oo — oo =] Atomic mass [ =] 2
Emmitance definition A L ::JJ =
[ (use for IBS kick) | Courart Sryder = Life time (Decay) |1E15 = fseel
Enclosed Persents

Transverse, % |38 +jl
o =1
Longitudinal, % ISS -

[T Mean Longitudinal Invariant

beta functions | affa f Joint Institute for Nuclear Research
- Joliot Curie, 6, Dubna, 141980 Russian Federation

beta

Developed by : 1.Meshkov, A.Sidorin, A.Smirnov, G.Trubnikov, R.Pivin

o l
h -
= B Effects | Intrabeam Scattering - (] <
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o
r = | [—' =
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o
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Step fitting

) .
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Max growth |20 = %1

Find lbekacool exe Open



i B
File Task Beam Effects ECOOL Ring Lattice Filename | Qutput MAD format |
Ed|=e ‘E] 2 = n @ @ ® @ @ Lattice Structure File | Output MAD file
& - _— Output MAD filename Find JPTR-100.4;
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Electron Cooling Modify Lattice Strug
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Comparison b/w Beam loss calculations

Analytical Formulas

Total Beam LifeTime vs Lattice Types

GSI Helmholtzzentrum fiir Page 17

Lattice Total loss Beam _
Type rate Lifetime (s) 1000 - T ';‘::E;EEI" Formulzs
(By-max)  (107*s™D)
33m 9.47 1055 Y 80O -
1
100m 27.5 363 w
£ 600
200m 90.0 111 u
-
300m 195 51 E 400 -
With Betacool 200 -
Lattice Total loss Beam —
HiES ate | Hretimels) T w0 1m0 200 20 300
(,By—max) (10 . ) Maximum Vertical Focusing Strength (m)
33m 9.197 1087
100m 2.62 382 Analytical formulas and BetaCool results showing an agreement.
200m 8.60 116
300m 1.94 51 HI (Hadronic Interactions), SCS (Single Coulomb Scatterings), IBS (Intera-Beam Scatterings) Martin Model
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Ex, (T mm mrad)

Ex, y( 1T mm mrad)
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Emittance Growth starting with €5 , = 10m mm mrad
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Ex, y( T mm mrad)
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Conclusion

Summary:

* Preliminary design of prototype EDM ring with pure electrostatic bendings.

* Most dominating effect is Single Coulomb Scatterings

* Lattice with By,_;0x < 100 m is preferable for longer beam lifetime.

Outlook:

 Beam-target simulations are also in progress.

* Further investigations on beam and spin dynamics.

* Conceptual studies of PTR design is under consideration.
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