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OUTLINE

1) Introduction

2) EDM Measurement using Storage Ring
3) Prototype EDM Storage Ring

4) Simulation Results

5) Conclusion
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INTRODUCTION

4 Big Bang ) / - /EarIyUniverse \
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matter

Baryon Asymmetry

{1 Preference of matter
Np—Ng Sakharov criteria (1967): (2!
Equal amount - N, " Baryon number
of matter & violation
) Observed value = 10710 = No thermic equilibrium
antimatter

K ) Expected value * ~ 1()—18/ \' C, CP violation /
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= 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)
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= Fundamental property of particles (like mass,
charge, magnetic moment)
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EDM MEASUREMENT USING STORAGE RING

Basic Principle

1) Inject longitudinally polarized beam in storage ring

2) Radial electric field interacting with EDM (torque)

3) Observe vertical polarization with time v ©

POLARIMETER

Spin motion: Thomas-BMT-Equation

(3]

If G >0 - pure electric ring
If G <0 - combination of E-B

Magic momentum
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Stage 1 Stage 2 Stage 3

(4]
Precursor experiment at COSY FZ Jiilich Prototype proton storage ring Final storage ring
A
x//g;f\p.
/z’ = ‘\.“p\
Ny
IT.{
ol K
+'.~l ~ 150m I
\\\\ / *
" Magnetic storagering " FElectric magnetic storage ring = Pure Electrostaticstorage ring
= Deuterons with p=970 MeV/c =  Simultaneous CW and CCW beams

= Proton Magicmomentum

N e L e L RS el el = Operates at 30 MeV and 45 MeV

. (701MeV/c)
= Decrease the systematic errors
" |ncrease EDM measurement’s precision
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Stage 2

[4]
Prototype proton storage ring
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Electric magnetic storage ring

Simultaneous CW and CCW beams

Advancement towards final storage ring wil Operates at 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

= Developand 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 =

C;F QéS QF-: s
+— 8 m—»
1aF
29 m ”
Basic layout T s
= Fourfold symmetric squared ring "
= Circumference = 123 m CW
= Three families of quadrupoles will be used P
i.  Focusing QF | QF QsS _QF
ii. Defocusing QD ._
ccw

iii. Straight section QSS
Rling will .be operated. in twoomodes QS = straigh-section Quadrupolé
i.  With all electric bendings ( at T=30 MeV) d = drift section

ii.  With electric and magnetic bendings (at T=45 MeV) QF = focusing quadrupole
QD = defocusing quadrupole

EB = electrostatic bending
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SIMULATION RESULTS

» Lattice Optics
> Estimations of Beam Losses

“yepr ) === 1L
‘ [-‘\_-____ J ; pI,, 4 GSI Helmholtzzentrum fiir
2 Schwerionenforschung

III.?hﬁlkal iiii
Member of the Helmholtz Association W& st o S

Page 9



LATTICE OPTICS : 0@ O gss O TR

8m . EB
. . 6] EB EB
= MADX (Methodical Accelerator De5|gnj
QF |
QSS |
QF g
One cell = QSS-d-QF-d-EB-d-QD-d-EB-d-QF-d-QSS
EB
EB. ¥ op
Lattice type | By _pqx (M) Q. Qy
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 By <20m
Weaker 300 1.770 1.923 0.1< Q, <25 By =400m
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LATTICE GENERATION:

By, y, Dy (M)

200 -
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100 -

50 1

(a) Strong lattice
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(c) weak lattice
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5 (m)
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(b) Medium lattice
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(d) weaker lattice S (m)
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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 . With Residual Gas
4. Intra Beam Scattering II.  With Residual Gas + Target
i. Residual Gas ii. Target

= Gases are H, : N, with 80:20
u O-tOt — 204‘ mb
= Nitrogen equivalent pressure Py, = 3.7 X 10~ mbar

* n,, =530 % 10° atoms/cm®

= Carbon target with thickness
n,~2 x 10'? atoms /cm?

" fo =0.596MHz Calculations for four lattices are performed in each case

——
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1. Hadronic interaction

T;pss = beam loss rate

P f n = target thickness or rest gas density
tot) 0 0ror = total cross section

fo = revolution frequency

i. Residual gas ii. Target

t1=351 x10"%2s71 t1=214 x107¢s1
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2.Coulomb Scattering

w1072 Beam Loss Rates Vs Lattice types
sond Residual gas
- (arbon target
-1 _
T~ =N0Oeifo .
'y 120 1
M
1]
Wh Ornp K — W
ere . — u -
.
and @ 0.50 -
A
6== E—
1 i
0.00 - o i »
50 100 150 200 250 300

A=Transverse acceptance > 10 mm mrad Vertical Focusing Strength (m)

[, = Transverse betatron amplitude
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3. Energy Loss Straggling

P=relative beam loss probability per turn

Probability depends on maximum energy loss (€,,,4, )and longitudinal acceptance (8,,,44)

x1073
Emarx = 66.32 kel 250 1 & - s il
l ;
E 2.00 -
— -5 m
8 150 - b
. . . _: 6 < 6 ﬁ.’l’ﬂ.\'
Geometrical longitudinal acceptance £ 100
3
5 _ chamber radius _ 30 mm E’ 0.50 -
acc Max.dispersion Dimax
0.00 { *— i : * : "
. _ 50 100 150 200 250 300
No beam loss with T=30 MeV theoretically Maximum Vertical Focusing Strength (m)
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4. IntraBeam Scattering (IBS)

IBS
1 _ D
loss — 2
Lcsacc
N
D= ——
(¥B)e'2/B
Dﬁ'BS = longitudinal dif fusion coef ficient

€ = emittance of beam = 10 mm mrad
B =average beta function

Lc= coulomb logarithm

N=10° particles

vy = beam momentum
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Total Beam loss rate

With Analytical Formulas

1000

Beam Lifetime (sec)

il Physikalisches

Lattice SCS IBS Total loss Beam
Type HI (10~*s™ 1) (107*s7 1 rate Lifetime
(By—max) (107%s71) (10~*s™1) (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
Member of the Helmholtz Association Page 17 % Istitat B

Total Beam LifeTime vs Lattice Types

800 1

I I I I I
50 100 150 200 250 300
Maximum Vertical Focusing Strength {m)
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BETACOOL For Beam Dynamics:

o

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.”

B et bl Gatiog e s ~E—— Developed by : 1.Meshkov, A.Sidorin, A.Smirnov, G.Trubnikov, R.Pivin
File Task Beam Effects ECOOL Ring | Lattice Filename | Dutput MAD format | beta functions | aifa i} Joint Institute for Nuclear Research
sd @BSEH FW @ ® ®® Lattice Stucture Fie. [Output MAD e =] = Joliot Curie, 6, Dubna, 141980 Russian Federation
[y | Output MAD filename  Find IPTH-1 00.ts Open ] 1 i _
3 O : ox | > g < =
Input MAD file Find [PTR.mad 0 | . = T =
step multiplier Rates | Evolution | Horizont] Vertical | Long | 3D rate | npsk e - me Een - h A B err : . < : =
[0 = ElectionCooing Modify Lattice Structure [No Changes = & ects | Intrabeam Scattering 0 x
1 = RestGar Horizontal [oooi7797 7472 [1/sec) S S T Dren] Em' \ IBS model Jie Wei | Martini | BiokenF | Gas | BiorkenM |
| - i ! g : [T - C i
1 :l Irtemal Target Vertical [acmmzs [1/sec] Estended step [cm] im—'—j . L ¥ High energy assumption (HEA)
|D =1 Coliision Point gitudinal s i i i
T T Longitudinal  [B32818802268 | [1/sec] I~ Auto skip of points = L B ™ Len | sices b7 EEA sl K ceporon
|1 —-_| Particle Losses - Coulomb logarithm
[ inekcam Scatteing Particle number |-7.156607037E 5 [1/sec] Calculate Lattice Make output MAD file = . . . I:'““'L’_”“{”"ﬂ “911 —
g =1 Additional Heating Calculate Find |betacool exe Dpenl m y “© Cirggmferenrlf?ml e 20 —~ —

l 0 j Stochastic Cooling

I‘D_' | G Sthok . ¥ Draw Evolution of Rates E Beam
=1 e och. Cooling
ID +| Laser Coolng Emittance Momentum | Bunch | Number | Luminosity | Beam-beam | 3D Diagram |
i o™~ | | 1
8 | | 0.001085
B oe B rino - I=t=t=l —
Emittance | Injection | Stability | Bunch | Characteristics | lon kind | Lattice | Mean params | RF system | Reference point | |
lon beam IBunched vl
Reference Energy
mms un-nomalized and nommalized EBS = =|5.$1' ms I anina 1.032208 -] [ |
= - . : = i "»8 Y
Horizontal [10 —! [i5:328007 [pi-mm-mrad] o FE | 1= =
Vertical |10 —=1 15.328007 [pi-mm-mrad] = | | RMS Dynamics
I = | @ Kinetic [30 —1 [Mev ] | |
momentum and kinetic energy spread 1 =1 1 Integration step
Longitudinal  [0.0025 ——| [05%57668168 | [Mevic ~| S aeciien 023831 = [Gev/e) | = -
— : Initial  [0.001 —1 [sec]
ion beam model particles rairnum ~ - - - - |
: = 1 == omic mass ] —" 1 ) -
Particle number i‘iES = i‘l 000 = I4UIII == =] % T s N Masimum lg.m 'TJ [sec]
= e Charge number ]1 '_:Ji ! Reference time [sec]
mmitance definition | Courant Snyder - -
I~ (use for IBS kick) | e = Life time (Decay) [1E15 = sec) Step fitting
Enclosed Persents Step multilpier Ly
® : t !2 =
Transverse, % IB‘S —l_ i
Max arowth |20 — =]

Longitudinal, % |68 j

[T Mean Longitudinal Invariant
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B B - IkOV, R.Pivin
File Task Beam Effects ECOOL Ring Lattice Filename Output MAD format i oC
= = . .
= 2 =5 0 ® W @ e e S e oure vAD o ussian Federation
ﬁ Output MAD filename Find §PTR-100.t S—
. y- — e
: . Input MAD filename Find {PLH _ AT gy = — - i
step multiplier Rates | Evolution | Horizont | Vertical | Long | 3D rate | ; s < : _
FJ_;,‘ Elotion Coslig Modify Lattice Stiug cts | Intrabeam Scattering El >
1 ——! - Fest Gas Horizontal [oom77a717472 [1/sec] Reducafis IBS model Jie Wei | Martini | BiorkenF | Gas | BiorkenM |
I = . z
1= Intemal Target Vertical |0.001800058126 [1/sec] [T - | W High energy assumption (HEA)
o —— Collision Point Rucinalsh & HEA with No dispersion
ﬁ— P | B Longitudinal [53281 89222€-5 [1/sec) [T Longitudinal slices o dispersio
- | Paiticle Losses :
3 Coulomb logarithmm
[ = irmabean scateing Particle number | -7.156507037E 5 A
[ = 2 . LT ' I - .1 2 =
g .:—f Additional Heating Calculate Find |betacool exe c,‘rcum’eren;g?m] 160 =200
o = stochesticCoolng
]'— = _ W Draw Evolution of B
o -_| Gated Stoch. Cooling

]‘U—"i [aeer Cookng Emittance Momentum | Bunch] Number I Lu’ninosilyl Bearrrbeaml 3D Diagram]

o T T T
g | 0.001095
-1 S | ] Imilis) |
Emittance | Injection | Stabiity | B | | | |
lon beam |Bunched
m o= [ -
3 - = 8
Horizontal 4785 2 —— = -
Vertical |10 | 1T 11 Tl 1 RAMS Dynamics ]
|30 = [Mev  ~| |
—1 I Integration step
Longitudinal  |0.00: Tnen 0.23831 = [Gev/ic] |
-~ | L] [ ] | = -
ol 1 | | Initial  §0.001 - [sec]
ion bea; —
; Atomic mass I1 —J A o | 1 |
Particle number {1ES =] > T s s Masimum ]0.01 = | [sec]
S e Charge number |1 —j ! Reference time [sec]
mmitance definition |\ -
I~ (use for IBS kick) Life time [Decay] [1E15 _J [sec] Step fitting
Enclosed Persents Step multilpier fé— ____,J

Transverse, % 38

Max growth |20 %‘

4 . Sl |
Longitudinal, % 68 =d]

[T Mean Longitudinal Invarniant
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Comparison b/w Beam loss calculations

Analytical Formulas
Total Beam LifeTime vs Lattice Types

Lattice Total loss
Type rate — Analytical Formulas
-4 -1 1000 A I [ [ ——  Betalool
(By —max) (107%s™7)
33m :ﬁ; 800 -
100m 27.5 E
£ BOO -
200m 90.0 o
=
300m 195 E 400
i
. o
With Betacool 200 -
Lattice Total loss —
Type rate 0 . . . . . .
50 100 150 200 250 300

(By—max) | (107%s™1)
33m 9.197

Maximum Vertical Focusing Strength {m)

100m 2.62 Analytical formulas and BetaCool results showing an agreement.
200m 8.60
300m 194 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)

20

18 -

16 1

10 -

20

18 1

16 1

14 1

12 1

10

Emittance Growth starting with €5 , = 10m mm mrad
without target

&  Strong lattice 33m
Ey

500 1000 1500 2000 2500
Reference time (sec)
— & | Weak lattice 200m
£y
500 1000 1500 2000 2500
Reference time (sec)

Ex, (T mm mrad)

Ex, y( T mm mrad)

Page 20

20

18 1

16 1

14 1

12 1

10

20

18 1

16 1

14 -

12 1

10

&  Medium lattice 100m
Ey

500 1000 1500 2000 2500
Reference time (sec)
— & Weaker lattice 300m
£y
500 1000 1500 2000 2500

Reference time (sec)



Conclusion

Summary:

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

* Most dominating effect is Single Coulomb Scatterings

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

Outlook:

* These calculations will be performed with electromagnetic bendings.
* Further investigations on beam and spin dynamics.

* Conceptual studies of PTR design is under consideration.
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THANK YOU
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TRANSFER MATRIXFOR ELECTROSTATIC DEFLECTOR

For pure electrostatic deflectors

» Transfer matrices derived from Hamiltonian (a brilliant work done by Rick Bartmaan) 7

= For non-relativistic and the cylindrical electrodes

P cylindrical el.ectrodes
with €22 and n=0 ¢ = horizontal focusing strength .
n= vertical focusing strength
_ 7
0.85418 3.30871 0 0 0 1.29205 o
—0.0817166  0.85418 0 0 0 0.724056 paron T =g +x
0 0 I 3.47954 0 0 |
EB = 0 0 0o 1 0 0 i p 7T [T
—0.724056 —1.29205 0 0 1 2.94856 __ 7\ b
0 0 0 0 0 1 o N
: _ x v
~ design orbit
(8]
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ESTIMATION OF BEAM LOSSES

For Strong Lattice
o L [ 2BeVE 8
max - — . 1 AEmax > Emax
g (ac / 2)
|4
Maximum Energy Deviation vs Phase-angle _ longitunal Acceptance vs Beam Losses
300 ¢ _ 0.0010
o ] T 0.0008 |
i un
100} a
< 3 00006 |
s | 2
-— .[] |
gy :
: @ 0.0004 |
-100}
[ 0.0002 |
—2{]0 W 1 . . . 1 L L . 1 . L L 1 . . . 1 L . . 1
i 0.00 0.02 0.04 0.06 0.08 0.10
Longitudinal Acceptance (&)

Ag (rad)

RWTHAACHEN e o = 5 I
s kb UNIVERSITY gg f@ g:sl-: Hel_mholifz;ﬁn;rum fiir

Member of the Helmholtz Association

Page 29



	Simulations Of Beam Losses For The Prototype Electric Dipole Moment Storage Ring
	OUTLINE
	Slide Number 3
	Slide Number 4
	Slide Number 5
	EDM Measurement using Storage Ring�
	Slide Number 7
	Slide Number 8
	Prototype EDM Storage Ring
	Prototype EDM Storage Ring
	Ring Design and Parameters
	Simulation Results
	Lattice Optics :
	Lattice Generation:
	Estimation of Beam Losses
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	BetaCool For Beam Dynamics:
	BetaCool For Beam Dynamics:
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Thank you
	References
	Transfer Matrix for electrostatic deflector
	Estimation of Beam Losses

