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Experimental Measurements

- Assuming that the diffusion equation regulates the time
evolution of the particle amplitudes, it is possible to
correlate the beam losses produced by a small
collimator movement with the local diffusion coefficient.

1%

-  “Baby step” collimator measurements on the antiproton
halo for different collimator positions, with and without
BB, with and without Electron Lens

- analysis done by G. Stancari
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Experimental Measurements

- Assuming that the diffusion equation regulates the
time evolution of the particle amplitudes, it is possible
to correlate the beam losses produced by a small
collimator movement with the local diffusion
coefficient.

1%

-  “Baby step” collimator measurements on the
antiproton halo for different collimator positions, with
and without BB, with and without Electron Lens

- analysis done by G. Stancari

= my task: reproduce the diffusion coefficient with
lifetrack
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Some Background:
The Diffusion Model

density function

flux . . .
%): _v Continuity equation

— Vp Flick’s law*

diffusion coefficient *valid only for a

| brownian motion

5—5 — V( D -V p) Diffusion equation
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Diffusion equation

f;—@) = V(D -Vp) | b=D(
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Syphers

1- only one dimension

2- assume D is scalar value

3- consider the density function in X, xp
4- transform in cylindrical coordinates

(only cylindrical symmetric distributions in x, xp)
5- Consider the invariant W = [x2 + 513]?2] / 15

op _ 4D 6 0
ot = 5 sw (Wsw)

Diffusion equation

f;—f = V(D -Vp) | b=D(

Seidel/Stancari

1- only one dimension
2-Consider the invariant J = :C%n ax / (46 )

3- consider the density function in J

2 = 5(D())%)

II

B
—t—

i

[ ame mesing ria iy 2012

V. Previtall



Some (useful) Notation
coordinates invariant
physical X = n\/€0 - cos @
t' =n+/eB - (cos ¢ — asin @)

Floquet E=x/ @ R — \/52 + £72 R2

¢ = (ax + B2')/ /B
Sypher ©=ny/ef - cos g r= /124 xp? = W =r%/8

LP = (CVZE—FﬂQf/) :R@ :R2€
ooy w=ny/efcosd J =a%,,/(45)
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Some (useful) Notation

coordinates invariant
5 y equivalent
physical EE VSR _—ep2 __1
t' =n+/eB - (cos ¢ — asin @) J 4R 4W
Floquet E=x/ @ R — \/52 + £72 RQ
¢ = (az + Ba')/\/eB
Sypher x:n\/@'cos;(b r=+/a?+ zp? = W =r/g
a:pZ(Oza:—l—ﬂx) :R@ :R2€
Stancars & ="V os T = 02,/ (4)
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Diffusion equation

f;—f = V(D -Vp) | b=D(

Syphers
1- only one dimension

2- assume D is scalar value

3- consider the density function in X, xp

4- transform in cylindrical coordinates S € ld € l/ S rancarti
(only cylindrical symmetric distributions in x, xp) 1- only one dimension
5- Consider the invariant W = [332 + rp ] / /B 2-Consider the invariant J = x%na, - / (46 )

5_p . 4 D 5 5 p 3- consider the density function in J
5t — B oW (W siv)

€ 510 - 5 5,0
1= =iw g = 57 (D(J)55)
Dj(J) = Dsy(J)J for brownian motion,
6, ) Dsy =const. -> Dy / J const

N - -
|l I
o ——
I. | I -
Tt
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Seidel/Stancari
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Seidel/Stancari

considering delta-like initial particle distributions in the action space, we
can assume the D coefficient for be constant over the considered J range

— po»

5t (52J

for this equation, according to Seidel, the diffusion coefficient is:

D — <AJ2> change of p(J)
- 2N width in time

e
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Caveat! Devil’s in details... (and footnotes)

=

1=



Some (useful) Notation
coordinates strictly true for Linear, invariant
uncoupled machines.
Shysical % = el - cond The Tevatrow Ls not!!
t' =n+/eB - (cos ¢ — asin @)
Floquet E=x/ @ R — \/52 + £72 RQ
¢ = (ax + B2') /[P
Sypher ©=ny/ef - cos g r= /124 xp? = W =r%/8
LP = (CVZE—FﬂQf/) :R@ :R2€
Si:,ir?cealé’i T = n\/€B - coso J = :U%nax/(llﬁ)

N - -
|l ||
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Some (useful) Notation

coordinates invariant
... however for coupled Linear machines it is possible -
to define three planes (etgenvectors of the one turn
physical (a?, :E’) matrix) for whom the motion Ls uncoupled.
Normalization is still possible.

|
(617‘517527557537£é) =N - (x,x’,y,y’,z,dpp)T
; , R?
Rl — \/5% _|_£12 R2
Ry = /& + &7 ?

(71, xp1, T2, TP2, T3,73) = N3 - (x,x’,y,y’,z,dpp)T Wi

Sypher .
yP ri = \/x? + xp? W

ro = \/xg +xp§

Floquet

"“%/51
T%/ﬁQ

e

Seidel/

J =z 4
Stancari Timaz/ (4F)

i
1 T T
—t—
i
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Some (useful) Notation

To compensate for amplitude beating introduced by strong non
coordinates linearities (BB) we consider an average amplitude over 50K turns

.. however for coupled-bbmesie machines it is possible -
to define three planes (etgenvectors of the one turn
physical (a:, :E’) matrix) for whom the motion Ls uncoupled.
Normalization s still possible.
|
(617‘517527557537£é) = N - (x,x’,y,y’,z,dpp)T R2
Floquet - - 1
1 Ri= /G + & R
Ry = /&2 + &2
. - §$1,$p1,$2,$p2,$3,$3) :NZ | (:C,x’,y,y’,z,dpp)T' Wl :r%/ﬁl
er .2
yP r=/2f + pi Wy =13/62
ro = \/wg + xp%
Seldel/ J = 2.,/ (48)
Stancari c

|

 m— o |
| I -
T
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Some (useful) Notation

coordinates invariant
physical (IL‘, :l?’)
SLVMM.LD(’CLOV\,S pLawes 1,2: normallzed,
uwoobq:l,cd

(‘5175175275&75375?}) =N - (CU,CU/,y,y/,Z,dpp)T

Floquet
d Ry = \/§] + &7 R2
Ry = /€2 + &R

- <@p17$2axp27$37333) — N2 ) (CE,CU/,y,y/,Z,d@) > Wl — r%/ﬁl
er C e n? .2
yp we are ommnisclent!!| Va2 + zp? Wa =135/

_ 2 2
ro = \/T2 + xp3

oeidel/ 7 2 A
Stancari €T max/ ( 5 )

V. Previtall
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Some (useful) Notation

coordinates invariant
physical (IL‘, :l?’)
SLVMM.LD(’CLOV\,S planes 1,2: normalized,
uwoobq:l,ed
(‘5175176275&75375?}) =N - (CU,CB/,y,y/,Z,dpp)T R2
Floquet 1
1 Ri= /& + &7 R
Ry = \/f% + &7
T
(3317 IP1, X2, XP2,X3, 5133) — N2 ) (337 CU,) Y, yla 2 dpp) Wl — ’r%/ﬁl
Sypher .2
yP 1=/ +apg Wy =13/62
ro = /3 + zp?
Seidel/ e)q:enmewt
Stancari @
we don't Rnow muceh... y
pLawes XY phgswaL,

oovq:Lcol
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how do we compare the two worlos?

coordinates invariant
physical (x,x")
simutatlows planes 1,2: normalized,
uwoobq:l,cd
(‘5175175275&75375?}) = N - (CU,CU/,y,y/,Z,dpp)T R2
Floquet 1
1 Ry =& + & R
Ry = /&2 + &2
(xla IP1,TL2,XP2,X3, 5133) — N2 ) (CE, CE,) Y, yla 2 dpp)T Wl — ’r%/ﬁl
Sypher 2
yP 1=/ +apg Wy =13/62
ro = \/2% + xp3
| experiment
Seldel/ i T = e (49
Stancari
planes x,y: phasicaL,

oovq:Lcol

V. Previtall

LARP meeting -FNAL May 2012 19



how do we compare the two worlds?

1. where is the collimator in the <Ai1>, <Ag> space?

&. how do we pass from the diffusion coefficient in the
normalized direction to the diffusion coefficient in the
vertical direction, for each point in the <A;>, <Ag> space?

3. how do we calculate the overall diffusion coefficient seen

by the collimator?

LARP meeting -FNAL May 2012 20 V. Previtali



1. where is the collimator in the <A1>, <Ag> space?

Veoll=RIMNIN 5 ” ”“""-.I.._“ I”““"-I°..._” - fzuﬁgof:bl;
TE ., . .“""-.-..ggo,& .“"“"-... e
6 ™, e, .“'2"]‘23-".’. -
L e Sy ttes ew,
SE ey ew, T “te., T, 4 the collimator
edge is a, skew
line in the
<A1>, <Ag>
plane.

21



1. where is the collimator in the <A1>, <Ag> space?
8

Yeol=&mMim

the collimator
edge is a, skew
line in the
<A1>, <Ag>
plane.

&. how do we pass from the diffusion coefficient in the normalized
direction to the diffusion coefficient in the vertical direction, for

each point in the <A;1>, <Ag> space?

Dy(Al,AQ) — D1 cos 6 DQ sin 6

22




collimator edge @ F48
| . Se.. yoo,,\\%

. “m ~.~ -. ®e 2]‘[)2
6 = o y -
oo o

Woe
O 1 1 1 1 1
O 1 2 3 4 5
<A > <A ;>
for the linear case, the collimator edge is a when BB is present, the collimator edge is
skew line in the <A1>, <Ag> plane. not a linear function of <Ai1>, <Ag>

the angle 0 changes along

the angle 0 is constant the collimator edge

e
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3. how do we calculate the overall diffusion
coefficient seen by the collimator?

in principle, we should calculate the diffusion coefficient for
each point along the collimator line and integrate keeping in

consideration the population of each point.

Dea:p($coll) — f D(Ala A2) ’ ,O(Ala AQ) dmcoll

Lcoll

N - -
|l I
o ——

| I -
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Deap(zeont) = [ D(A1, As) - p(A1, As) dzeon for the linear case,
~eoll the normal wodes

are u.woouchd

calculate the diffusion coefficient would mean: \L
1. get D1,Da: sample the whole space Ai, Az D1=D1 (A1)
and calculate D1(Ai1,A2) and Da(A1,Az) for PR2=D2 (AR)

each point +

2. calculate 8(A1,Az) Yoot =T (A,A2) s

slmpL5 alune

3. assume some particle distribution

4. make the weighted average and calculate ¢ ossible
the overall D coefficient p

N - -
|l ||
o ——

| I -
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Dea:p(xcoll) — f D(Ala AZ) : p(A17 AZ) dil?coll beam beam 6’(:f80t

Lcoll

oouq:Lcs the normal
mooles!

calculate the diffusion coefficient would mean: l

1. get D1,Da: sample the whole space Aj, Az D1=D1 (AL AR)
and calculate D1(A1,Az) and Dz(A1,Az) for BERCEEEFINIINTS

each point
&. calculate 0(A1,Az) Yeou LS @
compLLcated
3. assume some particle distribution {uwctlom,

4. make the weighted average and calculate
the overall D coefficient

LARP meeting -FNAL May 2012 26 V. Previtali



Deap(teonr) = | D(A1, Az) - p(Ar, Az) dcon beavmn beam effect

Lcoll

couq:Lcs the nwormal

modes!
calculate the diffusion coefficient would mean: l

1. get D1,Dz2: sample th 2 D1=p1 (AL AR)

2 D2 =D2 (AL,A2)
2 5coLL LS a

oompLLoated

3. function
4. make the weigEted average and calculate

the overall D coefficient

LARP meeting -FNAL Ma Yy 2012 2F V. Previtalt



Shortcut N.1

<A,>

N
'$

'8
$

$

d
d

J/CO °, o e, ..
2 “nﬁQ-S o, ®e
i O,
1 .“““Q “““n. ““"u
0 ! “““n.. ! .“"n..
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<A>

i
1 T T
—t—
i
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Simulation Inputs

- lifetrac code
- standard optics, chromaticity on, collisions OFF
- random noise matrix, independent on particle amplitude

- simulations with and without Beam Beam, with and without
electron lens

- electron lens: typical TELZ parameters

- 1K particle with narrow distribution in the A;,As space
(about 0.02 sigma.,).

- Center of the distribution between 1 and 8 sigma

- steps of 50K turns, about 25 steps (about .5 min)
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from few slides before...

considering delta-like initial particle distributions in the
action space, we can assume the D coefficient for be constant
over the considered J range

for each skew plane we can write the diffusion equation and,
according to Seidel, the diffusion coefficient is:

<AJ122> change of ,O(J)

width in time

__ 12 P2
l]1,2_ 4R1,2

D), = )N,

N - -
|l I
o ——

| I -
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Amplitude Evolution

2 sigma
3 sigma
4 sigma
5 sigma
6 sigma
1 b _ 7 sigma
' : 8 sigma

LI x X +

o<Al>

since the noise is not

0.1 F iiusd amplitude dependent, the
PPETTEEL L A beam evolution does not
LR | dependent on amplitude as
L | well
0.01 ' ' ' ' ' .

II

|l |
o
rim

L Ll

H ‘ ‘ ‘ LARP mee’ciwg -FNAL May 2012 31 V. Previtall



Amplitude Evolution

10: | | | | | |
Lt
A
<
Vv
©
0.1 N EL
FH
+§<%§AA
+§§A
B
s
0.01 | | | | | |
0 20 40 60 8 100 120

t[s]

140

random nolse
1 sigma
2 sigma
3 sigma BB C'f'{:ebt
4 sigma
5 sigma
6 sigma
7 sigma
8 sigma

% X +

the diffusion is generally
higher. Starting from 8

sigma the beam “explodes”

-> dynamic aperture
due to parassitic crossing
in agreement with
measurements

LARP meeting -FNAL May 2012
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The Dynamic Aperture Limit

25 1 1 1 1 1 L] L]
“Nlev-stept.nom.Ixt_Ax.hist’

20 -
15 |- -
10 |- E
5 ol 1
0 1 1 | 1 1 1 1

0 10 20 30 40 50 60 70 80

https://indico.fnal.gov/getFile.py/access?contribld=27&sessionld=12&resld=0&materialld=0&confld=5072
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o<Al>
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0.1 ¢

Amplitude Evolution

random nolse

X4 K

+ X XK
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+ XX
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R K
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HKK
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1 sigma
2 sigma
3 sigma
4 sigma
5 sigma
6 sigma
7 sigma
. 8 sigma

LI x X +

electron lens

the diffusion is considerably
larger for particle amplitudes
large than 3sigma.

ol XK

: Over 5 sigma the curve cannot
be fitted to a quadratic

20
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t[s]
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140 anymore (diffusive model)
=>resonance driven diffusion
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# Noise_Matr: NOISE ’
8.2E-15 0 0 0 0 0 randomt nolLse
0 6.6E-18 @ 0 0 0
0 0 4.1E-15 © 0 0
0 0 0 3.3(-18 © 0
0 0 0 0 0 0
0 0 0 0 0 4.5E-17

2.5¢-07 | | ! ! ! !

2e-07

]

g 1.5e-07 2
N; D — <A *]1,2 >
.'% le-07 - 2 At

A1=5 sigma

5e-08

fit
simulatlion data +

0 .
0 20 40 60 80 100 120 140

time|s]
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9e-09

8e-09

7e-09

6e-09

5e-09

D, [Mmz/s]

4e-09

3e-09

2e-09

1e-09

0

no BB +
BB X
BB effect
the ratio Dg/d is fairly

constant when the elense
is not there, meaning the
diffusion coefficient in the
physical space does not
depend strongly on
amplitudes.

Dj/J=5.2e-8 um/s

0O 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
J1 [wm rad]
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random nolse
- 1.6e-05

% | | | | | | |

S 14e-05 | | BB effect

:S

0p)]

O sl 40 _ . .
z 8 (elense aperture) the ratio Dg/dJ is not constant
5 se0s | S AR | anymore. Strong dependency
— qu on d.
-

O  6e-06 -

% 4e06 | 109 -> 10| -TUp to 4 sigma the beam

2 behaviour is unchanged

f:;D 2e-06 -

+ AN - Over 4 sigma the diffusion

0

0 0.0050.010.0150.020.025 0.03 0.035 0.04 coefficient increases of up a
J, [wm rad] factor 10K
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experimental conditions: BB but not elense
Vertical collimator position [O]

O 1 2 3 4 5 6 7 8 9 10

[ NN NN NN NN NN N SR N N

o ©

le+02
I
°

1e—=04

Diffusion coefficient, D [um?/s]

| =
I I I I I I

0.0 0.5 1.0 1.5 2.0 2.5

le—10

Vertical collimator position [mm]
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e)qner'umewtat conditions: BB but not elense

Vertical collimator position [O]

le+02

1e—=04

<—+ BB no elense

Diffusion coefficient, D [um?/s]

le—10

00— 05— 10— 15 20 2.5

Vertical collimator position [mm]
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O

experimental conditions: BB but not elense
Vertical collimator position [O]

O 1 2 3 4 5 6 7 8 9 10

[ NN NN NN NN NN N SR M N

|
1 o ©®
w8 dynamic aperture ;|
& LJS in good agreement T |
= | with simulation
eﬁ - data :
= | :
.8 < 1.3:
8 — :
|
= N
© _ .
7)) |
&E’ <—— BB no clense
= | "
A= < | -
O |
° ° — - I I - I
similar WLO—S SO0 1520 25
values for
beam core Vertical collimator position [mm]

urtesy of G. Stancari
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O

6)<Perimewta!, conditions: BB but not elense

Vertical collimator position [O]

le+02

Diffusion coefficient, D [um?/s]
le—-04

exp. data are up to 6
order of magnitude
LARGER than the
simulation results

<—’— BB no elense
—t | |

even calculating

le—10

the proper

00— 05— 10— 15 20

Vertical collimator position [mm]

urtesy of G. Stancari 41

diffusion index,
things will not

change that much



Shortcut N.2: Fma Plots

- FMA (frequency map analysis) measures the
main betatron tune jitter in logarithmic scale
(here presented in the average amplitude space)

- it shows the machine resonances

- the diffusion index i (tune jitter) is a qualitative
measure of Dg/J- unfortunately we do not know
exact formula to relate the two...

- it allows us to have a qualitative, but global
picture of the change in diffusion
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storage mode

storage mode BB effect

electron lens electron lens
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storage wode

storage mode BB effect

electron lens electron lLewns

A elense eoge

|

core Ls ot touched core Ls wnot touched
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A Different Approach

- Simulate the experiment directly!

- Does not provide insights
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Conclusions

Diffusion coefficients have been calculated in the normalized planed for
a sampling of the <A>,<A>> space

As expected, 1n case of random noise, Dj/J 1s constant, about 5e-8 pum/s
With the BB case, a factor 2 to 10 in diffusion increase is estimated.

Even with BB included, the diffusion coefficient n simulations is still
many orders of magnitudes lower than the experimental one.

Including a basic description of the electron lens, particles with
amplitude larger than the inner electron lens radius diffuse with a much
faster rate (10K x factor). The core 1s untouched.

fma plots show a global picture of the diffusion index in the amplitude
space, showing clearly the influence of elense.

Different approaches are proposed.
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