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Matched beam at low intensity

With low intensity the dynamics at an arbitrary section “s” is determined
by the Poincare’ section, which for a linear system is described by the
Courant-Snyder theory

We consider 2D beams matched with the optics:

Matched = “the beam distribution in one section of the machine, will be
the same turn after turn”
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Matched beam

Px

uniformly populated
of particles
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General type of matched distribution

Any type of distribution of the form

f(eO:ca €Oy)

2 / /2
€Coxr — YoxL + 2040xx37 + BO:CQB

Coy — /YOny T 2a0yyy/ -+ ﬁOyy/2

a_n
S

Is matched with the optics at the section
and consequently matched with the optics at any other section

The “0” in the index means “without space charge”

The optical functions are PERIODIC
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From sources

Some other consideration has to be used to get down to
realistic beam distributions: an energy conservation is here
invoked, which basically “incorporates” the physics of the
source and with the optics manipulation of the linac.

€0 €0
f=f=—+=

&z, &y are “scaling” factors which defines the geometrical
extension of the particle distribution in the phase space
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Main types of beam distribution

Kapchinsky focd (60—37 + Oy )
Vladimirsky

€0x €
Waterbag | @( - L - gy>
Yy

©() = Heaviside’s function

_ 1 (‘50:13 + €0y )
Gaussian f x e 2\f &y
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Beam profile in a
2D matched beam (for low intensity)

Projections

fz,y) = /f(w,x’,y,y’)d:v’dy’

f(x,y) _ /f (EOQ:ZJZU) 1 EOy((éU;y )) dx’dy'

Similarly all projections in any plane can be obtained
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gxg 2 2
Jioy)= ”\/ onBon Fieo) P (g ﬁi@)]

where F(t) — / f(t)dt is the primitive of f(t)

we define ap = \/5033533 b() — \/ﬁoygy

\‘#/1

>
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Projections of a KV

beam profile
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Always uniform in any plane
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Projections of a Waterbag (WB)

beam profile
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Projections of a Gaussian (G)

Truncatedat —— 4 — <

beam profile
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Space charge forces for a frozen
distribution

Coulomb electric field
g e I — T
E(r)= e D o7
() dmeg < i — 7|3
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Approximation

We neglect the longitudinal forces.

Locally the beam can be seen as a “piece” of a coasting beam

transverse section

G. Franchetti

15



Infinitely long uniform
axi-symmetric cylinder

From Gauss law inside

E(s) = '02(—:0)7“

Outside the cylinder

B = 220

Longitudinal electric field is zero
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Transverse Electric field: uniform

It looks like a very
strange quadrupole!
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Ellipsoidal beams

Assume that the beam is
infinitely long with the same
local properties
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Analytic from for ellipsoidal beams

p = An(z,y)
(,y) = 2D @)\ ’
n(xr,y) =
Tapbg ) > y2 >L_/
) ST

/0 n(t)dt =1 CL% b%
A > a(T)
Electric field E, = x dt
ectric he x 27T€0 /0 (ag i t)3/2(b(2) + t)1/2
2 2

~ T y

I'= — 3
W. Kellog, Foundation of Potential Theory (Dover a,o —I_ t bo —I_ t

Publications, New York, 1953)
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Electric Field
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E
mixed region
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far nonlinear linear nonlinear far
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Dynamics in the linear region

In the center of the beam

any ellipsoidal distribution close to the origin always yields

S AR(0) 1
B TEN CL()(CL()—l—b())

E. T

If a,, b, are frozen then E, enters in the equation of motion

d*x €
- ko = E Ko kOy
* mfy31)2 * s-dependent

This is a Hill equation that includes the effect of the space charge in the
center of the beam under the assumption that the beam is coasting, ellipsoidal,

and frozen
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Dynamics in the linear region

It is convenient to define K — 61 (positive)
the quantity 27T€Om/73 53 CS
d*z | 2K

N
(@)
8

|
S»
N\
-)
N—"

ds? |
d?y | 2K
ds? | " y=0
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KV frozen beams

For a KV beam ’IAl(O) =1

60:13 » X0x  Optics without frozen space charge

5 o Optics with frozen space charge
Ly =L of frozen coasting beams
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Effect on dynamics

Given the naked lattice a frozen ellipsoidal coasting beam is created.

This frozen beam has a certain “Emittances” &, Sy

Each particle of the beam evolves according to

d’x 2K
i k‘ T - 1 O — O
ds? 0 (S) n( )CLO(CLO 4 bO) L

The evolution of the particle beam can be predicted (of sizes a,(s), b,(s))

7/11/15 G. Franchetti
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Meaning of it all

frozen _
distribution particle beam

a() % bO evolve with opti
ptics
» a0 (S) ? b() (S) without space charge

naked optics

60337 BOy

£

effective optics evolve with optics

» a(s), b(s) with space charge
Bz By

created by frozen
beams
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Matched beam with space charge (KV)

For a KV beam ﬁ(O) =1

L Optics without
The frozen beam distribution 50:167 BOy frozen space charge
have to be generated for the
optics with space charge !! /—H
2
f Cx | €y d*x 2K o
| =t | Kou(s) — z =0
Ex &y ds a(a + b)
12 / 2 \ }
Cn = B A 20pTE - sl Y
2 2
Ey = Byy/ + 2C¥yyy/ + ’yyy /8337 /By
Optics with frozen space charge

of frozen coasting beams

7/11/15 G. Franchetti 26



Stationary distribution

a multi-particle system evolves also a
type of distribution

during evolution becomes

this means that €x €
in general f (g_ + g_y? S)
X Yy
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A particle distribution evolves according to the Vlasov equation

o 0 o
P (z,2',y,y,s) + o) (2,2, y,y,s) 2" + i (z, 2y, 9, s) " +

0 0
a—yf ($,$/,y,y/, S) y/ =+ a—y/f (xaxlvyaylv 8) y// =0

A stationary distribution satisfies

0
%f ($7CE,7 y7y/7 S) =0

It means: the distribution does not change “type” during evolution
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In absence of space charge the matched distribution of the type

/ cox (T, 7', 8)  €oy(y,y',s)
Ex | E,

s S

is stationary

It is easy to check that

2 EOm(xyaj,as) EOy(yay 78)
0s E.
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In presence of space charge the only distribution stationary is the KV

0

dy

0

ox

linear

O €, €y therefore delta
o =+ 81 =0 has no explicit
0s” \ & &,

’_|_i
ox’
0

[z, 2y, vy, s)x

*

5:137 Qg -ﬁya Qy
Optics with space charge
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dependence on “s,;

" ”

<x7 x/7 y? y/7 S) x//+

fz, o'y, s)y" + oy (z, 2", y,9',8)y" =0

G. Franchetti

d?x
@& Do,

Hill’s equation

\ 4

2K

(a+0b

E,. = A x
> meg ala + b)

>]x:0
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Simulation example of
non-stationary beam distribution
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Change of beam profile

atN=0
Gaussian
cut at

1 sigma

at N =50 turns
the distribution

changes to a
~ Gaussian

A I B A A i A AN
0.02-001 0 001 002
y (mm)
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How characterize a beam

B €x €y
f_f gxl

It means:

1) To know the type of distribution: KV, WB, G
2) Toknow &, Sy
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RMS characterization: moments

RMS emittance depends
on the beam distribution
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RMS quantities and beam distribution

There is a relation between beam distributions and rms quantities

a=BE F=+(22) &= (a)(a"?) — (zaf)?
a E,
f(&?,ﬂfl,y,y/) f(xay) % g_
1 €x € 1
v msf(Ee ) 2

2 € € 2 x? yP
wB @(1————”) @(1‘(72‘@—2) V6 6
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Envelope equation

~

For linear forces, i.e. KV beam €, — const. gy — const.

K €2
~ /1 k N ~ €T — O
T + Ko (S).CE 2(513 n j&) =3
s 5 K €2
y,/+k0y(8)y Yy :O

2z +y) Y

7/11/15 G. Franchetti
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RMS equivalent beams

Although other distribution are not self-consistent, beams with the
same rms moments evolve have the same evolution (F. Sacherer)

it means that the following equation is valid

K €2
~ k . ~ X — O
R e
K e
~// ~ Yy
+ koo, (S — — = ()

but €4, € now becomes time dependent !!!
)Y
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Tuneshift

Naked optics yields the tune Qor = —

The space charge is like a distributed gradient.
For moderate intensity, for x ~y ~ 0 we find

/ Bow (5)Ei(s :‘_/ Boa{3)0 <s><a<2s§{+b<s>>d8
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50x( )A 2K
AQ, = 0 ds
=% ), o )1+ )
imésJo Bal 1+¢§ o
If space charge ﬂOx(S) ~ 1
is not too large Baz(s) o
and

< 55y(5)>
1+\/5 B (5)
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O((ABg)s, (ABy)s)

because beta is periodic
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If beta does not oscillate too wild Qs

R? 1
AQ, ~——Kn
N R N T AN R AN AT

7/11/15 G. Franchetti 40



Space charge tuneshift for rms
equivalent beams

RMS moment <x?> of a matched beam is

(2)(5) = Eafiuls >;/mTﬁ<T>dT

and the rms emittance is

s =Ep— / Tn(T

1
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peak tuneshift AQ;C ~ fAQ$

. ~ R? 1
“rms equivalent AQ, ~ — K— = =
tuneshift” o \/€w<ﬁx>8(\/€w (Be)s + V€y(By)s)
N AP B e
distribution factor f = n(()) 5 / Tn(T) dT’ (f is often called G)
0

KV WB G
f 1/4 1/3 1/2
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from Martin Reiser book

Distribution Summary

Ratio of Total Particle
Definition Emittance to Density in
Distribution (Normalized), rms Emittance, Real Space,
Function f(re) /€ r? = x? 4 y?
Kapchinsk et Blrs = 8) 4 A
Vlodimiry‘ky 2mwia® " ma’
(K-V)
Waicrbag - 6 =~ 5)
(WB) )
3
Parabolic aall- %) ; meil! 35+ 255)
(PA) ) !
A 1 r. . 1
Gaussian ypcyY cxp( —2—;2 = n? if truncated P exp(—m
(GA) 52 = x2 atnd, n =4
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Maximum
longitudinal
particle
density

7/11/15

A

Space Charge limit

General rule ‘AQZUZ‘ S 0.25

B 2megmAY 2 |AQ | €x

e2 />

G. Franchetti
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For bunched beams

peak

N
SR A

Bf L Icwera,ge

[peak

(2m)%2eom A3 v? |[AQ 4] -
Niot = By 272 7 €. | 1+
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(Bz)€x
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Oscillation of mismatched beams

Without space charge

Small oscillation: a mismatched KV

Number of oscillations per turn

g QXQOCE
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Matched beam envelope
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S
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\/

= 50

-50

-100

7/11/15

Without space charge
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Mismatched beam
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Envelope oscillation

§ 20 __ Without space chapge
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Oscillation of mismatched beams
100

= With space charge (PIC simulation)
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o I 2 3 4 5 6

(s/cell)
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With space charge (PIC simulation)

<
Q
+—
©
&
2
S
X
o
(@]

6

5
(s/cell)

4

51

G. Franchetti

7/11/15



’\
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E I5F w
2 / | The mismatched envelope
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Coherent frequencies

Example of coherent motion driven by an incoherent force (the lattice)
Matched beam kicked with a quadrupolar kick
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0.01 - e
I o an RTATT, Coherent
I i LTI -Jab Y X frequencies
. .': .:""' "'- ~1 ". '
0 — '.-"'."'?."""":' A T
- : Ap XL S -:-.'E." without
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= :t.l '1. ." * :':.
-0.01 F W oen 2% Qo

_0.0 PR TN W W N YT T TN TR AN YO YO WO T AN N NN AN
-%).02 -0.01 0 0.01 0.02
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Space charge change the
collective frequency

(PIC simulation)
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0 0] 020304050607
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FFT of <x2>
InCIUding the . Hofmann
Shelter island, 1998
coherent “nd
effects Phys. Rev. E 57, 4713 (1998)
1 O
Qz,coh - QQOI - — (3= AQx,zn h
2 Ox + Oy
||||||||||||||||
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-0.01

-0.02

-0.03

-0.04

'0‘0-%.05

in the non-linear region

Here the tune of each particle becomes amplitude dependent.
and all particles produces a tune-spread

KV WB G
x %’% 0 x %’k 0 X
-0.01 -0.01
& -0.02 i’ -0.02
-0.03 | -0.03
-0.04 -0.04
(PIC simulation) (PIC simulation) (PIC simulation)
0" %05 0" %05 0
AQ, AQ, AQ,

7/11/15

RMS equivalent 2D beams
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Amplitude dependent detuning

—0.005 e e e Gaussian

7/11/15 G. Franchetti

56



It has complicated feature, but for particles with Yy >~ y’ ~ ' ~0

(PIC simulation)

7/11/15 G. Franchetti
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Mismatched beams
free energy and emittance growth

3 types of nonstationary beams

1) Mismatch in density profile
2) Mismatch in rms radius
3) Beam off center

Free energy = energy of nonstationary state — energy of stationary state

Free energy = emittance growth

58
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Stationary beam

Constant focusing model

. N K €2
"+ kel — —— —%:0
2c+y) =
for round KV beam L = g a = <332> €Er — 4&,;
stationary 2> a” — ()
K ¢
koma =0
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Energy budget

1
Kinetic energy per particle Ek — §fym(<v

but for a stationary beam <:E/2> =k, <:E2>

2
x

) + (vy)) = ym* (z7%)

E) = ymv?ky (x?)

Potential energy per particle Ep — ’7771?]2 ]‘Cox <CB2>

7/11/15 G. Franchetti
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Energy of the W — I’L (1 +In RP) [1 + 1]

electromagnetic field 47T€062

2 2
Energy per unit of length w = (1 - 5°) 14+ 41n &
of the beam 167eq 32 c? a
K
Energy per unit of length per particle v = meQ —(1+4In &
NL 8 a
But the perveance is K = (kox — kx)4<x2>

: R,| 1
Energy per unit of length E, = ’)/m’U2(k0w . kw)<x2> {1 +41n —f] 5

per particle
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1
E=-
4

7/11/15

Total energy per particle

E=E,+E,+FE,

1
ymv? | kpa® + koga® + —|kox — kx]az (1 +41n —p)]

2

G. Franchetti
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Matched beam Mismatched beam
total energy per particle E, total energy per particle E;

A A

x\ )
"

e S
S <

E, is higher than E, > AE=E, — E,is a “free” energy that can be “thermalized”

N

to a new stationary state
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f = final state | = initial state

2 2]
Y 2 o 1.9 2\ ,.2 Ry
ymu? 1 R,\?|
kizas + koza; + = (k5, — kZ)a? ([ 1+ 41n -2
4 2 a;
; 1 2 2
rescaling the free energy AE to h AFE = —YMNU kOxai h

with the formula 2

7/11/15

G. Franchetti

+ AFE

64



lo'ﬁrl T L T
l ' I'T 'T'l
a h ! .
il PN '3 k;/kg <
a; 1‘|'kmc/kx } 8 0.1 -
P ‘
5 :uz-s 4
e_f_a_f 1_|_k0x a_f_ g
€  a; kiz | a? 3 2
i

o L_llll lAlA llll Alll | -

0 0.2 04 0.6 08 10
Free Energy Parameter h —»

For 3 mismatched beam Martin Reiser, JOHN WILEY and Son, Inc, New York 1994

1 k; a? 1 a’ k; a;
h— = 1T Yi o % 1 — 1T 1 Y
2 ko (ag > 2( CL?)Jr( k0m> " ag
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Simulation example

wl.25
1.15F

1.05}

7/11/15

127}

1.1}

(PIC simulation)
| .
| .
ilﬁ/ T T S O [N O O N T W W
0 50 100 150 200
rurn

free energy
limit
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Simulation example

1500 3 (PIC simulation)
1250 F
1000 f
750 F
500 F
250 F

-0.02 -0.

0:

AN I A E AN
I 0 001 002
y (mm)
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Linear coupling

self linear coupling

F, = X P 2K 9 K .9 1 ) 2K B 2K
a(a +b) " aarn) O by IS T T Wath).
2K 2 2K 2K 2K
F — Y F = 2 02 : o
y b(a +b) y ba 1) oS O—I_a(a—l—b) sin H_y—l—sm(‘)cosﬁ_a(a_l_b) at)]
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Chernin equation

D. Chernin, Part. Accel. 1988, Vol. 24, pp. 29-44

The angle theta depends on the moments %; ; = (viv;) — (vi){(v;)  v=(xxyyy)
therefore the envelope equation now should involve all second order moments.

¥ =M+ (Mx)T

One defines
q 1 Q 0 o~ ~
| =k 0 45 O k:z; — kx — Qzz, ky ky Qyy
M =

0 0 0 1 iy

K s, K s,

dor = 9 56(Sz +8,) T 2 55(S, + S,)’
_ K 213 self-coupling due to

Ty = 77y So(Sz +Sy)’ space charge

Sz = X11+80, Sy = X33+S0, So = /X11833 — X,
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Simulation example

g\ [
§ 40
S
5 30
S
20
10
ooty b b e b e by
0 20 400 600
turns

G. Franchetti, I. Hofmann, M. Aslaninejad
Phys. Rev. Lett. 94, 194801 (2005).
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Prediction from

Chernin
equation
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Montague resonance

B.W. Montague CERN-68-38

Decomposition of the space charge force for a Gaussian distribution

2
q°n 1 20, + oy 3 1 9
Iy = T — T° — Ty \+ ...
T 2megy? og(0p + oy) 3lod(og + 0y)? 2logoy(0z + 0y) y |
2
F, = — -
Y 2megy? oy(oy + ax)y 3!02(03/ + crx)Qx 2loy04(0y + 02) Tyt ]

This term is a
4th order force

The stronger harmonics of the space charge force is the “0” order:
that means that the average strength of the 4t order component

1 o
< 5 > — Koo is different from zero
00y (04 + 0y)

7/11/15 G. Franchetti
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A single particle approach:
intuitive argument

Q 2
z’ + <f) z = Koo xy° o L :
(this is a “very very” short intuitive version

2
an (%) y = Koy 2 of Montague paper...)

In x plane 2> 3392 — xCOSQ(Qy/(QﬂR)S) the equation (at the beginning of motion)

/" + % ? — K A 2( Qy ) the frequency of
X R L = R22LA4COS 27TRS this termis 2 Q,

Resonance condition >  nQ, = frequency of the harmonics >  nQy = 2@,

Sarpe ar.gument apply in the othe':r- plane, N n'Qy =20,
which yields the resonance condition

Therefore if  2Q. —2Q, =0 the “0” order harmonics of the term Kaoz2y”
of the space charge potential creates a resonance (Montague resonance)
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Example

not all space charge, but only K,, frozen

160

140

120

100

G. Franchetti
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The collective part

If emittances change, also K,, changes -2 single particle resonance > collective response

but...

There is also the coherent collective beam response

0ora - Ingo’s work
00, AQ.=C, but this theory is for KV
S ; ‘}f‘r\‘i + 2ndiodd/non-osc
i 4 3rd/even/osc ]
3 0.008 , :@ 21 Dathveven/non-osc
= 0.006 - ﬁ i o athevenlosc -
-4 5&1 E _ 4th/odd/non-osc
0.004 e "% . athoddlosc - .
s YR 1 The beam response is complex...
0.002 —0 Sk . |
615 617 619, 621 628 625 (and if the beam tilts... then we have
FIG. 6. (Color) Growth rates N;' for collective modes of KV- the self-skew = space charge linear coupling)

distribution.
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Looking at the tunespread

The resonance makes the
emittance change, so to Now the process stops

bring the tune-spread away

174 ’/Q
g)% 27_ /,.1/0—* QT 27 R /%OA
L y I . 4
26.8 - 26.8 B
266 F 266 F
264 | 264L
262 £, > €, x 262 g, ~E,
26—“"“"‘\M"“"“ 26_“"“‘1‘\M"“"“
26 262 264 26.6 26.8 Q27 26 262 264 26.6 26.8 Q27
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Simulation example

I.Hofmann & G.Franchetti PRSTAB

- 6.19
6.5 |

FIG. 1. (Color) Time evolution of rms emittances for Oy, =

6.19, 6.20.

7/11/15

200 400 600 800 1000 1200
turns

G. Franchetti

200 400 600 800 1000 1200
turns

FIG. 2. (Color) Time evolution of rms emittances for Q, ., =
6.207 and Q, , = 6.21.
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I.Hofmann & G.Franchetti PRSTAB

Global view of the situation

2.5 T Y v '
6.15 6.17 6.19 6.21 6.23 6.25
Qox

FIG. 3. (Color) Final rms emittances for variable Q. and con-
stant focusing.

7/11/15

|

8.0

7.0 ¢

6.0 -

o
(=)

40 - "

3.0 ¢

2.0 Y T T 1

T T

6.15 6.17 6.19 6.21 6.23 6.25
Qox

FIG. 5. (Color) Final rms emittances for KV-distribution and
constant focusing.

G. Franchetti

For a KV distribution the 4t order
component is not there, but the
instability of the coherent modes
build it up
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¢ Emit_H (norm, 2 o) [um]
S ¥ m Emit_V (norm, 2 o) [um]—
*
30 * !—0—'
o *
25 4+
20 A S
o
15 - 5
10 * . - an_
5 L L L) L
6.15 6.17 6.19 6.21 6.23 6.25
Horizontal tune
«“ T v T T T T T " hor tzontal
vertical -~
35p
o
2 ’ - y——8
§ 2% \l /
F ~m_ -
 » - :
o~ o0
. — ~e
- - S
mc} o F—— ]
: . . . . . . . . .
6.1% 6.16 6.17 6.18 6.19 6,2 6.21 6,22 6,235 b.24 6.2%
Horfzontal turm
7/11/15 G. Franchetti

CERN-PS experiment on
the Montague resonance
R. Cappi, F. Giuliano,

M. Giovannozzi,

I. Hofmann,
M. Martini, E. Metral

3D simulation:
this is the last simulation
made by Ji Qiang

WEPPRO011 Proceedings of IPAC2012,
New Orleans, Louisiana, USA

78



Space charge as incoherent force

2
n 1 20, + 0 1
4 R — 2:cyz+...]

F, = _
L [ax(ax + oy)x (3!03((% + 0y)? 2logoy(oz +0y)

1
2loy0,(0y + 0g)

20y + 0z
lo3(oy + 02)

*n 1

szy +...]

Fy =

 2mepry? oy(oy + ax)y B

o Machida, NIMA 309, 43-59 (1991)
this is a “octupolar”

term ’ n0_y~1160
21 o
resonance can be excited if B .{.’1 A
. : g, e TN A
the machine tune is at the s %l v,'«..};"?.. &
right distance and the tunespread Ay T e
overlap the resonance o Lo
-3 - -
-3 2 1 0 1 2 3

Fig 13. Poincaré map of a test particle of 32 turns for the
vertical bare tune: 11.60.
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Space charge structure resonances

@ 3 /1_\ x2/2 + ]

J— m f—
3lod (o, + oy) lozoy (0, + oy)
20y + O 3 1 9 ]

B 3!Wx ol

All orders of the space charge force may excite incoherent resonances
due to envelope dependence on “s” or due to oscillations

\/\/\_/\/\

Spectral analysis

) reveals the harmonics
excited
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Space charge as source of amplitude
dependent detuning

(PIC simulation)

ST
001
0.02
0.03

-0.04

-0'0-50.05-0.04-0.03-0.02-0.01 0

AQ,

Stabilizing effect on resonant phenomena
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Space charge and machine resonances

Space charge may have a stabilizing effect

A
3
: particle amplltude>

1

resonance
stop-band
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Example with half integer

Beam coasting: AQ, =-0.14, AQ, = -0.22 half integer not excited
Q| W]
361 _' 20135}
: 20.13 F
35 :
I 20.125 {
34F 20.12
20.115 }
33 TPRPRTIEYET YEL 20.11 : | | | | |
4.054.14.15424254.34.3544 JIEc 1
0 50 100 150 200 250

X
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3.6

Q,
§.004 I turn=0
0.002 -

ot
-0.002 -
0004 G s 004
Yy

7/11/15

half integer is excited

3.5}

34}

[ L Ll Ll
3'2.054.] 4.15424254.34.3544

20

£.004
Q.‘ -

0.002

-0.002

-0.004

G. Franchetti

(PIC simulation)

40|
351
301

25}

(PIC simulation)

0 50 100 150 200 250 300

turn=240

_u I B
-0.04 -0.02

T R
0.02 0.04

y
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The longitudinal envelope equation

There is an equivalent to the KV distribution = D. Neuffer distribution

A
longitudinal d\ \
space charge F, = A—
force dz \Z )

dA

longitudinal equation of motion Z” _|_ kaZ — A_

dz

7/11/15 G. Franchetti
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if A is parabolic )\(Z) — )\O (1 _ Z_2> — ZNL (1 _ Z_2

22 Zm 22
Longitudinal space charge F = _ﬂ LZ
force is linear (like for KV) ~ 2 Zf/?f)n
3N 1 3N 1
M4 koz+ A z =0 k., = ko, + A— —

2 z3 2z,

D. Neuffer (IPAC 1979 proceeding) showed that

f(H) = C\/Z(Hmax — k,z% — 2'?)

is stationary and self-consistent, and generates a parabolic distribution

7/11/15 G. Franchetti
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Longitudinal envelope equation

2 J
KL eL )
2:m+k02""‘__2__3=O Ap I‘
m Z"m E
op op
k2o = eZVhn/(2wR?*yB2Amc?) (1%) — — (EI)O

KL = —3gN(Z?/A)rp,m/ 28%y?)

e = |1lza(8p/Po)o 2 \
n = 1/y} — 1/7?

g =05 + 2In(R,/Ry»)
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Transverse-Longitudinal coupling
via space charge

L'J

t local

transverse
frequency

it changes as function of “z”
because of transverse space charge
and longitudinal distribution

)

\

longitudinal
synchrotron
amplitude

7/11/15 G. Franchetti
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second half
synchrotron
oscillation

7/11/15

@ Bare tune

.’

$ 0%

*® %4, 00 *
.
Y L

this point depends on where
the particle is taken in (x,x,y,y’,z,2’)

first half
synchrotron
oscillation

this point depends on where
the particle is taken in (x,x,y,y’,z,Z’)
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Periodic crossing of a resonance

Q)>\3'.5 :

34

33

3271

3.1

P I T N T T T N T I/ M T S BT N A
4.1 42 43 44 45

7/11/15 G. Franchetti Q.x



Periodic resonance crossing

7/11/15

if crossing is adiabatic (Trapping)

G. Franchetti
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Adiabatic resonance crossing

AQ

particle
amplitude

7/11/15

particle
amplitude

resonance
stop-band

G. Franchetti

resonance
stop-band
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Numerical example

1 1 Ll 1

1 l Ll 1

10—
8—
N
o Rl
~ ~
a W'
41—
(.
N 1 1 1 l 1
; 0 0.2
(b) x/0, (a)

G. Franchetti, I. Hofmann, NIMA

Here the space charge is “frozen”

7/11/15 G. Franchetti

1 —
0.4 0.6

synch. osc.

0.8
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Non adiabatic resonance crossing

Multiple resonance crossing
4 x the number of synchrotron
oscillations

kick given by the
“resonance”

\

- 21~ very slow diffusion
. ) to large amplitudes
Los |- or- till largest island
- . _ 8
w - ® =
S /.()25; :\u -
- w 6 b
1 -
41—
0.975 [~ )
2 —— .
- scattering
ATV N T NN ST T NN TN TN SO Y TN T SO Y SN W AN |
0 0‘2 0_4 06 08 LllJllllllllJlllllll
, 0 20 40 60 80
turns x 10- 7
a) turns x 10

G. Franchetti, I. Hofmann, NIMA
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R. Cappi

G. Franchetti
M. Giovannozzi
I. Hofmann

M. Martini

E. Metral
PRSTAB 2003

G. Franchetti
S. Gilardoni
A. Huschuaer
F. Schmidt

R. Wasef

Experimental results

CERN-PS 2002

[
n
P |

emittance / intensity
21
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- 1/10
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CERN-PS

2013
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G. Franchetti,
0. Chorniy,

|. Hofmann,
W. Bayer,

F. Becker,

P. Forck,

T. Giacomini,
M. Kirk,

T. Mohite,

C. Omet,

A. Parfenova,
P. Schu'tt
PRSTAB 2010
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Very slow beam loss: over 1 second

R. Cappi, G. Franchetti, M. Giovannozzi, |. Hofmann, M. Martini, E. Metral , PRSTAB 2003

CERN-PS 2002

Control / compensation of lattice resonances is a cure, but the effect of
space charge on resonance theory (hence compensation) is a subject still
under development
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Final Considerations

Space charge effects are a mixed of incoherent and coherent effect

The incoherent effects are measured by the incoherent tuneshift
The coherent effects by the “coherent tuneshift”

Most of space charge effects are fully nonlinear, which makes extremely
difficult to predict beam evolution.

Simulation codes are necessary to make predictions, but without a
physical understanding it is very difficult decide whether to believe to the
code predictions

Experiment performed to verify the space charge effects are necessary,
but it is not easy to validate a specific mechanism (due to the limits of the
observables from real life diagnostics)
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Final Considerations

Interplay of space charge in bunches with machine nonlinearities
and resonances is very complex and may lead to diffusional effects

Impact of space charge on project (FAIR, LIU) is not negligible if target
intensity approaches space charge limit, and if one wants to keep a beam

for long time in a ring.

For each scenario, and specific beam dynamics gymnastics, dedicated
studies have to be performed.
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Space charge history timeline

return of the

Incoherent few % beam loss )

incoherent
Incoherent tuneshift Emittance preservation Particle core models Machines studies
KV multiparticle simulations simulations codes CERN,GSI, J-PARC, SNS
Laslett Sacherer’s theory

machine modeling in codes

long term tracking (frozen)

coupling with EC, and other
effects

~ 1985 ~ 1930 ~ 2000 Thanks to Shinji
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