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Define	rx, ry,	ex, ey,	in	terms	of	2nd order	moments



= 0



Envelope	Equations	derived	in	course:
I.	Statistical	rms	envelope	equations	(envelopes	defined	in
terms	of	rms	quantities;	emittance	not	guaranteed	to	be
a	conserved	quantity).

1.	Paraxial:		rb;		azimuthal	symmetry;	r(r)
2.	Cartesian;	rx,	ry;		elliptical	symmetry	r(x2/rx

2 + y2/ry
2)

3.	Longitudinal:	rz for	

4.	Ellipsoidal	(rf)	bunches:
5.	Cartesian	with	images:	rx,	ry;	
6.	Larmor	frame:	periodic	solenoids:
7.	Cartesian	including	scattering:	rx,	ry;	emittance	evolves		(													
)

II.	Kinetic	envelope	equations	(constraint	equations	governing	the	
parameters	of	the	distribution	function.
Emittance	conserved.)

1.	KV	distribution	elliptical	uniform	density	beam
f(x,x',y,y')~  d(1-Cx-Cy);      Ex ~ x;    Ey ~ y;
(Identical	envelope	equation	to	#2	above).
2.	Neuffer	distribution	for	1D	(longitudinal	projections	of	
phase	space)	parabolic	line	charge	density	profiles
f(z,z')~(1-Cz)1/2;	Ez ~ z;
(Identical	envelope	equation	to	#3	above).

III.	Moment	equations
1.	Transverse	with	chromatic	effects

(Also		rx,	ry, rx; cf	Wangler	sec	9.9)	
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Outward	expansion	at	2cs;	Inward	at	cs



'

'



For	a	single	B	quad:





Instabilities

1.	Longitudinal	(resistive	wall)	instability	
(fluid	instability)

2.	Electron-ion	instability
(centroid instability)

3.	Envelope	instabilities	

4.	Kinetic	instabilities
(distribution	function	dependent)

5.	Single	particle	resonant	instabilities
-- Halo
-- Ring	resonances	(covered	by	Steve)

Steve	talked	about:

Steve	talked	about:
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Processes:
1.	Coulomb	collisions	(intra-beam)

2.	Coulomb	collisions	with	residual	gas

3.	Charge	exchange

4.	Stripping

5.	Neutralization

6.	Gas	Ionization

HI
+ HI

++
HI

+

HI
o

HI
+ HI

+

HI
+

HI
+

HI
+

HI
o

+

HI
+
Heavy	ion Residual	gas

molecule

HI
+

HI
+

+

e-

e- electron

HI
+

HI
++e-

HI
+ HI

+
+

+

t ~	nc-1

Charge
changing	
collisions:

Beam	
loss;
hHI
molecules
from	wall

hg
molecules
from	wall
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HI
+

Ion
+

e-
e-

electron	emission

desorption	&
sputtering

reflection

e-
e-

desorption	&
sputtering

e-
e- desorption	e-

e-
e- desorption	

HI
+

g

g synchrotron	photon		

7.	Wall	interactions



Summary	of	electron,	gas,	pressure,	and	scattering	effects

1.	Coulomb	collisions	within	beam	can	transfer	energy	from
|		to	||	and	provide	lower	limit	on	T||,	higher	than	from	
accelerative	cooling.

2.	Coulomb	interactions	with	residual	gas	nuclei	provide	a	
source	of	emittance	growth	(but	not	important	for	higher
mass	and	linac	residence	times.)

3.	Pressure	instability	from	desorption	of	residual	gas	by
stripped	beam	ions	hitting	wall	or	beam	ionized	residual	gas
atoms,	forced	to	wall	by	E-field	of	beam.	Limits	current	in	
rings	or	high	repetition	rate	linac.

4.	Electron	can	cascade	and	reach	a	"quasi"	equilibrium
population	of	similar	line	charge	to	the	ion	beam	electron-
ion	two	stream	instability	is	unstable,	and	can	lead	to
transverse	instability,	similar	to	what	is	observed	in	some
proton	rings.



In
d

u
c

ti
o

n
a

c
c

e
le

ra
ti

o
n

fo
r

H
IF

c
o

n
s

is
ts

o
f

s
e
v

e
ra

l
s

u
b

s
y

s
te

m
s

 a
n

d
 a

 v
a

ri
e

ty
 o

f 
b

e
a

m
 m

a
n

ip
u

la
ti

o
n

s

Io
n

s
o

u
rc

e
a
n

d
in

je
c
to

r

A
c
c
e

le
ra

ti
o

n
w

it
h

e
le

c
tr

ic
fo

c
u

s
in

g

A
c
c
e
le

ra
ti

o
n

w
it

h
m

a
g

n
e
ti

c
fo

c
u

s
in

g

F
in

a
l

fo
c
u

s
in

g

C
h

a
m

b
e

r
tr

a
n

s
p

o
rt

T
a
rg

e
t

D
ri

ft
c
o

m
p

re
s
s
io

n

B
e
n

d
in

g

M
a
tc

h
in

g

M
a
tc

h
in

g
/

P
o

s
s
ib

le
M

e
rg

in
g

1
.5

-3
.0

 M
e
V

~
 0

.5
-1

 A
/b

e
a
m

~
1
0
0
 M

e
V

~
1
0
 A

/b
e
a
m

~
1
-1

0
 G

e
V

~
1
0
0
 A

/b
e

a
m

~
1
-1

0
 G

e
V

~
1
-2

  
k
A

/b
e
a
m

~
 2

0
µ

s
!

4
µ

s
~

1
0
0
 n

s

~
 1

0
 n

s

F
o

r 
“
e
x
a
m

p
le

 I
R

E
:”

1
.6

 M
e
V

0
.8

 A
/b

e
a
m

6
.7
µ

s

9
.4

 M
e
V

1
.9

 A
/b

e
a
m

2
.8
µ

s

2
0
0
 M

e
V

1
5
.3

 A
/b

e
a

m
3
3
5
 n

s

2
0
0

 M
e
V

1
.0

 -
 0

.2
6
 k

A
/b

e
a
m

5
-2

0
 n

s

~
 5

0
-2

0
0
 b

e
a
m

s

3
2
 b

e
a
m

s



T
h

e
 H

e
a
v
y
 I
o

n
 F

u
s
io

n
 V

ir
tu

a
l 
N

a
ti

o
n

a
l 
L

a
b

o
ra

to
ry
!

2
. 

D
ri

v
e

r!

1
. 

T
a

rg
e

t 
fa

c
to

ry
 (

to
 p

ro
d

u
c

e
 t

a
rg

e
ts

 i
n

 q
u

a
n

ti
ty

)!

In
e
rt

ia
l 
fu

s
io

n
 e

n
e
rg

y
 (

IF
E

) 
p

o
w

e
r 

p
la

n
ts

 o
f 

th
e

 f
u

tu
re

 w
il
l 
c
o

n
s
is

t 
o

f 
fo

u
r 

p
a
rt

s
 

fo
c

u
s

in
g

 s
y

s
te

m
!

3
. 

fu
s

io
n

 c
h

a
m

b
e

r !

4
. 

S
te

a
m

 p
la

n
t 

(h
e

a
t

 e
x

c
h

a
n

g
e

 f
o

r!
e

le
c

tr
ic

it
y

 p
ro

d
u

c
ti

o
n

)!

(H
e

a
v

y
 I

o
n

 A
c

c
e

le
ra

to
r)
!

A
 p

o
w

e
r 

p
la

n
t 

d
ri

v
e

r 
w

o
u

ld
 fi

re
 a

b
o

u
t 

fi
v

e
 t

a
rg

e
ts

 p
e

r 
s

e
c

o
n

d
 t

o

 p
ro

d
u

c
e

 a
s

 m
u

c
h

 e
le

c
tr

ic
it

y
 a

s
 t

o
d

a
y
"s

 1
0

0
0

 M
e

g
a

w
a

tt
 p

o
w

e
r 

p
la

n
t!


