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Consideration of the Cross Sectional Profile of the Booster Vacuum Chamber 

G.F. Dell 

During injection the closed orbit is displaced in superperiod "C" 

by a combination of a slog and fast beam bump. Initially the closed or- 

bit is displaced to the center of the injection channel and injection may con- 

tinue for as long as 300 Usec as the orbit bump is decreased. The position 

of the injection channel relative to the centerline of the vacuum chamber 

(and therefore the size of the orbit bump) is still flexible, however in 

the present study a worst case scenario is considered for which injection 

occurs at the maximum distance from the chamber centerline (~75 mm). This 

scenario is considered to determine whether or not injection imposes special 

constraints on the cross sectional pro'file of the vacuum chamber. 

1) l A vacuum chamber having an outside dimension of ti inches and a 

wall thickness of O.Cl75" is assumed (This is sample #2 considered in 

Booster Tech Note #63')! The inner half width is 75 mm (See Figure 1). 

For this chamber the 'height is 2.746" at the center and 2.246" at the 

edge. The sag at the center is 0.180" after evacuation and is assumed 

zero at the edge; the chamber walls are 0.075" thick. This gives a 

vertical half aperture Ay(x) = 26.62 + 4.06((75-x(mm))/75),and thus at x=0, 

~~(0)=30.68 mm)and at x--40 mm, Ay(40)=28.5 mm. 

2) l The proton beam from the linac is said to have equal horizontal 
E 

and vertiaal emittances of ox = cy = 5n mm mrad . At the point of 

injection (near quadrupole CQS), 8, = 13.55m and By = 3.70 m; this 

gives intrinsic betatron amplitudes of X8 = 8.2 mm and Y8 = 4.3 mm 

when the beam is injected on the booster closed orbit. Consequently 

the maximum allowed beam bump consistent with the injected beam just 

missing the chamber wall is 75 - g.2 ~67 mm. 

3). The beam bump profile of Y.Y.. Lee3for a maximum closed orbit 

displacement of 50 mm (See Figure 2J has been scaled to 67 mm. The 

displacements at various elements, as well as the beta functions at 

these elements, are :Listed in Table.1. 
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4). The definition of geometry used in this study is shown in 

Figure 3. Xc0 denotes the disitance of the closed orbit from the cham- 

ber centerline, and AX denotes, the distance of the closed orbit from 

the center of the injection channel. At all times Xc0 + AX = 67 mm. 

At the start of injection the closed orbit is at the center of the 

injection channel (AX = 0). As injection progresses, the orbit bump 

decreases; AX increases and is an additional betatron amplitude 

relative to the closed orbit: xg = XBo + 6X. 

5). Tracking studies have shown the presence of coupling with essen- 

tially total emittance transfer back and forth between the horizontal 

and vertical planes. Regardless of the presence or absence of coupling, 

the vertical acceptance is limited by the lattice optics. The vertical 

beta function is largest at the defocusing quadrupoles; the relation between 

vertical amplitudes Y(QF) and Y(QD) at the QF and QD quadrupoles is: 

Y(QF)=( Py(QF)I/?y(QD))' Y (QD) = 0.52 Y(QD)-- the beam 

focusing quadrupoles is limited by the aperture of the 

quadrupoles. 

The main effect of coupling is to limit the range 

height at the 

defocusing 

of AX over which 

the beam can be injected. Large coupling causes the vertical beam size 

to increase, while zero coupling would cause no increase in beam height 

and would enable a flat, ribbon beam to be injected, 

6) l Figure 4 shows several possible stages of injection. 
a). Start o:E injection. The closed orbit is at the center of the 
injection channel ( AX=O). The beam is indicated by the hatched 
area. 
b). Injection when the closed orbit has moved ~25 mm from the 
center of the injection channel (AX=25 mm).The case of zero coup- 
ling is shown; the shaded area indicates a ribbon beam with 
half height of 4.3 mm. 
c). Same condition as case b), but with emittance transfer such 
that ox = E:~. The horizontal dimension of the beam has decreased 
while the half height of the beam has increased to 12.9 mm. 
This configuration corresponds to ~~/r=(25+8.2>~!13.55 = 81 mm mrad. 

7). The horizontal and vertical extremes of a test particle have been 

determined at several key elements around the injection region as the 

beam bump is decreased ( AX = 0, 8, 16, 24, and 32 mm) and for several 

values of emittance transfer lc from the horizontal to the vertical plane. 

With Ed' = (AX + XBJ2/Bx , horizontal and vertical limits have been 

determined when 'k = 0.,0.2, 0.5, 0.7, 0.85, and 1.0 when 

EX = (l-k) EX’ and ~~ = ~~~ + k Ed' . (Eye = 5-r mm mrad). 



8) . The horizont.al and vertical requirements at quadrupole CQ5 are 

shown in Figure 5(a) for value:; of AX, the corresponding cx', and 

k, the coefficient of emittance transfer listed in Item 7. Dashed lines 

indicate the dependence on AX at fixed coupling, while the solid lines 

indicate the dependence on coupling at fixed AX. The horizontal line 

at y=15.5 mm denotes the maximum allowed vertical amplitude at CQ5 (and 

other focusing quadrupoles). This maximum is much smaller than the ver- 

tical half aperture of the sample 112 chamber of Figure 1 and will be dis- 

cussed in Item 11. As mentioned above, coupling 

over which injection can take place, but it does 

allowed beam height. 

limits the range of AX 

not change the maximum 

9). The horizont.al and vertical requirements at the upstream and down- 

stream ends of dipole CD5 are shown in Figures 5(b) and 5(c), respectively. 

The plots reflect the difference in the displacement of the closed orbit 

as well as the difference of the horizontal and vertical beta functions 

at the magnet ends. As before, injection for AX=16 mm is acceptable 

for all emittance transfers, k.. Even in the extreme case being considered 
A 

( Xc,=67 mm>, large vertical apertures are not needed for x)40 mm. 

10). The horizontal and vertical requirements at quadrupoles CQ4 and 

CQ6 are shown in 'Figures 5(d) and 5(e), respectively. At these elements 

the beam bump is no more than half its maximum value at CQ5. As before, 

injection at AX=16 mm is possible at all emittance transfers,k; injec- 

tion for larger LU is contingent on coupling being less than 100%. In 

all cases, large <aperture is only needed for xc40 mm. 

11). The section of the Booster where the orbit bump is greatest (CD4 to 

CD7) is shown in 'Figure 6. The small "T's" appearing at the center of the 

vacuum chambers near the ends of the dipoles indicate transitions from 

the elliptical chambers present in the dipoles to the circular chambers 

present in the quadrupoles. In this region where the beam bump is lar- 

gest, only CD5 and CD7 have el:Liptical chambers. Hence the vertical 

aperture limitation does not occur at the defocusing quadrupoles but 

rather at the transition sections nearest the defocusing quadrupoles -- 

in this case, near the upstream end of dipole CD7. The present Booster 

lattice has a 30 (cm spacing between dipole CD7 and quadrupole CQ6. The 

transition point is assumed to be at the center of this 30 cm section. 

At this location, 
B 
y=12.59 m. Thus Y(QF)=0.54 Y(T"), and the maximum 

allowed vertical ,amplitude in CQ5 that is consistent with a horizontal 

displacement of 40 mm in CQ6 is 15.5 mm. 
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12). Conclusion. Due to lattice optics, the vertical acceptance of the 

elliptical vacuum chamber is limited where 
B 
y has its maximum value; 

this occurs at the transition from elliptical to circular chambersnear 

the defocusing quadrupoles. In all cases the maximum vertical betatron 

amplitude occurs where the horizontal betatron amplitude is smallest 

(and vice versa). Thus, except where the beam is purposely displaced 

off the chamber centerline, large vertical apertures are only needed 

near the center of the chamber. When the closed orbit is displaced a 

maximum of 67 mm at CQ5, the region where the orbit bump exceeds 30 mm 

lies between CQ4 and CD8; in this region where one can have large ver- 

tical amplitudes at large displacements, the transition downstream of 

quadrupole CQ6 represents the worst case. However, both the beam bump 

and 
Py 

at CQ6 are larger than those at the transition, so the results 

of Figure 5(e) represent a situation slightly worse than that at the 

point of transition. 

The dashed horizontal lines on Figures 5(a)-(e) indicate the max- 

imum allowed vertical amplitude at each element that is consistent with 

the conditions at CQO (large closed orbit displacement (40 mm) and 

large vertical beta function, 

y(QF) 6 0.54 ;(.QD) 
P 

y=it3.64 m). In all cases the relation 

cannot be exceeded. The curves of Figures 5(a)-(e) 

indicate that the present chamber accomodates beam with all degrees of 

coupling when AX is no more than 16 mm. This corresponds to a total 

emittance EL.= cx+E y"'50TT mm mrad and is thoughfto meet the Booster 

design parameters; this is discussed below. 

With f,= &x+ cyz, consider the ellipse: 

cx c-l_ 

-& P t -* kZ,/$( - 
JU +&&I. 

This ellipse satisfies the requirement thatfx=ct and zy= Et, and 

when &= SOTT mm mrad (AX-16 mm), the beam easily fits into the 

vacuum chamber for all degrees of coupling. However, we have normally 

done particle tracking using the conditions that fx= Ey for 

0 kcx L 5OTT mm mrad. This second beam corresponds to 4X-27.6 mm 

and does not fit into the vacuum chamber when the emittance transfer 

coefficient k is larger than ~0.'7. It is asserted that this second 

beam having Et= lOOr mm mrad is not that specified for the Booster and 

that the desired beam having Et G 5Or mm mrad fits comfortably into 

the chambers discussed in Reference (1). 
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The following conclusions are reached: 1). with zero coupling, 

there is no vertical restriction, and flat beams can be injected over a 

large range of AX as the beam bump collapses, and 2). with 100% coup- 

ling, beams having a total emittance &= cx+cy= 5Or mm mrad fit into 

the vacuum chamber even when the closed orbit is displaced to 67 mm from 

the chamber centerline. For 100% coupling,injection is limited to an 

excursion of AX satisfying 0 kAXL_ 20.4 mm (2t= 65~ mm mrad). For 

this case the injection channel can be nearer to the chamber centerline 

and relaxes even farther the requirements on chamber profile at larce 

distances from its centerline. 
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TaIjle 1. -Machine functions and orbit bump at various elements in period "C" 
of..the booster. - Multiple_entries correspond to entrance, center, and exit 

of the indicated element. "T" indicates a transition from an 

elliptical to a circular vacuum chamber; T(CD4) denotes the transition 

at the downstream end of dipole CD4, etc.. 
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Sample 1. 
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Figure 1. Chamber profiles considered in Booster TN-63, Profiles of both 
chambers are similar in their decrease of vertical height with increasing 
distance from the chamber center:Line. Sample #2 is considered in the 
present study. 
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X 
co 

AX 

Figure 

displacement of the closed orbit :Erom the chamber centerline t . 

distance of the closed orbit from "A" (center of the injection channel). 

horizontal betatron amplitude of the linac beam. 

maximum betatron amp:Litude of the injected beam relative to the 

closed orbit: AX-X Bog XB 2 AX+XBo= ii, 

3. Definition of geometry and symbols used in the present study. 



10. 

Injection 

Channel 

a) . Start of injection; closed orbit is displaced to the center of the 

injection channel. 

tc- xc0 -AX -A 

b) . Closed orbit bump has decreased by ~25 mm producing a flat beam with 

EX = 8511 mm mrad and ~~ = 5~ mm mrad. (no coupling). 

c) . Closed orbit bump has decreased by ~25 mm. Beam cross section corres- 

ponds to coupling with ~~ = cy = 457 mm mrad. 

Figure 4. Various cases of injection: a). start of injection when the 

closed orbit is at the center of the injection channel, b). ribbon beam 
formed (no coupling) as the beam bump amplitude has decreased by AX = 25 mm, 

and c). beam having ~~ = cY when the beam bump has decreased by AX = 25 mm- 
This beam, with k=O.5, fits into the vacuum'chamber. In the event of total 
emittance transfer (E:=l.O), the beam would hit the chamber near the ends of 
the dipoles nearest defocusing quadrupoles. 
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i 

Figure 5(a). Maximum x and y needed ,at quadrupole CQ5 for several combin- 
ations of AX, the distance of the clo.sed orbit from the center of the in- 
jection channel, 
to the y motion. 

and k, the portion of the horizontal emittance transferred 
The dashed line at :y = 15.5 mm corresponds to the maximum 

amplitude that will fit into the elliptical chamber at 40 mm from its 
centerline (Ay= 28.5 mml when the particle is near defocusing quadrupoles. 



0 
16

 
43

 

a 
24

 
7r

l 
a 

32
 

IIT
 

_ 
-.

_-
 -

 
f 

_.
.~

 -.
- 

__
.. ,_

_-
_.

._
_ 

20
 

. . .
 1 

.‘-
-_

 
._

.. 
_ 

._
., 

_,
 

6
1
 

._
--
_ 

- 

F
i
g
u
r
e
s
 
5
(
b
)
 
a
n
d
 
5
(
c
)
.
 

M
a
x
i
m
u
m
 
x
 
a
n
d
 
y
 
n
e
e
d
e
d
 
a
t
 
t
h
e
 
u
p
s
t
r
e
a
m
 
e
n
d
 
(
5
(
b
)
)
 
a
n
d
 
d
o
w
n
s
t
r
e
a
m
 
e
n
d
 
(
5
(
c
)
)
,
 

r
e
s
p
e
c
t
i
v
e
l
y
,
 
o
f
 
d
i
p
o
l
e
 
C
D
5
 
f
o
r
 
v
a
r
i
o
u
s
 
c
o
m
b
i
n
a
t
i
o
n
s
 
o
f
 
A
X
 
a
n
d
 
k
,
 
t
h
e
 
p
o
r
t
i
o
n
 
o
f
 
t
h
e
 
h
o
r
i
z
o
n
t
a
l
 

e
m
i
t
t
a
n
c
e
 
t
r
a
n
s
f
e
r
r
e
d
 
t
o
 
t
h
e
 
v
e
r
t
i
c
a
l
 
m
o
t
i
o
n
.
 

T
h
e
 
d
a
s
h
e
d
 
l
i
n
e
s
 
a
t
 
y
 
=
 
2
7
.
9
 
m
m
 
(
b
)
 
a
n
d
 
y
 
=
 
1
8
.
7
 
m
m
 
(
c
)
 

c
o
r
r
e
s
p
o
n
d
 
t
o
 
t
h
e
 
m
a
x
i
m
u
m
 
v
e
r
t
i
c
a
l
 
a
m
p
l
i
t
u
d
e
 
t
h
a
t
 
f
i
t
s
 
i
n
t
o
 
t
h
e
 
e
l
l
i
p
t
i
c
a
l
 
c
h
a
m
b
e
r
 
a
t
 
4
0
 
m
m
 
f
r
o
m
 
i
t
s
 

c
e
n
t
e
r
l
i
n
e
 
w
h
e
n
 
t
h
e
 
p
a
r
t
i
c
l
e
 
i
s
 
n
e
a
r
 
d
e
f
o
c
u
s
i
n
g
 
q
u
a
d
r
u
p
o
l
e
s
.
 

.
 

N
’ 

. 



I--
 --
 

/-
- 

CQ
4-

 

/I=
 I,

0 

\ \ \ 
h 

k=
oJ

a 

’ 
I 

’ 
I 

1 
\ 

Y
 =
 29

.7
 

~
hr

,)
 

“”
 

5(
d)

 

60
 

;-
- 

t-
- 

>
--

 

/ -
- 

l--
 0 

CO
6 

__
__

‘\_
_.

 
\ -

 
‘il

 \
) 

\ \ 
1 J-

-z
 

\ ’ \ 
’ 

c;
lb

 cl \ 
\ 

\‘I
 

\ 
’ 

\ 
\ 

3p
 

k-
o,

2 

Y
 

Y
\ \ 

X
l 

‘\ 
‘2

 2 \ \: \ \ 1
 

\ \ IX
 

R
=

O
 

A
Y

h
n

) 
&

iT
- 

; 
z 

IF
i 

0 
16

43
 

a 
21

- 
77

 
a 

32
 

II9
 

- -
--

‘-_
-.

__
~

~
 ._

...
_.

 
_ 

__
I_

_ 
_.

-_
_-

 
, 

__
_-

t-
--

--
-1

-_
 

Xi
W

-0
,4

° 
60

 

5(
e)

 

F
ig

u
re

s 
5(

d)
 

an
d 

5(
e)

. 
M

ax
im

u
m

 x
 

an
d 

y 
n

ee
de

d 
at

 
th

e 
ce

n
te

rs
 

of
 

qu
ad

ru
po

le
s 

C
Q

4 
an

d 
C

Q
6 

fo
r 

se
ve

ra
l 

co
m

bi
n

at
io

n
s 

of
 

A
X

, 
th

e 
di

st
an

ce
 

of
 

th
e 

cl
os

ed
 

or
bi

t 
fr

om
 

th
e 

ce
n

te
r 

of
 

th
e 

in
je

ct
io

n
 

ch
an

n
el

, 
an

d 
k

, 
th

e 
po

rt
io

n
 

of
 

th
e 

h
or

iz
on

ta
l.

 
em

it
ta

n
ce

 
tr

an
sf

er
re

d 
to

 
th

e 
ve

rt
ic

al
 

m
ot

io
n

. 
D

as
h

ed
 

li
n

es
 

at
 

y 
=

 
29

.7
 

m
m

 
co

rr
es

po
n

d 
to

 
th

e 
m

ax
im

u
m

 v
er

ti
ca

l 
am

pl
it

u
de

 
th

at
 

fi
ts

 
in

to
 

th
e 

el
li

pt
ic

al
 

ch
am

be
r 

at
 

40
 

m
m

 f
ro

m
 

it
s 

ce
n

te
rl

in
e 

w
h

en
 

th
e 

pa
rt

ic
le

 
is

 
n

ea
r 

de
fo

cu
si

n
g 

qu
ad

ru
po

le
s,

 
. 

t; . 



F
i
g
u
r
e
 
6
.
 
A
r
e
a
 
o
f
 
p
e
r
i
o
d
 
"
C
"
 
w
h
e
r
e
 
t
h
e
 
o
r
b
i
t
 
b
u
m
p
 
i
s
 m
a
x
i
m
u
m
.
 

O
n
l
y
 
d
i
p
o
l
e
s
 
C
D
5
 
a
n
d
 
C
D
7
 
h
a
v
e
 
e
l
l
i
p
t
i
c
a
l
 

c
h
a
m
b
e
r
s
;
 
a
l
l
 
q
u
a
d
r
u
p
o
l
e
s
 
h
a
v
e
 
c
i
r
c
u
l
a
r
 
c
h
a
m
b
e
r
s
 
o
f
 
6
"
 
d
i
a
m
e
t
e
r
.
 

T
h
e
 
s
y
m
b
o
l
s
 
"
T
"
 
o
n
 
t
h
e
 
c
h
a
m
b
e
r
 
c
e
n
t
e
r
-
 

l
i
n
e
 
n
e
a
r
 
d
i
p
o
l
e
 
e
n
d
s
 
i
n
d
i
c
a
t
e
 
t
r
a
n
s
i
t
i
o
n
s
 
f
r
o
m
 
a
n
 
e
l
l
i
p
t
i
c
a
l
 
t
o
 
a
 
c
i
r
c
u
l
a
r
 
c
h
a
m
b
e
r
.
 

T
h
e
 
a
p
e
r
t
u
r
e
 

w
i
l
l
 
b
e
 
l
i
m
i
t
e
d
 
a
t
 
t
h
e
 
t
r
a
n
s
i
t
i
o
n
s
 
n
e
a
r
e
s
t
 
t
o
 
d
e
f
o
c
u
s
i
n
g
 
(
e
v
e
n
 n
u
m
b
e
r
e
d
)
 
q
u
a
d
r
u
p
o
l
e
s
.
 


