" Problem 1 solution
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SNS: A proton ring with Kinetic energy of 1GeV and a circumference of 248m has 18, 1m-
long focusing quads with gradient of 5T/m. In one of the quads, the horizontal and vertical
beta function is of 12m and 2m respectively. The rms beta function in both planes on the
focusing quads is 8m. With a horizontal tune of 6.23 and a vertical of 6.2, compute the
expected horizontal and vertical orbit distortions on the single focusing quad given by
horizontal and by vertical misalignments of 1mm in all the quads. What happens to the
horizontal and vertical orbit distortions if the horizontal tune drops to 6.1 and 6.01?

= The rms orbit distortion is given by

0 (s) — /N B(5)Brms
mel8) = S Valsin(r Q)]

rms

= We need to determine the rms kick angle, which in the case of a quadrupole displacement is

given by
Gl
grms = —(0 rms
Bp( u)
= The magnetic rigidity is
Bp |T B |GeV
p [T m]= 029986 [GeV.

Linear imperfections and correction, JUAS, February 2017



Linear imperfections and correction, JUAS, February 2017

" Problem 1 solution

We need to compute the total energy whichis F =T + Fy = 1.938 GeV

2

Now we need to compute the relativistic beta. First we compute the relativistic gamma

v, = — = 2.07 and the relativistic betais 5, = /1 — 1/72 = 0.875

Eq
The magnetic rigidity isthen Bp = 5.657 Tm and the rms angle in both planes is

0.ms = 8.8 x 107 rad
Now we can calculate the rms orbit distortion on the single focusing quad

N 3: rrms 1 12 -
\/ )8 6 exrms = \/ 8 X X8 8.8 x 10 4 = 19.6mm
2\/§‘ sin(7Q) )|

2v/2|sin(6.237)|
The vertical is

VN By(8)Byrms VI8 X2 x8
yrms(s) eyrms — -
2\/7’ Sln(ﬂ-Qy)' 2\/5’ Sln(6.20ﬂ')‘
For Q, = 6.1 the horizontal orbit distortion becomes Trm ( ) — 41.9mm

For . —6.01 we have T (S s)=0.41 m
The vertical remains unchange

Trms(S) =

8.8 x 107* = 9mm
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Three correctors are placed at locations with phase advance of /4 between them and beta
functions of 12, 2 and 12m. How are the corrector kicks related to each other in order to
achieve a closed 3-bump.

= The relations for achieving a 3-bump are

VB, NP, VB,

sin 77023 Sin ?7531 sin 1012

= The phase advances are ¢/, = 193 = /4 aNd 13 = P19 + a3 = m/2
which gives 1)5; = —7/2

= S0 g, =0, and g, = —0,1/12
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SPS: Consider a 400GeV proton synchrotron with 108 3.22m-long focusing and defocusing
quads of 15 T/m, with a horizontal and vertical beta of 108m and 30m in the focusing quads,
and horizontal and vertical beta of 30m and 108m for the defocusing ones. The tunes of the
machine are Qx=20.13 and Qy=20.18. Due to a mechanical problem, one focusing
guadrupole was slowly sinking down in 2016, resulting in an increasing closed orbit
distortion with respect to a reference taken in the beginning of the year.

- By how much the quadrupole had shifted down when the maximum vertical closed orbit
distortion amplitude in defocusing quadrupoles reached 4 mm?

- Why was there no change of the horizontal orbit measured?

- How big would have been the maximum closed orbit distortion amplitude if it would have
been a defocusing quadrupole?

= The magnetic rigidity is Bp [T m] = WEE)ES'BTE GeV

m For 400GeV, the relativistic beta is almost 1 and then the magnetic rigidity is

Bp=1334 T m
. : . G 15
a The focusing normalized gradientis .. — =& — =2 _ 00llm 2
F= g, T 133 oM

= The defocusing one is just the same with opposite sign K, = —0.011 m 2
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The closed orbit distortion from a single dipole error is given by

5(s)Bo
2sin(7Q)

We are interested in the peak orbit distortion
\/ 5;:;50

2 sin (1Q))

From this we can calculate the required kick

y2sin(rQ)  0.004 x 2 x sin (720.18)
B,80 V108 x 30

u(s) = 0————= cos(m@Q — |(s) — o))

y=10

6 = = 75 prad

And finally the required quadrupole displacement to produce this deflection

Glsy
= — =
6 By Krlpoy
0 75X 106

oy =

m = 2mm

Krlr  0.011 x 3.22
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= In fact what was found in the machine was that one of the supports of the quadrupole was
broken and on that end it was shifted down by 4 mm, resulting in 2 mm average shift
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Problem 3 solution

= No horizontal orbit change was observed, because the quadrupole shifted only in the
vertical plane resulting in a pure vertical kick.

= If it would have been a defocusing quadrupole, the kick would have been the same but with
opposite sign. However, the impact on the closed orbit would have been bigger since the
vertical B-function is bigger in the defocusing quadupole, such that the peak orbit distortion

2

would reach
By/BO By/éy \/108 x 108
Ty — 9 =75 x 1076 =175
V=i m0) ~ Yasinme) — 0 S (r20.18) T O
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SPS: Consider a 400GeV proton synchrotron with 108 3.22m-long focusing and defocusing
quads of 15 T/m, with a horizontal and vertical beta of 108m and 30m in the focusing quads,
and horizontal and vertical beta of 30m and 108m for the defocusing ones.

- Find the tune change for systematic gradient errors of 1% in the focusing and 0.5% in the
defocusing quads.

- What is the chromaticity of the machine?

2

1 _
= The magnetic rigidity is Bp [T m| = ———§3..F [GeV
m For 400GeV, the relativistic beta is almost 1 and then the magnetic rigidity is
Bp=1334 Tm
: : N G 15
= The focusing normalized gradientis K, = —— = — — (.01l m?
: : F= g, T 1331 - O0lim

= The defocusing one is just the same with opposite sign K, = —0.011 m~?

= Now, the tune change is given by

0K

1
5Qu — E;Bu[(@a ? zlz
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" Problem 4 solution

By splitting the focusing and defocusing quads, we have
1 0K

0K
_ F D
0@y = e (Np[i’u Kr (—K )Flp + NpB, Kp (—K )DID)

As Np=Np=N, lp=Ilp =1 and Kp = —Kp = K the tune shift can be
rewritten as

1 0K 0K
50 = N (205, (%) #3088 (%) )

This gives a horizontal and vertical tune shift of
108 x 3.22 x 0.011
5Qm —
47

108 x 3.22 x 0.011
6Qy - A7

The chromaticity of the machine is

1 i i
gw,y — _E zﬁw,wa,y

(4108 x 0.01 — 30 x 0.005) = 0.3

(—30 x 0.01 + 108 x 0.005) = 0.07
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By splitting again the focusing and defocusing quads’ contribution, we have
1
F D
fiﬂay — _ENZK(:IZ/Ba:,y + ﬂm,y)

This gives in both planes

108 x 3.22 x 0.011
A7

oy = — (108 — 30) = —24

2
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2

CLIC pre-damping rings: Consider a 2.86 GeV electron storage ring with a racetrack shape of

"=, Problem 5 solutlo

389 m circumference. Each arc is composed of 17 regular “TME” cells, each consisting of 2
dipoles, 2 focusing and 2 defocusing quadrupoles. The beta functions are around B,=4m (2m)
and B,=4.2m (9m) in the focusing (defocusing) quadrupoles and the normalized quadrupole
gradients are 2.49/m? (2.07/m?). The quadrupoles have a length of 0.28m. The natural
chromaticity of the machine is about -19 and -23 in the horizontal and vertical plane,
respectively.

- How big is the chromaticity contribution from the arcs?

- Where would you install sextupole magnets for correcting chromaticity?

- Can you give an estimation for the required sextupole gradient assuming the sextupoles have
the same length as the quadrupoles?

= The chromaticity from quadrupoles is given by

1
oy = —7— j{ Bk (s)ds

= For one TME cell we get

1 1

gm"cell - _E(Qﬁqufkqfqu_zﬁﬂ:,qqudlqd) - _E(2'5'2.49'0-28_2'2'2.07'0.28) — _0.26
1 1

Euscett = =1~ (2By,arkarlas—2By,qahaloa) = = - (24.2:2.49.0.28-2.9-2.07:0.28) = ~0.36
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= The chromaticity contribution from the arcs is then
ga:,afrc — éw,cell : Ncells ) Na'r'cs = —0.26-17-2 = —8.8

)

€y,arc — é_y,cell ) Ncells . Na'rcs =—036-17-2=—-124

= The optimal location of the sextupoles is at locations with high 8 and high dispersion to
minimize their strength

S
S s1 S2 s1
— [ M [ 1M
5 L] T L]
g oo IMEcew e
LL \E" ] ﬁ‘x D.x [ \E_
) a 919 1033 &
S E 82 L 0.32
Law) = i L
< = 73 L 0.31
§ 6.4 - L 0.30
§ 55 - L 0.29
% 4.6 - 0.28
o 3.7 1 L 0.27
o 1 L
3 2.8 1 L 0.26
8 1 L
5 1.9 - F0.25
o 1 L
= 1.0 ——— 0.24
= 0.0 10 20 30 40 50 60
8 s(m)
C
£
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The total chromaticity is given by
1
€% =~ 4 P B (s) (K(s)  5(5) D, (5)) ds

The sextupole gradients required to correct the total chromaticity can be estimated using the
dispersion values from the figure
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Ncells
& =€ — i (=821 D1S1ls1 — BraD2S2lsy — 3,1 D1S1ls1) =0 —
Sl — —47Ent — DolgaNcellsS28,9
B 2D11lg1 Ncellsfy
Neells
é-;ot — 6;1@ o T(ﬁleISHSl -+ ﬁygDQSZESg + ;9y1D181351) =) —
51 — 4trr§;mt — DylgoNcellsS28,

2D1351NCEHSﬁy1

13



. Problem 5 solution

Linear imperfections and correction, JUAS, February 2017

s Equalizing the two expressions for S1 we can derive S2:

§9 — 4“_(}31:1‘5.2“ + ﬁml{f;mt)

D2y Neells(By2By1 — Ba1Py2)

Substituting this into one of the two expressions for S1 we get:

= —32.8m 3

51 =14.8m3
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2

Derive an expression for the resulting magnetic field when a normal sextupole with field B, =
S/2 x? is displaced by éx from its center position. At what type of fields correspond the
resulting components? Do the same for an octupole with field B, = O/3 x3. What is the leading
order multi-pole field error when displacing a general 2n-pole magnet?

= The vertical field of a sextupole is By — —7

= Considering a displacement g +— 1 + A the field is written as

S S
B, = §(x +0z)* = E(a:2 +2(6x)x + (62)?)
—~
sextupole quadrupole dipole
= Foran octupole

0 O
B, = g(a: +0z)° = 5@4— 3(0z)x? + 3(0x)*x + (62)°)

octupole sextupole quadrupole dipole
= The vertical field for a 2n-pole is

by, _
By _ ch 1
’I’L - 1 15
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By displacing it © — 1 4+ O . the vertical field is

bn, bn

n—1 n—1

So the leading order feed-down is a 2(n-1)-pole

2

By = (@ +6n)" = =5 " 4 (n = D(m)a" 2 4 (50)" ]
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