Measurement of Extended

THOIB

Twiss parameters and space

charge effects

K. Ohmi, S. Hatakeyama, Y. Sato, J. Takano
J-PARC KEK, JAEA
HB2012, 17-21 Sep, 2012, Beijing




Contents

® Measurement of Extended Twiss parameters using
turn-by-turn monitor.

® |inear envelope theory using the measured E-
Twiss parameters.

® Simulation of space charge effects using the
measured E-Twiss parameters.




One turn map containing space
charge force

Ngc.—1

M(s) = H Mo (si41,8;)e P
i=0

Mo(si+1,5i)  Transfer map from s; to si+

e ()i — 82(32-) Space charge force
X
P(s;) Calculated by solving Poisson

equation with the beam distribution.

Integration step: As<<[y,




One turn map for nonlinearity lattice

nl 1

H M Sz—l—lasz _Hnl(s)

Transfer matrix from si to si+i  Nonlinear transformation at s;
OH,;(s;)
—:H, nl\ 21
e Hnls)p = p— —
T
_ Ka(si), s 2 _eb”
Hulsi) = —g=—@" =32y)  Ka=——=" ax Sextupole magnet

One turn map including the space charge force is
expressed by the nonlinear maps and the transfer matrix

Nge.—1 N—1

M(s H Mo(sit1,si)e P = H Mo(sit1,s:)e 1)

N = Ny + Ny H]—(I)OTHng




Linear dynamics

® [inear Motion is represented by symplectic matrix

transformation of the dynamic variables x.

A
LE(S) — (xapazayap?ﬁz?(s)t © = U(t() _t) 0= p—f

® Revolution matrix, M(s).

x(s+ C) = My(s)x(s)

® Diagonalize 2x2 blockwisely

Ux 0 0
Vo(s)Mo(s)Vo(s) ™ = 0 Uy O =U, U, = ( fZ?an'. s:)r;uz )
0 0 Uy e TR
i=X,Y,Z

® Split into three modes (X,Y,Z), with tunes

i = 2T,




Twiss parameter and normal mode
® Diagonalizing (eigenvector) matrix, Vo, is parametrized
Vo(s) = Bo(s)Ro(s)Ho(s)
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b= Y ;Z = VB i=X,Y,Z
® V=BRH is represented by Extended Twiss parameters
(O(’B"’l'”’rl)‘ ro = V1 —1riry + rors

® Normal coordinates X are defined by V,

X (s) = Bo(s)Rg(s)Hp(s)x(s) = Vo(s)x(s) X(s+C)=UyX(s)
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Vo(s2)Mo(s2,82)Vo(s1) ™"

Ui21 = (

Transfer

(

cos(@i(s2) — @i(s1))
— sin(@;(s2) — ¢i(s1))

Uu,21

matrix

0 0
0 Uv,21 0
0 0 Uw,21

sin(¢;(s2) — ¢di(s1))
cos(¢i(s2) — @i(s1))

® betatron phase difference

)U21

) i=X,Y, Z




Betatron motion and Extended Twiss
parameters

® |inear optics parameters, B, R, H and betatron
(synchrotron) phases are measurable.

® Betatron oscillation (4x4 formalism, omit 5,6 components)
S(xt At — Wx)é(x! A — Wy)

® Courant-Snyder invariant

T AR
WX,Y — 2JX,Y — L AX’YQE

Al' = RS, AR 54‘(%2 SO> 52:<_01 (1)>

X X 0 0 Y
Ax = ax fOx Ay = 0| Wy
0 0 ay Py




Measurement of E-Twiss parameters

® X mode is induced by x injection error. X~X,
Wy~0

® FElliptical trajectory in 4 dimensional phase space
(X,Px:YsPy)- S(xT ARz — W)

® [he phase space trajectory is reconstructed by
turn-by-turn monitor
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Determine E- Iwiss parameters

® Extended Twiss parameters are determined by the measured
2nd order moment matrix with the formula.

® X mode excitation use[ ] parts

1
(xx') = — %waé(wTAﬁw — 2Jx)dx

2T

1 rgBx  —Tgox ro(—Bxr1 + axr2) ro(—Bx1r3 + axry)
— Jx T%VX ro(Qxr: — Yxra) ro(Qxr3 — YxT4)
— 200XT1T2 + YXT5 XT1T3 — Qx(Tr1Tr4 + T2T3) + YXxT2T4
2

\

2
Bxrs — 2axr3ry + yxry

® Y mode excitation polluted by small J, component
1
(xx!) = — %mazTé(:cTAgm — 2Jy)dx
2T polluted by small Jx component

/ By ri + 2ayrory + Yy i

By rary + ay (rirg + rorg) + yyrirs
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Measurement of Betatron phase

® Correlation between two monitors

(@(si41)2(5:)) = Jo/Ba(5i11) B (i) c08(da,iv1 — Gai)

(Z(sit1)2(5:))
(2 (si11)?)) (2 (5:)%)

cos(@x,it1 — OPx,i) = y,




Beta (m)

Diff of Dsn and Mes Beta (m)

Example of measurement

Designed Beta(red) and Measured Beta(blue) (Averaged Shot 5650,5651,5652)
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Example of measurement
ri-r4, X mode excitation

XY _coupling_SQ00_00

0.08 |- 06 1
0.06 04
0.04 |- ) | '
ool To bl el et et ] 02
0.02 ~h s i §ito Y%y ;”Ho”% drat b i s é 3% :
- Do‘?ol ‘ & poee I © 0 L @ # o 4 id‘ , 4 % }* b
o4 0 j%%#o: 3 00%4:0' +‘§ ?Qi&;&t 39{% 040 : ~ g () ﬁrf# ;i E+ % ” -
20.02 5 L 1e (%‘r‘ °°¢ ﬂg,o ¢4 % I o%%#q fk* “#ﬁ»oé’%?}oo % 0 {;% # 3‘1’% {? @i ;Q, ¢‘°+0
0.04 | |
-0.06 | 04
-0.08 | : [ 0.6 : A i
0 500 1000 1500 0 500 1000 1500
S (m) S (m)
0.015 7 0.08 [ SN A U
0.01 0.06 |- ¢ + % -
& p o 0.04 |- ' ~
0005 [od o onlitoondope {# LIS : ° o Jr
ARUEA (LIS 4 i%o L e Q}#OM 171 0.02 . 440 11 {g
g 0 iﬁa“?fw%ﬂ?w“# °"‘ﬁ’ ﬁk ¢¢“°{ Lo 3+ &ff} TZ 0 #@@;?j:owtg% N ff#lp"ﬁ . }i {ﬁnﬁ#"?@% 0> 5,
T ¢, ) [ OO Oo 8 o¢ ¢ ! : . o. 0 :
w5 T g M AT
: “U. . 3 6 7 &
-0.01 7 0.06 |- o4 } } B
0015 L 008 | e T

0 500 1000 1500 0 500 1000 1500




Example of measurement

ri-r4, y mode excitation

XY_coupling_SQ00_00,_(Y-Mode, dx=0.4mm, dy=7.5mm)




Comment on the
measurement

Measurement of beta function is done by x(y)
signal for X(Y) mode oscillation, while that of x-y
coupling is done by y signal for X mode
oscillation, vice versa.

Reliability of the beta measurement is much
better than coupling.

Calibration of monitor for rotation is
unavoidable.

At present the reliability of x-y coupling
measurement is not very good.




Linear approximation

Beam envelope using measured Twiss
® Averaging of beam particles

(') 4 dimensional model
® Revolution matrix including linear space charge force.
N—-1
M(s) = || Mo(sis1,s:)Ma(s;)
i=0
{ 10 0 O\ cos 6 0 sin 6 0
R k. 1 0 O 0 cos 6 0 sind
Mg =T (9) 0O 0 1 0 T(H) T(9) = —sin 6 0 cosf 0
K 0 0 k, 1) 0 —sinf 0  cosf
b — 4r, A 1 by — 4r, A 1

-~ B3 aa+b) B3 b(a+b)
® Transformation of the beam envelope
M (s)(zz™ ) M" (s)




® Tilt and beam size

tan 20 — —2Y! a® = (%) cos? § + (wy) sin 26 + (y*) sin* 4
<CI?2> o <y2> b2 — <$2> Sin2 0 — <ny> sin 26 + <y2> C082 0
N—1

M(s) = H Mo(8iv1,8:) Ma(s;)

M(s){(xx' YM?* (s) = (xx’) M=V UV

® Periodic solution of the beam envelope

® Solution

ex 0 0 0
Ty _ 1r—1 0 ex 0 0 1yt
@a”) =V 0 0 & o |V

0O 0 0 ey

Solving the periodic envelope is equivalent to solving V.

® Periodic beam envelope for zero intensity
My (s) (el Y ML (s) = (za®) My = Vi UV

Vo = BoRo MeasuredVo 4 dim, Ho=1I




Solution of envelope equation
with measured Iwiss
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Simulation with the measured linear

optics
N—1
M(s) = H Mo (sit1,8;)e 1)
1=0 M()(SZ'_|_1, Sz) — VO_1(5i+1)Ui—I—1,iVO(Si)

N =N, + Nge Hp=®or Hy

® Design transfer matrix Mo is replaced by

measured transfer matrix M.
N—1

M(s) =[] M(sis,si)e 100
1=0
Actual coding
M(S@'_|_1, 3@) — V_l(Si_|_1)UZ‘_|_1,7;AUZ'V(Si)

— V_l(5i+1)V0(5i—|-1)M0(8’i-|-17 Sijvo_l(si)AUiV(Si)

N\ e

insert these transformation




Simulation results using measured
Twiss
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Intensity dependence in the
simulation
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Summary

Extended Twiss parameters have been measured in J-PARC
MR.

Space charge simulation using the measured E-Twiss
parameters has been performed.

x-y coupling at sextupoles seems dominant for the beam
loss. Space charge force may be role of tune spread source.

Understanding the mechanism, which resonances is
induced?! Consistency with envelope theory!?

Establish the reliability of x-y coupling measurement. Twiss
parameters &, B seems reliable.




