SLAC-PUB-7987
November 1998

Nonlinear Fields and Dynamic Aperture near
Low-Order Resonances at the KEK/ATF*

F. Zimmermann, M.G. Minty, J.L. Turner, M.D. Woodley
Stanford Linear Accelerator Center (SLAC), Stanford, USA

J. Urakawa, H. Hayano, K. Kubo, T. Mimashi, N. Terunuma, N. Toge
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

T. Okugi
Tokyo Metropolitan University, Tokyo, Japan

We describe a scheme by which the nonlinear field contents of a storage ring
can be estimated from the measured acceptance variation near low-order
resonances. The method is applied to the KEK/ATF damping ring in an
attempt to understand its small dynamic aperture.

Presented at the
1998 SPring-8 Beam Physics Study Meeting
Mihara, Mikazuki-cho, Hyogo, Japan, November 4—6, 1998

*Work supported in parts by the U.S. Department of Energy, contract DE-ACO03-
T6SF00515.



NONLINEAR FIELDS AND DYNAMIC APERTURE NEAR LOW-ORDER
RESONANCES AT THE KEK/ATF *

F. Zimmermann, M.G. Minty, J.L. Turner, M.D. Woodley, SLAC, Stanford, USA,
J. Urakawa, H. Hayano, K. Kubo, T. Mimashi, N. Terunuma, N. Toge, KEK, Tsukuba, Japan,
T. Okugi, Tokyo Metropolitan University, Tokyo, Japan

Abstract guadrupole family QF2R. This also caused some vertical
tune variation, about 2 times smaller than the horizontal

We describe a scheme by which the nonlinear field con- .
serl y y whi I ! [3]. The beam could not be stored below a horizontal tune

tents of a storage ring can be estimated from the mea- L : :
sured acceptance variation near low-order resonancesf)f 0.15, indicating a wide stop band at the integer reso-

The method is applied to the KEK/ATF damping ring in nance. Clearly visible are also the third and half integer

an attempt to understand its small dynamic aperture. ~ 'S>0Nances.
QF2R scan
BT AU ¥ NEEE B e R ATF L2380 L2107 (e e e e e
LHEE A ETOIERIE S L U8 F ok 1 ]
R e : g . E

FENG SO B8 T O DEHIE A & FH I I a5
MO IERIE SO B EHRT H e MT
&h. AFEOBRAIZELD. STHRLF—
DRER TRIEHE g ATE Y B T 2 TD
B JFRI D HARIZEZD 7,

acceptance (1m)
o N o oo
- — - —_
= o (=) <
& % L &
—
.
™.
oy
—
I o g
111

0
0.15 0.2 0.25 03 035 04 045 0.5

horizantal tune Qx

1 INTRODUCTION
) o ) ) Figure 1: Measured transverse acceptance as a function
The ATF damping ring is a prototype damping ring de- o the fractional horizontal tune.
signed to develop the technologies and operational pro-

cedures required for a next-generation linear collider [1].
In order to produce beams with extremely small emit-
tance the optics chosen is a FOBO structure, with com- 2 MODEL

bined function defocusing bending magnets. The phasethe question arises if something can be learnt from the

advance per cell of 13Sis close to the optimum value  5ccentance variation near different low-order resonances.

for minimum transverse emittance. Since the disper- 1 answer this question, we consider a simple model in
sion function is small and the chromaticity high, the sex- 11 gegrees of freedom, consisting of a single nonlinearity
tupoles are strong. Therefore, the dynamic aperture of 5.4 4 jinear rotation. For example, if the nonlinearity is a
linear-collider damping rings has been a concern, and 'tssextupole, this map reads

study is one of the reasons for building the ATF.

In 1998, the ATF beam lifetime was limited primarily z; cos2rQ  Bsin2rQ
by elastic beam-gas scattering [2]. We have taken advan- ( ! ) = ( —Lsin2rQ cos2mQ > X
tage of this and developed a procedure [3] to infer the :
effective transverse acceptance from simultaneous mea- X ( , xlf 5 ) (1)
surements of the time-dependent beam current and the Ty — gks;
average ring pressure. Various results were presented i
Refs. [3, 4].

Figure 1 shows the measured acceptaAces a func-
tion of the horizontal tuné),., where the acceptance is
defined byA = r?/3, with r the effective dynamic
aperture at a point with beta functigh The horizon-
tal tune was varied by changing the strength of the main

X

"“rhe subindices andf refer to the initial and final phase-
space coordinates, respectively,is the linear betatron
tune, 3 the beta function at the sextupole, ahgl the
normalized sextupole strength. A genetalpole would
produce a kickk,z"*/(n — 1)!, wherek, is the nor-
malizedn-pole strength, related to a pole-tip fielt}- at
radiusa as

*Work supported by the U.S. Department of Energy under contract [ - (n — 1)1 By (2)
DE-AC03-76SF00515. n (Bp)an—l




where Bp is the magnetic rigidity, and the length of
the magnet. The Hamiltonian that corresponds to Eq. (1)
reads:

1 o~
=QI+ 2—k—37'3 Z ela?

Hy (1. $.6) -
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g=—00

wherex = /231 cos ¢ with I and¢ the action angle co-
ordinates for the linear system, afithe azimuthal angle
around the ring, here functioning as the time coordinate.
Keeping only the resonant terpfor which (3¢p—gf) ~ 0

and transforming into a rotating frame, this simplifies to

1 ]i73

T4+ =2
+27r6

(¢p—q/3), andAQ; = (Q—q/3) the distance

Hy(L, ) ~ AQs (28)%2 313/2 cos3y (4)

wherey

lga (M

Figure 2: Dynamic acceptance due to a single sextupole
as a function of distance from the 3rd order resonance, for
ks = 1 m~2 andg = 1 m; symbols: tracking simulation;
dashed: the analytical estimate of Eq. (9).

from the resonance. More generally the highest order res-

onance driven by an pole, of the form() — 1/n) = 0,
is described, for odd, by the Hamiltonian

1 k .
~ - n/2 /2 ...
H,(Ly)~AQ, I+ 5 mion=1 (26)"/= 1= cosni
®)
and, for evemn, by
HTL(I‘/w) ~ AQH I+ (6)

1k,

27 n!

cosny +

(26)71/2]71/2 (

(n— 1N
n!! )

whereAQ),, = (Q—1/n) is the distance to the resonance,
(2k)! =2-4-...2k, and(2k — 1)1 = 1-3-...(2k —1).

2n—1

simulation, many particles were tracked over 5000 turns
and the square of the maximum stable start amplitude was
taken to be the dynamic acceptance. Simulation and ana-
Iytical estimate agree well.

An octupole magnet does not only drive thét reso-
nance, but also the/2 resonance. The Hamiltonian for
this case is

Y o A Ky 00 fCOS2¢ 3
(L) % 8Qa T+ 5220y (5242
(10)

where AQ) (@ — 1/2). Again from the condition
that the maximum or minimum value of the instanta-

We can estimate the dynamic acceptance as that valud'€ous tune exactly corresponds to the resonaeag,

of I for which the instantaneous tufiéf /91 experienced
at either of the two extreme pointssny = +1 or —1,
is equal tad. Solving forI, we can estimate the dynamic
acceptance induced by arpole near the resonan¢@ —
1/n) =~ 0. For oddn we find
e
) ™

n—2

(8)
)

I~ 47| AQ,| (n — 1)12n1
" (26)" 7k

and for evem

Ioa 47| AQ,| (n — 1)!
da ™~ 9 1 (n—1)1!
(2ﬁ)n/'kn (2"—1 -

n!!
Herel,, is the value of the action variable at the limiting
aperture.
For example, if the third integer resonance is driven by
a single sextupole of strengfhy, in the vicinity of this

resonance the acceptance should be a quadratic function

of AQs = (@ — 1/3), namely

. (167rAQ3>2
W\ V202

where/3 is the beta function at the sextupole.

)

agrees well with the result of a tracking simulation. In the

OH/OI = 0 for cos 2y = 1 or —1, we can crudely esti-
mate the dynamic acceptance néap, = (Q — 1/2) =~

0, namely
481 |AQ2|
lig = | ———
Tky3?
where/ is the beta function at the octupole, ahdthe
octupole strength. Figure 3 compares the analytical ex-
pression, Eq. (11), with a tracking result. The agreement
is reasonable.
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Figure 3: Dynamic acceptance due to a single octupole as
a function of distance from the half-integer resonance, for
ks = 1 m~2 andB = 1 m; symbols: tracking simulation;
Figure 2 shows that the analytical expression, Eq. (9) dashed: the analytical estimate of Eq. (11).



3 ATF DATA

Figure 4 shows an enlarged view of the measured dy-
namic acceptance negf =~ 1/3 resonance. The mea-
sured acceptancé defined above is equal &d,,,. As-

suming that the acceptance near the 3rd order resonance

is dominated by a single sextupolar field located some-
where in the ring, we can estimate the strength of this
sextupole, by fting the data to the expected quadratic
dependence, Eg. (9). The fit result is
A=2I, ~3x10"* m(AQ;)? (12)
By comparison with Eq. (9), and for a typical beta func-
tion 3 ~ 5 m, this corresponds th; ~ 130 m~2. As-
suming a magnet length of 1 m, radiws= 12 mm, and
beam energy 1.27 GeV, the equivalent pole-tip field is 0.4
kG, or 4% of the main dipole field. For a magnet length of
6 cm and 16 mm bore radius, the equivalent pole-tip field
would be 9 kG, more than half the strength of a regular
ATF sextupole.
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Figure 4: Measured dynamic acceptance of the ATF
damping ring as a function of distance from the 3rd or-
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Figure 5. Measured dynamic acceptance of the ATF
damping ring as a function of distance from the half-
integer resonance; symbols: measurement; dashed: fit to
a linear function, according to Eq. (11).
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4 CONCLUSIONS

We have described a simple method for estimating the
nonlinear field content of a storage ring from the mea-
sured variation of the dynamic acceptance near low-order
resonances. The method was tested for a simple 2-
dimensional map, where it gave promising results. Appli-
cation to the ATF damping ring, using (sparse) measure-
ments taken near the 1/3 and 1/2 resonance, indicates a
large nonlinearity consistent with sextupole and octupole
pole-tip fields of about 0.5 kG and 10 kG, respectively,
over 1 m length.
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