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EVALUATION OF THE DYNAMIC APERTURE OF TARN II
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Absgtract

Beam tracking has been performed for TARN II in-
cluding the intrinsic sextupole components in the
dipole magnets, which are smaller than 0.18 1/m? and
the horizontal acceptance of 300 » mm. mrad is as-
sured. The real structure of the field boundary
requires almost twice as large as field gradient for
vertically focusing quodrupoles compared with sharp
edge model.

Introduction

An ion synchrotron - Cooler Ring, TARN II has
been under construction since 1984 at Institute for
Nuclear Study, University of Tokyo. Its layout is
shown in Fig.l. It is close to the first beam cir-
culation, which is scheduled at the end of this year.
So as to prepare for such an operation, dynamic beam
behaviour has been studied.

The mean radius of TARN II is 12.4 m and it can
accept ion beams with magnetic rigidity up to 7 T- m,
which corresponds to proton energy of 1.4 GeV. The
injection energy is 20 MeV for proton and 2.7 MeV/u
for Ne, which correspond to the magnetic rigidities of
0.65 T m and 0.47 T- m, respectively. The peculiar
feature to TARN II is rather wide range of excitation
level (15 times) to be covered owing to the lower in-
jection energy from the SF cyclotron with K-number 67
and the minimum injection field level becomes 0.12 T.

The vertical focusing in TARN II lattice is real-
ized by 6 quadrupole magnets (Qp) and edge focusing of
24 dipole magnets (B) whose edge angle is 7.5° at both
entrance and exit. The effect of edge focusing is an-
ticipated to be affected by the structure of the
fringing field. So it is important to take the fring-
ing field structure into account in the investigation
of tune diagram.

In the present paper, the field properties of the
dipole magnets by the field measurement are briefly
summarized at first, then the beam tracking including
the sextupole field in the dipole is described.
Finally, the effect of the fringing field structure on

the ring tune is presented. 1,007

Field Properties of TARN II Dipole

It is not the scope of this paper to describe in
detail the field structure and the field measurement!®.
So only the necessary results to perform the beam
dynamics study are to be presented.

Evaluation of the Sextupole Components

In Fig. 2, the typical structures of dipole field
at various excitation levels obtained by flip coils
are given. At field levels below 1.5 T, the sextupole
components at the inner part of the magnet {measured
with CENTER COIL) are small except for the lowest
field level of 0.12 T, where the sextupole component
at the inner part (B"/Bp ) becomes -0.06 (1/m3) due to
the presence of the remanent field. At the maximum
field level of 1.9 T, the sextupole component at the
inner part becomes as large as -0.12 (1/m3?)due to the
effect of saturation of the iron core. The integrated
sextupole component { /B~ ds/Bp ) is also measured
with LONG OOIL simultaneously, which are -0.11 (1/m?)
and -0.18 (1/m2) for the field level of 0.12 T and 1.9
T, respectively.

Because the quadrupole component is small for
good reflection symmetry of our dipole magnet with H-
type, the cross term between first order components in
A Lo(x) and A B(x) is well assumed to be negligible,
the following relation holds

[B(x,8)ds
Bp

- Lo Alo(x) | AB(x)

P [1+ Lo + Bo ] » @)
where A Lo{x) and A B(x) are the differences of the
effective length{Le) and the inner field strength(B)
of the dipole magnet at the radial displacement of x
from the ones at x=0, respectively. Utilizing Eq.(1),
the sextupole component due to the curvature of the
field boundary (A Lo"(x)/Lae) can be derived from the
sextupole components measured with LONG COIL
( /B"{(x,s)ds/ /B(0,s)ds) and CENTER COIL (B"(x)/Be).

In table 1, thus obtained sextupole components are
listed up for various excitation field levels.
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Fig. 2 Field Structure of TARN II Dipole Madgnet.
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Table 1
Sextupole Components in Dipole Magnet

Excitation Magnetic Sextupole Components {1/m2)
Current (A) Field (T) Integrated Inner Part Edge

{/B"ds/Bp ) (B"/Bp) (ALo"/p)
200 0.125 ~-0.11 -0.063 -0.024
1500 0.930 -0.04 0.011 -0.025
2500 1.55 -0.06 -0.026 -0.017
3000 1.74 -0.11 -0.074 -0.018
3500 1.90 -0.18 -0.116 -0.032

Fringing Field Structure

As shown in Fig. 3, the structure of the fringing
field is measured by a Hall probe (Siemense FC 33)
with temperature controle (Solid Line). Such a struc-
ture is also measured by a small flip coil (10 x 10
mm?) which can be slided in the direction of magnet
axis (Black Circle). Consistency between both systems
are checked and is found to be very good.
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Fig. 3 Structure of the Fringing Field. (Solid Line;
Measurement by a Hall Probe, Dashed Line; Calculation
by TRIM, Black Circle; Measurement by a Flip Coil)

Beam Tracking

Beam tracking has been performed with use of MAD
code? utilizing sextupole components given in Table 1.
The sextupole component becomes maximum at highest
field level of 1.9 T, but for this condition the beam
size becomes rather small due to the shrinkage of the
unnormalized emittance of the beam during accelera-
tion. On the other hand, at the injection energy, the
beam size is maximum and the sextupole is fairly large
because of the remanent field. So the beam tracking
was performed for the field levels of 0.12 T
(injection) and 1.9 T (maximum energy).

In order to take the sextupole component in the
dipole into account, the dipole magnet is virtually
devided into 8 parts and thin sextupole with the
strength of B"Lo/4Bp (SXC) is inserted as illustrated
in Fig. 4. The effect of A Los"/Lo is taken into ac-
count by attaching thin sextupoles of the strength of
ALo"/2p at the entrance and exit (SXE).

The starting coordinates are given at the center
of the long straight section where the lattice has the
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Fig. 4 Sextupole Components inherent in Dipole Magnet.
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x'x v'y, Fig. 5 Starting
Coordinates
for Track -
ing. Eight
\_ particles
(4 x 2) are
tracked.

reflection sy}lgmetry and a x ,a y and 5’ are zero. In
order to invesigate the effect of phase relation when
these particles pass through the sextupole fields,
starting coordinates in phase spaces are given as il-
lustrated in Fig. 5. So as to evaluate the dynemi-
cally useful aperture of TARN II ring, the tracking
was made for the various values of xo at the operating
point of (1.755,1.202). 1In Fig. 6, an typical example
of such tracking is shown. As is known from the
figure, the beam motion is bounded even after many
turns. However the maximum beam size becomes larger

because of the kick by the sextupole field. Such kick
is written as
dx| _ _dx| . _ B'L , > .2
ds i 2 ds l1 2Bp (x ¥4l
" (2)
dy| 4y BL
dsl: ds |y Bp y .

The kick in (x-x’) phase space is almost cancelled
after several turns because it does not include the
betatron oscillation phase but only amplitudes, while
the kick in (y-y’) phase space includes the phases of
betatron oscillations in x and y directions and add up
to much larger amount (Fig. 6). Such a situation
during 200 turns is shown in vertical transverse phase
space in Fig. 7. In Fig. 8, the ratio of the emit-
tance after thege kicks (& ) to the initial one (& o)
is plotted to xo. Although the beam emittance in-
creases in vertical direction, the beam emittance does
not exceed the vertical acceptance of 30 z mm- mrad in
the xo region of (-0.05 m, 0.05 m) corresponding to
the acceptance of 300 sz mm- mrad in horizontal direc-
tion.
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Fig. 6 Example of Beam Tracking. Initial values are
92 and 9 mm. mrad for g y and g y, respectively.
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Fig. 8 Emittance Increase due to the Intrinsic Sex-
tupoles in the Dipole Magnet for Various
Starting Coordinates.

Effect of Fringing Field on Ring Tune

The effect of the fringing field is treated by K.
L. Brown? in TRANSPORT code using the integral

ds .

K, =jB,(s) [By - By(s)] 3)

gBo?

This integral is numerically obtained from the
measured data shown in Fig. 3, which resulted in 0.65
in good agreement with the value of 0.7 given for un-
clamped Rogowski magnett.

The correlation between focusing strength
{k=G/Bp ) of the quadrupole magnets and ring tunes is
investigated both for real structure of the field
boundary and sharp edge approximation. As shown in
Fig. 9, the field gradient needed to realize the same
tune value for the case of real field boundary struc-
ture case is almost twice of that for the sharp edge
case. It should be noted that if we utilize the sharp
edge model for TARN II case in determination of the
field gradients of quadrupole magnets, the tune error
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Fig. 9 Correlation between Focusing Strength of the
Quadrupole Magnet Families and Ring Tunes cal-
culated with real Field Boundary(Solid Line)
and Sharp Edge Approximation(Dashed Line).

in vertical direction (A Qy) amount to ~ -0.19, which
might be very dangerous from the point of view of
avoiding the resonance.

Such comparison is made also for TARN I, whose
dipoles have normal entrance and exit. In TARN I
case, the field gradients to realize the same operat-
ing point agree within a few percent between the real
field boundary case and sharp edge approximation. So
the sharp edge approximation is a good model only for
the lattice with no edge focusing and careful study of
fringing field structure is needed if the lattice as-
sumes finite entrance and exit angle for the dipole
magnets, This situation is particularly true for a
small ring with small radius of curvature ,p .
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