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Abstract 2 INTEGRABLE OPTICS

Los AIa;rc])IsS &Nasggdgré?o?gfoa:ze;hSir:hr?sgg;j tgft:‘hgne particularly simple class of integrable optics applies
. . 9 9 ; So axially symmetric magnetic fields. Under certain
electron-proton (e-p) instability. The approach is to use

! . conditions, solenoid lenses can be used to construct these
a solenoid lens system to increase the Landau dampin

and betatron tune spread, without producing betatr m?egrable maps for circular rings. To apply this to the

. PSR, the lattice must meet two conditions: (1) the
resonances or energy spread that would necessitat ; . ) X .
. . Solenoid lenses must be installed in a straight section at a
increased aperture. This study rests upon the conceptlg

. . S .- location with B, = B, so that a beam with equal
integrable optics, which is a branch of Hamiltonian . Lok B .

X . . . emittances is round; and (2) the fractional tunes of the
dynamics that determines how to modify dynamic;

o o , ring in both planes, without the solenoids, must be either

systems to obtain integrable Hamiltonians having regul%r o o
25 or 0.75. Once these conditions are satisfied the

phase space maps and no chaos. For such cases, the ]
particle trajectories, when integrated as functions of tim@gular momentumM = xCpy -y Cpy, an integral of
and initial conditions, follow invariant surfaces. Inthe motion, will be conserved by the axial symmetry of
essence, the maps are similar to linear maps with thige system. M will also be conserved in the linear
addition of a betatron tune spread; however, thetorage ring structure.

magnetic fields required to obtain such maps are There is an additional invariant of motion,
complicated. which is conserved for all values of the angular
momentum whenever the nonlinear kick is axially

1 INTRODUCTION symmetric and the change in radial momentym is

Prior to the recent upgrade program, the average begfijen by Ap; =-blr/(1+alr?), where a and b are free

current in the PSR was limited to /@, at 20Hz and - ;
I b arameters [2]. Throughout, the normalised variables,
2x 10" protons/pulse. At this intensity, the threshold fof [2] ughou ! vatl

the PSR e-p instability limits further current [1]. TheXn =X/+/Bx.¥n =Y¥/,/By . are used along with the

PSR e-p instability limits the performance of thésame normalization for radial variables. If the linear
LANSCE facility and provides a fundamentalransfer matrices for one turn around the ring for both

uncertainty and risk to the performance of a newWgrizontal and vertical normalised variables are given by
spallation neutron source such as $NS Prgect.

One of the potential explanations of thierro1 éElthen,the invariant after the above lens is:
instability is the large electron charge in the vacuu

chamber, produced by multipactoring and other effects.

It has been found [1] that increasing the betatron tungn,pr)=(a@nz+])mrn+pr)z+bmnmrn+pr)+(rn2+w|2/rn2)_ (1)
spread using octupoles increases the instability threshold.
In particular, increasing the betatron tune spread kﬁ

: ure 1 plots the invariant surfaces given by Eqg. 1. In
about 0.01 could increase the threshold by about a fac der to rgodel the PSR with an apergtlure of );bo(lljt 5 cm
of three. Unfortunately, octupoles excite nonline h ’

Ahe x coordinate unit scale in Fig. 1 is 10 cm. For this

resongnc_es that. lead to an uncontrolied begm loss. Evc%{fculation the angular momentum is equal to zero and
so, this is an important result because it shows th

o - L . e coefficients in scaled units are a = -0.40 and b =
modifying the magnetic fields to increase the tune SPredds 7 The reference orbit betatron fractional tune for
can raise the instability threshold. Increasing the ener th planes is 0.35 with the solenoid present
spread can also increase the tune spread in the PSR; The sfable motion is bounded. by two

however, this is not a viable solution because of th&fparatrices, which occur at the points:

limited horizontal aperture. We propose to use a specia

nonlinear element to increase the betatron tune spre@.ﬁ@,-z (b‘a/zg and ( ©-3/ (b‘a/%g, (2)
without introducing nonlinear resonances. We call such e Z

a system ‘“integrable”, though in general, phase space

from integrable systems can contain resonances.
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Horizontal phase space with “integrable’ lens

whereH g is taken from Eq. 3. Finally, Egs. 4 can be
combined to yield:
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Fig. 1 Phase space motion in the integrable cell. Ththe force term on the L.H.S. of Eg. 5 is just the
contours represent motion with initial conditions fromcentripetal force, which always appears in cylindrical
the closed orbit up to the limit of the dynamic aperture. coordinates. The first term on the R.H.S. is a linear
function of the longitudinal field derivatives, and its
These two points are critical points of the Eq.1 invariarihtegral is zero because the function at the ends is zero.
and define the region of stable phase space. If, f@onsequently, only the last term of the R.H.S. is of
example, the beam occupies half the aperture, then tingerest, and is denoted by:
tune spread is found numerically to be 0.006 and is close
to what is required. This increase in tune spread is
: " e toe. o @8 1 0@ s

produced without exciting any betatron resonances. HK(r,9=—(—(H") [+ H" " ~(—H"H ") +
we take into account only the octupole term, the formula p 4 8 128
for tune spread is:Av=3/820H) EbEa@O=6EL03 for iEQH(Z’)Z)HSﬂi HO 30 +iDH(2’ []H(4))[]7—..)
emittances, = 20010 *mtad. 256 4608 768

We must form the lenses using an axially symmetrighere H™ is the n-th derivative of the longitudinal
magnetic structure in order to preserve anguldield on the axis.
momentum invariance. All the fields in such a system The radial kick can be obtained by integrating
can be calculated from a single function H(s), theK(r,s) over s, regarding the radius r as a constant. The
longitudinal magnetic field on the axis of the lens, whiclintegration yields, where we ignore the centripetal force
corresponds to the reference orbit. The longitudinand consider only the kick from the magnetic field:
magnetic field in all space is then [3]:

2

3
N & P @2, T W2
S (D en 2n Ar ‘_z(‘;_LSH ) ds‘;_{é“ )" ds
H(S.r)—ngo(n!)2 M (9Qr/2, 3) p ] (©)

[o0) 7 (o)
_ _ o o L ;(H(Z))Zols—E FH®)2ds- )
where r is the radius from the axis, s is the longitudinal 256 —= 4608 —=
coordinate, and the superscript (2n) denotes the 2n-th
derivative of H(s) with respect to the coordinate s. ] . ) .
Calculation of nonlinear kicks through third order from2-1 Physics Design of Axially Symmetric
such a lens was made in [4]. Here the exact expressididegrable Lens from Solenoids

for the nor_1I|near k'ck will be use(_j. . Now let us construct the integrable lens from one-wire
The radial and azimuthal motion of a particle can b

described by the two simple equations: €oils. The magnetic field from a one-wire coil on the
y Pl €q ' symmetry axis is:

RN o2, 2 2
r'-rg(g+elHg/p) =0, &=y /r"~e@/2prn”), (4) H[resia]=2m107 1[Amp] R2 K(R? +s%)%'2, 7)

where the derivatives are taken on the longitudinalhereR is the radius of the coil,is the current, andis

coordinate, and,f, are the azimuthal and initial the longitudinal coordinate with respect to the coil. It

r?gs found numerically that two coils with the same

longitudinal coordinate dependence can be utilised to

r produce the needed nonlinear lens with very good

magnetic flux and is equal toe = 2miHs rdr's  accuracy. A ninth order Taylor expansion of the kick on
the radial coordinate found relative coil radii Rfand

azimuthal angle of the particle, and the same notation
used for the radius r. The symbal stands for the
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1.5R and relative currents éfand—0.65| respectively. area. The fields and current density can be achieved

Fig. 2 shows a schematic view of this lens. with NbTi cable. A more detailed description of the
Now let us write the parameters of this lens in terntalculations can be found in Ref. [5]. The betatron tune

of the inner radiuRR and current. The radial angle spread for this case is 0.004, which is close that needed.

change is: A more expensive superconducting variant could use
lower temperatures and higher fields to permit operation
current -0.651 at up to 14 T, which would provide a tune spread four
/[\\\ current ! times higher. Another variant is a pulsed lens with the
< < ( = > ) @ magnetic field up to 20 Tesla.
\\ \} 2 Magnetic field in the lens, T

vacuum chamber

Figure 2: Schematic view of nonlinear lens
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where r_ (m) is the Larmour radius corresponding to

the maximum magnetic field at the axis. The ratio of all i
successive pairs of coefficients is nearly constant, and is %" % "2 ® 4% s e 1 s e 100 10

equal to 0.9G: 0.02. This provides the value af for _ Longitudinal coordinate, cm _
_ 2 o Fig. 3. Magnetic field in superconducting solenoid
the kick: a = -0.908 / R™. The coefficientb for the

same kick is0.073(R B /1] . 5 CONCLUSIONS
To obtain a linear shift from this lens the coefficient ) )
b, as shown in Fig. 1, must be 1.17. Substituting thihe use of a solenoid lens to increase the betatron tune
spread, and hence Landau damping and the threshold of
the LANSCE PSR instality has been studied. Such a
PSR, we obtainry =02m, D =5cm for the Larmour |ens could increase the threshold without producing

radius and dynamic aperture, respectively, and the citatron resonances or energy spread that would require

parameter value® = 0.05m, g = 10m appropriate to the

current is: increased aperture. It is found that such a lens could be
v . 6 fabricated, but the required field shape and intensity
I(A) =—[EGeV R(M)/06m0 [ (M)=2010 A. would require the use of superconducting cable.
Cc
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