© 1973 |EEE. Personal use of this material is permitted. However, permission to reprint/republish this material
for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers
or lists, or to reuse any copyrighted component of this work in other works must be obtained from the |EEE.

PARAMETER STUDY OF THE “INVISIBLE” LONG STRAIGHT SECTION FOR SYNCHROTRONS*

Philip F. Meads, Jr.
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Summary

A symmetric inseretion containing an unusually long un-
obstructed drift space is described.! A consequence of its
identity transfer properties in the radial plane (27 betatron phase
advance) and its transverse reflection properties in the vertical
plane (7 betatron phase advance) is its invisibility , neither disturbing
the betatron oscillation in either plane for particles of synchronous
energy nor disturbing the closed (equilibrium) orbit properties for
particles of different energy. Because of the different phase
advances in the two planes, the insertion can be designed so that all
of its six quadrupole magnets lie at the extreme ends of the insertion.
This leaves all of the drift space, excepting only that portion
required for coil terminations, etc., in a single unobstructed drift
space. A thorough parameter study with linear and aberration
properties through third order is reported.

Introduction

The w-27 invisible long straight section insertion differs
previcus long straight section insertions in two significant ways.
It is synumetrical with tegard to component placement relative to
the midpoint whereas the other insertions are antisymmetrical. The
7-27 insertion is asymmetrical with tegard to the betatron phase
advance in the two transverse planes. Because of this latter property,
it is possible to place all of the quadrupole magnets at the ends of
insertion, leaving all of the drift space—uninterrupted—in the center
of the insertion. The insertion consists of two symmetrically
placed asymmetrical quadrupole triplets designed to provide an
identity transfer matrix in the radial plane, including the relative
displacement of the off-energy equilibrium orbit, and a reflection
matrix in the vertical plane (r phase advance). Given these condi-
tions, there are, in addition to the lengths of the quadrupole
magnets, three free parameters. These are best defined as (1) the
total length of the insertion, (2) the length of the unobstructed
central drift space L, and {3) the radial magnification m at the
center of the insertion. In this study we treat a fixed total length of
15736 meters with quadrupole gradients appropriate to = 800 MeV
protons. For purposes of brevity, the effective lergth of the quad-
rupole magnets is fixed at 0.3048 meter (12 inches) although
different lengths, including unequal lengths, have been studied.
The task is then to describe the insertion as a function of the para-
meters Lo and m. We restrict the discussion to the normal permu-
ration which is defined as that possessing symmetry about the
midpoint and for which the length of the central drift space exceeds
twice that of the end drift spaces. Elements of such insertions may
be permuted to provide nonsymmetric 7-27 long straight sections
that may be more appropriate for matching into a particular ring
lattice.

Certain Properties
At the midpoint of the insertion the radial and vertical
transfor matrices are
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Here F is the focal length in the verticul plane of one of the triplets.
Let P be the aspect ratio of the beam at a waist; ie. B is the ratio
of the maximum displacement to the maximum slope. (This is
cquivalent to the Twiss @ function when the waist is in a closed
lattice.) Let the subscript ¢ denote a condition at the midpoint.
Let the subscript O dernote a condition entering the insertion. Then

Pc = m1‘ PD
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Optimal Matching

iet T be the transfer matrix from point 0 o some
arbitrary point where the Twiss B function is to be minimized. We

have P:__rnz P, + T;:’é;

The condition on pu that minimizcsp is

~

{radial plane); (2)

{vertical plane). (3)

(4)
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The minimum value of ﬁ' is
p=2TuT2 )
in a well-matched insertion with long central drift space, the maxi-

mum aperture occurs (neglecting the finite quadrupole length) at
ends of the central drift space. This maximum is minimized when
there is a waist at the center of the insertion with [< N =hal.
Then the maxinum =Lo. From eg. (2), we find the condition
at the end of the insertion to be (5°=é1‘/‘m2 =L/2m*.  Thisis the
general optimum radial matching condition. Because this represents
a stationary condition, actual failure to match by as much as a factor
of 2 will result in only a 12% increase in radial aperture.

Where we are attempting to obtain a large central drift length,
the end drift lengths are relatively short. Thus, assuming equal
quadrupole apertures, minimum aperture is obtained when

= {9 =L which yields m®=%, (7

Another interesting case is that where the radial waist at

the center is identical to that at the ends: i.e. m=1.

Vertical Plane

The previous remarks apply only to the radial plane. The
maximum vertical aperture occurs in the second and fifth quadrupole
magnets. From numerical work we find that both the optimum
initial and the corresponding maximum value of y are nearly
independent of m and decrease slightly with increasing L.

Two-Parameter Study

Based on the above observation, a number of 7-27 insertions
with four different values of m and with increments of 0.5 meter in
the length of the central drift space have been studied. The para-
meters of interest for this study are contained in Table I. Three of
these inscrtions are sketched in Figure 1. Here the radial beam profile
is shown above the center line whereas the vertical beam profile is
shown below the centerline. The insertions would fit well at the F-F
symmetry point of an FDDF type lattice.

Maximal 7-27 Long Straight Sections

We see from Table I that the objectives of both maximizing
the length of the central drift space while minimizing the central
radial magnification are constrained by the length of the drift space
between the second and third quadrupoles. It is therefore instructive
to set this parameter at some minimum acceptable value and then
study the insertion as the single independent variable (which may be
taken to be either L. or m) is incremented. Such a study is shown
in Table I where this critical drift length has been fixed at 0.2 meter.

As Lc increases the admittance decreases: the admit s
shown are based on having identical quadrupoles with pole-tip fields
equal to 10 kG. The product of the square of the magnetic field
cradient and the function is tabulated in columns 10 und 11.
This indicates what is possible if one allows the quadrupole apertures
to differ. Although the gradient of the first quadrupole gets
enormous, the actual pole-tip field of a minimum-aperture quad
increases only slightly with increasing L.

Rigorous analytic relationships for this insertion have been
derived by Regenstreif.?

tanoa
Lance

Aberrations

The particular synvmetry of the -2 insertion climinates half
of the normal aberration terms.?  There are no generalized distortion
nor coma terms in the displacement nor are there generalized spherical
aberration nor astigmatism terms in the slopes. There ure no second-
order chromatic aberration corrections to the diagonal terms of the
transfer matrices. The aberration corrections to the 12 matrix
clements range from 5 Ap/p meters to 40 Ap/p meters. The smaller
aberrations are associated with larger m  and larger The rms
geometric aberration displacement Ties between 0.02 mm and 0.2 mm
for the insertions shown.
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Fig. 1. Typical Beam Profiles for the 7-27 Insertion

TABLE 1. Parameters of Selected 7-27 Long Straight Sections

Insertion length is 15.736 meters; Quadrupole gradients for 800 MeV protons with 0.3048 meter effective length quadrupoles.

End Drift Q1--Q2 Drift] Q2-Q3 Drift| Center Drift Q1 Gradient Q2 Gradient Q3 Gradient F Beta y—max Beta y—end
meters meters meters meters kG/cm kG/cm kG/em meters meters meters
m=1//2
2522 1.259 1.173 4.000 0.9772 -1.2660 1.2479 3.2 24.34 342
2.194 1.480 1.030 4.500 0.9107 -1.2570 1.2752 3124 24.28 3.18
1.858 1714 0.882 5.000 0.8533 -1.2683 1.3148 3.100 2393 293
1512 1.064 0.728 5.500 0.8026 -1.3036 1.3724 3.052 2330 2.68
1.154 2.234 0.566 6.000 0.7572 -1.3726 1.4589 2976 22.39 241
0.779 2.531 0.394 6.500 0.7158 -1.4984 1.5981 2.869 21.15 213
0.382 2.865 0.207 7.000 0.6773 -1.7482 1.8579 272 1954 1.84
0.047 3.09% 0.067 7.500 0.6889 -2.1195 22251 2.534 18.04 1.53
m=]
2556 1.027 1.371 4.000 1.1396 -1.2812 1.0584 3144 24.09 3.41
2309 1.179 1.216 4.500 1.1097 12720 1.0991 3.154 24.01 3.22
2057 1.336 1.061 5.000 1.0671 -1.2778 1.1475 3147 24.09 294
1.799 1.497 0.907 5.500 1.0300 -1.2997 1.2065 3.123 24.00 274
1.536 1.665 0.753 6.000 0.9973 -1.3412 1.2807 3.080 23.70 2.52
1.266 1.842 0.5%6 6.500 0.9681 -1.4094 1.3780 3016 23.16 2.30
0.987 2.030 0.437 7.000 0.9417 -1.5191 1.5142 2.929 22.37 2.08
0.698 2.234 0.272 7.500 09175 -1.7063 1.7255 2814 2130 1.84
0.396 2461 0.096 8.000 0.8953 -2.0877 21291 2.666 1991 159
m=y/2
2.395 0.945 1.614 4.000 1.2964 -1.2609 0.8764 3.113 24.11 3.19
2.208 1.054 1.442 4.500 1.2699 -1.2571 09212 3126 24.31 3.03
2017 1.163 1.274 5.000 1.2495 -1.2648 09723 3126 24.35 287
1.823 1.272 1.109 5.500 1.2341 -1.2845 1.0315 3112 24.22 270
1.625 1.381 0.948 6.000 1.2231 -1.3178 1.1014 3.084 24.20 2.53
1.423 1.492 0.789 6.500 1.2157 -1.3680 1.1859 3.042 24.10 2.29
1.218 1.604 0.632 7.000 1.2118 -1.4411 1.2916 2982 23.82 2.10
1.008 1.719 0.476 7.500 1.2109 -1.5482 1.4303 2905 2334 1.92
0.794 1.540 0.320 8.000 1.2130 -1.7132 1.6263 2.807 2263 1.72
0.573 1.969 0.162 8.500 1.2180 -1.9980 1.9418 2.684 21.67 1.51
0.368 2.062 0.023 9.000 1.2568 2.5000% 24651 2.534 20.57 1.31
m=2
2117 0.647 1.890 4.000 1.4118 -1.2215 0.7264 3.037 2425 2.88
1.974 1.028 1.702 4.500 1.4085 -1.2238 0.7687 3047 24.62 2.76
1529 1.106 1.519 5.000 14111 -1.2349 0.8164 3.048 2487 2.62
1651 1.1s1 1.342 5.500 1.4192 -1.2552 0.5709 3038 2499 248
1.531 1.254 1.169 6.000 1.4326 -1.2860 09340 3017 2497 234
1.379 1.324 1.001 6.500 1.4511 -1.3291 1.0080 2984 24.80 219
1.392 0837 7.000 1.4749 -1.3875 10967 2539 465 193
1458 0.677 7.500 1.2040 -1.4665 12059 2880 24,54 1.84
1.522 0.521 §.000 1.5390 -1.5760 1.3453 2.807 2426 1.68
0.36% £.200 1.580¢ -1.7229 1.8333 2716 23.80 P52
0.216 9.000 1.6295 -1.9779 1.5108 2.607 2314 1.35
T linear program ming constraint
TABLE II. Parameters of Extreme 7-27 Long Straight Sections
Q2-0Q23 Drift =0.200 meters (the constraint): Total length and gradients are as in Tablc 1.
mn Center End Q102 Q1 Q2 Q3 beta x beta y B onax B max X | v
Drift Drift Drift Gradient}  Gradient] Gradient| maximum]  maximum radial vertical | admittunce  admittance
l, meters neters meters kG/em kG/em kGlem meters meters kgz/m kG2 /m cni- mr 1 Cm—inr
070124 70 0.3607 2.863 0.6712 —1.7596 1.8714 7.136 19.45 0.2451 0.06022 40.79 [6.6]
SIS Aele} 75 0.5277 2476 0.582095 —1.3055 [.B605 7500 20.38 (3.2596 06644 RETR 1505
Pl ad 5.0 0.6129 2441 1.0304 -1.2027 1.852% %000 21.27 0.2740 0.7380 3641 13.55
SIS NE R M5 0.6230 | Bt L2818 ~1.9287 I.6479 5.5040) 2213 0.2903 (3.8230 34.45 1215
N0 PRy 0.3763 1.677 1.5794 - 2.0036 1.84K1 9.000 2297 0.3074 09222 3253 10.84
0.5 .4953 1.508 20032 -2.0910 1.55609 9500 23184 0.3276 L0424 2053 .59
[WR¥ (307 1.355 2.5432 - 21975 18781 13.000 2475 03527 1982 RS =3
10.5 (.2994 1.204 3.2893 -2 19150 10.500 2571 C.3850 1.3991( 2597 7.3
P10 0.2057 1R 43615 1.9710 1000 26.68 04273 1.6834 2340 S04
LS 0.1217 (3.3h2 S9718 20505 11.500 27.61 O 4R 38 20998 20,08 1.76
t2.4 O.0485 0.705 8.5378 --3. 21583 12.000 28.76 27555 [ 3.59
15 - {1 OO T (.50%8 119367 ~3.0700 2.3137 11592 27.58 3. 7096 270
13.0 0.0692% 0323 97437 $.6263 2.5039 12071 26,16 S0O047 1.25
i virtnal eod drifts—included for completeness only
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