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Amplitude Function Mismatching and Correction
of LEB-MEB Transfer Line

N. Mao and R. Gerig

Abstract

The LEB-MEB transfer line at the Superconducting Super Collider Laboratory plays an
important role in the amplitude function matching between the Low Energy Booster (LEB) and the
Medium Energy Booster (MEB). Amplitude function mismatching due to LEB and MEB
amplitude function variations and transfer line quadrupole gradient errors is analyzed statistically.
The correction for the amplitude function mismatching by using the B-matching section in the
transfer line is studied.
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1.0 INTRODUCTION

The LEB-MEB transfer line! at the Superconducting Super Collider Laboratory transports
12-GeV/c proton beam from the Low Energy Booster (LEB) to the Medium Energy Booster
(MEB), as shown in Figures 1 and 2. The transfer line plays an important role in beam
position matching, amplitude function matching, and dispersion function matching between
these two boosters. The design amplitude functions at the LEB extraction point and MEB
injection point are listed in Table 1. But the amplitude functions in the LEB and MEB rings
may vary because of field errors and magnet misalignment in the rings. And the transfer
matrix of the transfer line may also vary, because of quadrupole gradient errors. All these
variations may cause amplitude function mismatching at the MEB injection point. The
corresponding emittance dilution factor is

Fg = 1+05(Bo/By (1 -Bi/B? + (B1/Bey ~ )?)
0.5 (Byv2 + Bav1 — 20402),

where

¥ (1 +a?/B

and subscripts 1 and 2 denote the quantities without and with error effect, respectively. If emit-
tance growth of less than 1% is required, | 0ty ~ 01 | should be less than 0.141 when B = B4, and
B1/B, should be larger than 1/1.063 and less than 1.063 when o} = @, in the horizontal plane. As
we can see later, these matching requirements are not easy to meet. Therefore, a correction for -
mismatching is necessary. The effect of these errors on the amplitude function mismatching and its
correction is studied using the codes TRANSPORT? and EAC (specially for beam line error
analysis with a statistical method).?

Table 1. Design Amplitude Functions.

LEB E’(‘::;Z“E")" Point | MEB injection Point
B, (m) 4.722 51.0927
oy -0.0895 -2.095 88
By (m) 22.223 14.4003
o, 0.3698 0.731 054

2.0 LEB AMPLITUDE FUNCTION VARIATIONS

If B-function variations at the extraction point of the LEB ring are ABy/Bg = £20%, the analysis
shows that the maximum o- and -mismatching at the MEB injection point are 0.3 m and 4 m,
corresponding to an emittance dilution of 2-3% (the upper part of Table 2). The f-functions along
the transfer line for AB,o/B.o = AB,/Byg = —20% are shown in Figure 3 (solid line for B, and
dashed line for B,). The MEB injection septum magnet (SEP3) has the smallest horizontal
acceptance in the transfer line. The B, value within the septum magnet increases by 7.07 m due to
ABxo/Bro = AByo/Byo = —20% errors. It corresponds to a horizontal beam size increase of 1.6 mm if
the normalized emittance of the beam is 36 n-mm-mrad (33 test beam).



In the transfer line there is a B-matching section, consisting of four independent quadrupole
components (dual quadrupoles QFMI, 2, 3 and single quadrupole QFM4, Figures 1 and 2).
Readjusting the gradients of these quadrupoles may correct the B-mismatching at the MEB
injection point, as shown in the lower part of Table 2. The corresponding maximum gradient
change needed for correction in the B-matching section is about 13%, and the maximum gradient
is 13.67 T/m, less than the nominal value of 15 T/m. The beam envelopes after correction for AB, ¢/
B0 = ABy/Byo = —20% are given in Figure 4; the beam size within the MEB injection septum
magnet decreases to its normal value.

3.0 MEB AMPLITUDE FUNCTION VARIATIONS

The variations of MEB lattice functions due to field errors and misalignment have been
simulated.*> The results show that the B- and o-errors at MEB injection point may reach up to
10%. If the LEB and LEB-MEB transfer line operate in ideal conditions, the maximum emittance
dilution factor will be 1.10 for different combinations of 10% [- and a-errors in MEB, as shown in
Table 3.

By using the B-matching section in the transfer line, the B-function mismatching due to MEB
errors can be entirely corrected. Table 4 lists the maximum gradients (G,,,) in the B-matching
section required for the correction. Obviously, all the gradients for different error combinations are
lower than the nominal value of 15.0 T/m.

The B-functions along the transfer line after the correction for a combination of 10% - and
~10% B-errors are shown in Figure 5. The maximum f, function downstream of the B-
matching section reaches up to 118 m, 15 m larger than the design value of 103 m. It is
unacceptable because of the limited magnet aperture. Therefore, the B, and ¢, errors at MEB
injection point have to be reduced. Simulations show that the maximum f3, will decrease to is
103 m and 94 m, respectively, if B, and o, errors are reduced to 7% and 5% (Figures 6 and 7,
Table 4). In order to leave some margin, 5% B, and o, tolerance is suggested. As for By and o,
errors, 10% errors are allowed in view of By values aleng the transfer line, as shown in Table 4.

The B-function within the MEB injection septum magnet (SEP3) will increase by about 3 m,
due to 5% B, and o, errors and 10% B, and o, errors. It corresponds to an increase of about 1 mm
in the beam size (36 ®-mm-mrad beam).
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4.0 TRANSFER LINE QUADRUPOLE GRADIENT ERRORS

The rms gradient tolerance of the transfer line quadrupoles is required to be 0.1%.5 According
to the statistical simulation (Code EAC, Run LEB645EQ2), the emittance dilution in the MEB due
to gradient errors is about 0.4% (99% events, Table 5 and Figure 8); it meets the emittance budget
requirement. In the simulation, the gradient errors of all quadrupoles are randomly chosen with an
rms value of 0.1% (1000 seeds), and the dilution factors reflect 99% random events.

Table 5. Quadrupole Gradient Error and Emittance Dilution.

AGIG AFy AF, Run
{rms) (99% Events) (EAC)
1x1073 0.37% 0.40% LEBB45EQ2
2x1072 1.5% 1.6% LEBB45EQ3
1x 1072 39% 41% LEB645E01

The quadrupole gradient error mainly consists of setting error, regulation error, and ripple. The
setting error may be as large as 1%; therefore, an evaluation of the effect of 1% error on the emit-
tance dilution in the MEB is made. The statistical simulation results show that the dilution due to
1% error is about 40% (Run LEB645EOQ1, Table 5 and Figure 9), far beyond the budget. A few
measures are being considered to solve the possible problem, such as:

1. quadrupoles in the transfer line FODO array (downstream of the B-matching section,

12 quadrupoles in total) powered in series;

2. fine calibration for the quadrupole excitation curve;

3. use of beam position monitors to measure transfer matrix elements (x/0) and {¥/¢), and

then correcting the quadrupole gradients;

4.  use of B-matching section in the transfer line to correct the B-mismatching due to the

gradient errors.

The last measure is studied here, and it is pointed out that the f-mismatching due to the gradient
error of 1% at the MEB injection point can be corrected by using the B-matching section of the
transfer line. The details of the simulation are as follows:

1.  Quadrupoles with random rms gradient error of 1%

Some seeds are selected for correction simulation of 1% rms gradient error (Runs
LEB640E24-35). The results show that without correction, the B-mismatching at the
MEB injection point reaches up to 16 m, corresponding to an emittance dilution of
about 40% (the upper part of Table 6). Figures 10 and 11 are the B-functions along the
transfer line for gradient error seeds 358084 and 321454. The results also show that
the mismatching of this magnitude can be entirely corrected by the 3-matching section
(the lower part of Table 6). The maximum quadrupole gradient required for the
correction is 13.9 T/m.



2. All the quadrupoles with the same gradient errors of £1.0%

If all the quadrupoles in the transfer line have the same gradient errors of +1%, the
stimulation (Runs LEB640E0Q4, 03, 10, and 11) shows that without correction the
maximum [-mismatching is about 12 m, and the maximum emittance dilution in the
MEB is about 22% (Table 6). The B-functions along the transfer line for —1% gradient
error are shown in Figure 12. The B-mismatching caused by the gradient errors can be
entirely corrected with the B-matching section, and there will be no dilution in the
MEB, as shown in Table 6 and Figure 12. The maximum gradient in the B-matching
section needed for correction is 13.8 T/m, lower than the nominal value of 15 T/m.

5.0 SUMMARY

Using the B-matching section in the transfer line, the following B-mismatching corrections are
possible:

1. LEB 20% B, and B, variations;

2. MEB 5% B, and a, variations, 10% B, and ., variations;

3. p-mismatching caused by 1% beam line quadrupole gradient errors.

The maximum gradient required for corrections is lower than the nominal value of 15 T/m. The
beam size along the transfer line after correction is smaller than the dimension of the magnet
nominal good-field region, except within the MEB injection septum magnet, where the beam size
is 1 mm larger (36 n-mm-mrad beam).
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Figure 1. Layout of the LEB-MEB Transfer Line (efevation view, LEB630 and LEBS17).
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Figure 2. Layout of the LEB-MEB Transfer Line (plan view, LEB630 and LEB917).
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Figure 7. [-functions Along the Transfer Line with Correction for MEB Ac, /o, = 5%,
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Figure 10. B-functions Along the Transfer Line Without (top) and With (bottom)
Corrections for the Mismatching Due to Quadrupole RMS Gradient Error
of 1% (error seed 358084).

17



2 T T 1 1 | 1 T T T l T 1 T T | l 7 i 1 | T T i

[10/11/83 11:03:21 |

) Horizontal
hY
JoN /J\’_/__\__

Illl-l.llll
<7
3
g
e

n{m)
o
F
Fd
A Y
i
'

-1

‘III]IIIF

§;
_l—-—
[ e
[ o |
-
=]
-
= =]
=]
?I 11t Vi

") S S (Y N S R (ST SO N S T T Y S S

150
125

1 1 i | 11
| L.EB-MER Transfar Line,

I T T T T I T T T i T T T

1
Tuna E (LEBS40E27) |

III]llIHI

100

Ill[llll

B (m)

75 -
c

A
~1
Ao, =-0.04 Ac,=1.42 AF,=3.5%
Afy=6.894m ABy= 8.63m AFy =41.1%

n

n (m)
[ ] —r
|lll|ll|l
<3
)
=3
\‘/
-
’I
-
I
o
=
N
o
2
[
Ay
\
[}
1
’
A
Illllllll

4
~
r
]
AY
I

-1

IIII‘III!

125 ) 1 U F [ T T T b | T T T T I T T T T r T T 1 T

100

B (m)

T IIHIIIIIIIIIIIIIII

Q
TIP-05773
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Figure 12. p-functions Along the Transfer Line Without (top) and With {bottom) Corrections for
the Mismatching Due to Quadrupole RMS Gradlent Error of —1%.
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