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Abstract 
The booster lattice for the Advanced Hydrotest Facility at Los Alamos was tracked in 3-D with the 
program SIMPSONS, using the full, symplectic lattice from TEAPOT, using the full set of magnet 
and misalignment errors, as well as full space-charge effects. The only corrections included were a 
rough closed-orbit correction and chromaticity correction. The lattice was tracked for an entire 
booster cycle, from multi-turn injection through acceleration to the top energy of 4 GeV, 
approximately 99,000 turns. An initial injection intensity of 4x1Ol2, injected in 25 turns, resulted 
in a final intensity of 3 . 2 ~ 1 0 ' ~  at 4 GeV. Results of the tracking, including emittance growth, 
particle loss, and particle tune distributions are presented. 

Introduction 
The booster lattice far the Advanced Hydrotest Facility (AHF) at Los Alamos was 
tracked in 3-D with the program SIMPSONS ( S .  Machida, SSCL-570, SSC Laboratory, 
1992), using the full, symplectic lattice from TEAPOT (L. Schachinger & R. Talman, 
Particle AcceIemtors, 22, pp. 35-56, 1987), using the full set of magnet and 
misalignment errors, as well as full space-charge effects. The only corrections included 
were a rough closed-oxbit correction and chromaticity correction. The lattice was tracked 
for an entire booster cycle, from multi-turn injection through acceleration to the top 
energy of 4 GeV, approximately 99,000 turns. An initial injection intensity of 4x1Ol2, 
injected in 25 turns, resulted in a final intensity of 3 . 2 ~ 1 0 ' ~  at 4 GeV. Results of the 
tracking, including emittance growth, particle loss, and particle tune distributions are 
presented. 

Booster Design 
The booster for the AHF at Los Alamos is a 9-period, rapid-cycling synchrotron with 
circumference of 261 rn, operating between 157 MeV and 4 GeV, injecting into a 50 GeV 
Main Ring, It is filled from an H- linac, and is designed to operate at 5 Hz with an 
average intensity in excess of 2*1012 protons per pulse. Lattice functions for this machine 
are shown in Fig. 1. Fig. 2 shows a 3-D layout of the ring. 
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Fig. 1 AHF Booster Lattice Functions for 1/9 of the ring 
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Gamma-T = 8.89585 

Fig. 2 3-D layout of the AHF Booster 

TEAPOT 
TEAPOT tracking for the booster has been done to specify the error content of the 
magnets. We use the magnets described in the Fermilab Main Injector Design 
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Handbook, scaled for energy and aperture. We discuss below how the errors were 
determined for the booster magnets. 

Dipole Errors 
The dipole errors in  the FMI Handbook at 4 GeV are shown in Table 1. 

Table 1: Dipole errors at 4 GeV (part in loe4 at 1 inch) 

1.1 Skew 
Rando 

m 

Harmonic Normal Skew Normal 
Number Systematic Systematic Random 

1 0,737 10.25 1 - 
2 0.06 - 0.8 - 
3 -0.6 0 0.18 0.12 
4 0.04 0.03 0.06 0.03 
5 0.33 0 0.05 0.05 
6 -0.01 -0.03 0.05 0.04 
7 -0.03 0 0.05 0.05 

The errors in Table 1 are given in term of parts in of the main field at one-inch radius 
from the beamline center. Because TEAPOT uses the very different units of fractions at 
one meter, the numbers appearing in the input files are very different. Table 2 gives the 
dipole errors in TEAPOT units. Note that the harmonic number we use is one unit larger 
that the index used in TEAPOT. Our Harmonic number 1 skew multipole is TEAPOTS’ 
a0 etc. 

Table 2: Dipole errors at 4 GeV (TEAPOT units) 

Harmonic Nsnnal Skew Normal 1.2 Skew Number Systematic Systematic Random Rando 
m 

- 1 0.74.E-04 0.1 OE-02 - 
2 0.16E-03 0.21E-02 
3 -.42E-0 1 0 0.19E-0 1 0.12E-01 
4 0.16E+00 O.l2E+00 0.25E+00 O.l2E+00 
5 0.53E+02 0 0.80E+Ol 0.80E+Ol 
6 -. 63E+02 -. 19E+03 0.3 2E+03 0.25E+03 
7 -.75E+04 0 O.l2E+05 0.12E-1-05 
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Since we do not have a booster dipole design specified, the booster runs were done with 
errors obtained by scaling the FMI dipoles, scaled to reflect the larger gap (4 inches vs. 2 
inches). The formula used, for the dipole errors is 

Equation 1 gives the error multipoles defined at a radius R in term of the errors at radius 
I-. Using Equation 1 we can derive TEAPOT multipoles for 4” magnets dipoles from the 
values of Table 1 .  

Table 3: 4” Booster Dipole errors at injection (TEAPOT units) 

1.3 Skew Harmonic Normal Skew Normal 
Number Systematic Systematic Random Rando 

m 
1 0.74E-04 - 0.1OE-02 
2 0.79E-04 - 0.1 1E-02 
3 - . 1 OE-0 1 0 0.47E-02 0.3 1E-02 
4 0.20E-0 1 0.15E-0 1 0.3 1E-0 1 0.15E-01 
5 0.33E+O 1 0 OSOE+OO 0.50E+00 
6 -.20E+O1 -. 59E+O 1 0.99E+O 1 0.7 9E+O 1 
7 -. 12E+03 0 0.19E+03 0.19E+03 

Ouadrupole Errors 
Table 4 summarizes the errors in the quadrupoles we obtained from scaling the errors for 
the FMI quadrupoles from the Design handbook. 

Table 4: Original FMI Quadrupole errors at 4 GeV (part in at 1 inch) 

Harmonic 
Number 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Normal 
Systematic 
- 
-0.51 
1 
0.03 
- 1.49 
0.21 
1.14 
-0.19 
-0.77 

Skew 
Systematic 

1.08 
- 

-2.05 
-0.75 
0.43 

- 
-0.07 
-0.12 

Normal 
Random 
24 
2.73 
1.02 
1.12 
0.63 
0.64 
0.64 
0.12 
0.06 

Skew 
Random 

1.85 
2.35 
0.47 
0.70 
0.44 

0. I6 
0.07 

- 
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The errors of table 4 are very large, especially for the high-order multipoles. There is 
some suspicion that the values reported are upper limits, because such high values are 
somehow unphysical. 

Revised Quadrupole Errors 
Table 5 summarizes the quadrupole errors that were agreed on after an analysis of what 
lund of errors can be realistically obtained. The reasoning behind the number will be 
explained in a successive section, but the numbers are obtained (sometimes with scaling) 
from actually produced magnets and represent what can be achieved without increasing 
the quadrupole cost. 

Table 5: Revised Quadrupole errors at 4 GeV (part in at 1 inch) 

Harmonic Normal Skew Normal Skew 
Number Systematic Systematic Random Random 

2 0 - 12 - 

3 0.2 0.3 1 1 
4 -0.5 0.1 1 0.3 
5 -0.1 -0.1 0.15 0.1 
6 0.4 -0.1 0.1 0.1 
9 
10 ” 

- - - - 
- - - 

The formula used for scaling the quadrupole errors is 

h,, ( R )  = ( $)lnl)b,n (Y). 

In the past year we have considered two possible apertures for the booster dipoles. The 
larger quadrupoles have an 8” diameter, twice the dipole gap,. The nominal quadrupole 
diameter is only 1.5 times the dipole gap. 6” quadrupole values will be shown in the 
tables, but 8” tracking results will be included in the traclung results. Using Equation 2 
and converting to TEAPOT units, the quadrupole errors are shown in Table 6. We should 
again point out that the index used by TEPOT is one less than the harmonic number we 
use. 

Table 6: Revised Boaster 6” Quadrupole Errors at Injection (TEAPOT units) 

Page 5 of 11 



Rev 2 9:32 AM 9/30/2002 

Harmonic 
Number 

2 
3 
4 
5 
6 
9 
10 

Normal 
Systematic 

0 
0.52E-03 
-.34E-01 
-. 18E+00 
0.19E+02 

Skew 
Systematic 

- 

0.79E-03 
0.69E-02 
-. 18E+00 
-.47E+O 1 

- 
- 

Normal 
Random 

0.12E-02 
0.26E-02 
0.69E-0 1 
0.27E+00 
0.47E+O1 

- 
- 

Skew 
Random 

- 

0.26E-02 
0.2 1 E-0 1 
0.18E+00 
0.47E+O1 

Injection 
Multi-turn injection is used for the booster. The incoming beam is painted in the four 
transverse dimensions in a standard method. The beam is also painted longitudinally by 
modulating the momentum coming out of the linac and by chopping the head and tail of 
the linac beamlet. The resulting pulses just match the waiting rf bucket and the bucket is 
uniformly filled from low to high momentum. The injection is done on-the-fly at the 
bottom of a sine ramp into an accelerating bucket. The fully-injected beam is then tracked 
for approximately 99,000 turns until it reaches its extraction energy of 4 GeV 
Neither the transverse painting nor the number of injected turns was fully optimized, 
Looking at the final beam loss & emittance blowup, an injection scheme with more turns 
and a larger transverse displacement would be advantageous. The number of turns 
possible from the linac will have to be studied more closely. 
In the simulation, 20,000 macroparticles were used, and space-charge kicks were applied 
4 times per cell. A run of 99,000 turns required approximately 500 hours of CPU time on 
a 1.5 GHz dedicated machine. A uniform beampipe radius of 7.5 cm was taken for the 
definition of lost particles. This may need to be somewhat reduced in order to account for 
the beampipe thickness. The rf profiles and brho curves were derived by L. Rybarcyk 
(Private communication). 
Macroparticle distributions for the injection process are presented in Fig. 1.1 .l-1 

Full Booster Cycle Tracking 
The Booster was tracked for the full acceleration cycle of approximately 99,000 turns. 
The beam exhibited both emittance growth and beam loss for the first few thousand turns, 
then settled down and was accelerated smoothly for the remainder of the cycle. Typical 
macroparticle plots during the acceleration cycle are presented in Fig. 1.1.2-1 and plots 
representing the full beam behavior during the cycle are shown in Fig. 1.1.2-2. As can 
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Fig. 3 - B9L Injection Macroparticle Distributions. 

be seen from the emittance plots, the injection parameters need to be better optimized. 
The res~iltant beam at Ihe end of the acceleration cycle has suf€ered an approximate 22% 
loss from the initial injected beam, or a reduction from 4 . 0 7 ~ 1 0 ' ~  total particles to 
3 , 1 7 ~ 1 0 ' ~ .  
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Fig. 4 - B9L Macroparticle Distributions during the Acceleration Cycle. 
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Fig. 5 -- R9L Beam paranieters During the Acceleration Cycle. 

Booster Tune-Density E'lots 

During the booster tracking, Fast Fourier Transfornations (FFT) were performed on the 
macroparficle dislribulions periodically. Each FFT scanned the entire 20,000 
macroparticle distribution over 128 turns and calculated the individual macroparticle 
tunes. These tunes were then plotted, using the program POSTER (ref. T. Mottershead). 
The resultant tune plots are presented in Fig. 1.1.3-1. Horizontal and vertical tunes are 
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plotted on the X & Y axis. In these plots, the solid and dashed blue lines represent regular 
and skew systematic resonances, while the gray lines indicate simple error resonances. 
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Fig. 6 - B9L Tune-Density Plots. 
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The green cross indicates the injection tune point. The color scale to the right of each plot 
denoted the point densities plotted. Note that the scale changes from plot to plot. It is 
interesting to note that some particles initially stream out along the Qx + 2Qy = 13 
resonance line. As can be seen from the plot of the first 128 turns, the beam core crosses 
this resonance. During the crossing, increased beam loss is observed. An improved 
injection painting will reduce this resonance-line crossing; however, it would be prudent 
to correct this resonance with a set of harmonic sextupole correctors. Again, it should be 
noted that this sirnulation contains all of the individual magnet systematic and random 
errors, as described 111 the above section, as well as magnet misplacement and 
misalignment errors. The Qx -1 2Qy = 13 resonance is driven only by the random magnet 
errors and those induced by space-charge forces as this is not a systematic resonance and 
as such is not driven by the chromaticity-correcting sextupoles, to first order. 
Conclusions 
For the first time tracking in 3-D trough an entire synchrotron acceleration cycle has been 
possible, including magnet errors, misalignments and space charge. 
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