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132 NSEC BUNCH SPACING IN THE TEVATRON PROTON- 
ANTIPROTON COLLIDER 

SD. Holmes, J.A. Holt, J. Johnstone, J. Marriner, M. Martens, D. McGinnis 
Fermi National Accelerator Laboratory*, P.O. Box 500 Batavia, IL 60510 

I. INTRODUCTTON 

The Tevatron proton-antiproton collider currently operates 
at a center-of-mass energy of 1.8 TeV. delivering a luminosity 
greater than 1.5x1031cm-2sec-1. This is achieved with six 
proton and six antiproton bunches colliding at two locations, 
BO (CDP) and DO. An electrostatic sepamtor system causes the 
two beams to pass with approximately 50 separation at the 
ten other possible collision points around the accelerator. In 
this configuration each experimental de-tector, with a 
sensitivity to about 45 mb of the total p-p cross section, 
witnesses 2.4 interactions per crossing. 

The Fermilab Main Injector is 
Tevatron luminosity in excess of 5x10 !i 

rejected to support a 
lcm-2sec-1. Hardware 

currently under construction will allow operation with 36 
proton and 36 antiproton bunches when the Main Injector 
comes on-line in late 1998. A representative set of collider 
parameters for the first Main Injector-based collider run (Run 
II) is given in Table I. Improvements to the antiproton 
accumulation rate, to low beta systems, and/or reduction of the 
rms bunch lengths to 15 cm or less hold the promise of 
raising collider luminosity above 10~103~ cm-2sec’1. 
Continued operation with 36 bunches would, however, result 
in 3-4 interactions per crossing at this higher luminosity. 
Reducing the number of interactions per crossing below 1 will 
require circulating more bunches as indicated in the right-most 
column of the table. 

This paper summart ‘zes a preliminary conceptual design 
for a Tevatron collider configuration in which bunches are 
spaced at 132 nsec. Increasing the number of bunches is not 
expected to raise the luminosity--the sole motivation is to 
reduce the number of interactions per crossing by about a 
factor of three. Multibunch schemes with 72, 108, 96, and 
120 proton and antiproton bunches have been studied. 

Implementation of any of these multi-bunch scenarios 
will require new hardwtite. The intmduction of a crossing angle 
will result in reduced luminosity and the bunch length must be 
shortened considerably compared to present operations to 
minimize this impact. This means that a new rf system, 
operating at 159 MHz, will be required. Other new hardware 
probably includes 1)upgraded low beta optics; 2)upgraded abort 
kicker; 3) new coalescing cavities operating at three times the 
frequency (7.5 MHz) of those currently operational in the 
Main Ring and also planned for the Main Injector, and; 4) a 
new 7.5 MHz rf system in the Antiproton Accumulator. 

*Opera&d by Universities Research Association under contract 
to the United StatesDepartment of Energy 

II. DESIGN AND PERFORMANCE ISSUES 

The proton-antiproton luminosity in the Tevatron is 
given by the expression: I se 

where y is the relativistic factor, f is the revolution frequency, 
B is the number of bunches in each beam, Np (blp) is the 
number of protons (antiprotons) in a bunch, &p (E;) is the 
95% normalized transverse beam emittance, al is the rms 
bunch length, p* is the beta function at the interaction point, 
bp (a$ is the rms transverse beam size at the interaction 
point, and a is the crossing half-angle. The form factor 
H@*/ol) approaches 1 asymptotically as p*/ol+O, clearly 
indicating that bunch length should be kept as small as is 
reasonable compared to 8* to minimize the luminosity 
reduction. A 14 cm bunch length is chosen to minimize the 
impact of the 190 prad crossing angle. 

A major limiting factor in the Tevatron proton-antiproton 
collider is the beam-beam tune shift. In the present collider 
mode, with six proton and antiproton bunches, there are 
twelve potential collision points around the ring. Through the 
use of electrostatic separators the beams are made to collide 
with zero crossing angle at the interaction points, but 
separated by 5a (center to center) at the other ten (parasitic) 
crossings. This basic configuration must be continued as the 
number of number of bunches increases to 36 and beyond. 

The separator nearest to the interaction region is beyond 
the position of the fust parasitic crossing for 132 nsec 
spacing. It does not appear to be possible to avoid these first 
parasitic collisions unless a crossing angle is introduced to 
separate the beams within the low B quadrupoles. An 
interesting alternative technique for avoiding a crossing angle 
through the use of rf resonant magnets has been envisioned 
[l], but, at least with existing technology, a substantial 
crossing angle seems to be inescapable. 

The existence of a crossing angle dictates that the orbits 
be separated within the low j3 quadrupoles. The necessary 
aperture in the low 8 quadrupoles and, conceivably, changes to 
the low p optics which minimize this separation need to be 
considered. Also, although long range beam-beam effects are 
not significant in the current operating mode, once the number 
of bunches approach 100 such effects can no longer be 
ignored. 



Table I: Collider Parameters for Run II and options for reduced bunch length or bunch spacing 

B-Energy 
citulmf~ 
RokWbunch 
Antiprotons/bunch 
Bunches 
Total Antiprotons 
Proton emittance (955, norm) 
Antiproton emittance (95% norm) 
B* 
Longitudinal Emittance (95%) 
rf-W=Y 
rf Voltage 
Bunch length (rms) 
Bunch Length Form Factor 
Crossing Half-angle 
Crossing Angle Form Factor 

Typical Luminosity 
Integrated Luminosity 
Bunch Spacing 
Interactions/crossing (Q45 mb) 

Antiproton tune shift (2 crossings) 
Proton tune shift (2 crossings) 

The length of the luminous region is modified appreciably 
with the introduction of a crossing angle and shorter bunches. 
Figure 1 shows the distribution dL/dz that will be seen by an 
experimental detector for various crossing angles and a 14 cm 
bunch length. The result is a luminous region of =8cm length 
(m&-a factor of four shorter than those cunently experienced 
andadesimbkexperimentalfeature. 

A. Multibunch Loading 
The fast collider run of the Main Injector era will operate 

with 36 bunches of protons and antiprotons. A workable 
configuration calls for three batches of protons and antiprotons 
containing twelve bunches each, with the batches spaced 
symmetrically around the ring. For 132 nsec it would be most 
natural to continue with a threefold symmetric scheme. There 
are two possible three-fold symmetric loading schemes, 
resulting in either 72 or 108 bunches colliding. In 72x72 
operation two batches of twelve bunches each would be spaced 
3% nsec apart, followed by a 3.7 psec abort gap. This 

sequence would be repeated twice more around the ring. The 
abort gap of 3.7 psec is larger than that for 36x36 operation, 
and the abort at A0 could be used. ‘Ibe 108x108 scenario calls 
for three batches of twelve bunches spaced by 396 nsec 
followed by a gap of 1.8 psec. 

Single gap configurations are also possible. However, 
these have the disadvantage of not allowing utilization of 
existing aborts, and of providing unequal luminosity at BO and 
Do. 

B. RF System 
A 14 cm bunch length is required to minimize luminosity 

loss due to the 190 prad crossing angle selected for this study. 
The total voltage required to produce a 14 cm bunch length, 
with a beam longitudinal emittancc of 2 eV-set, is 15 MV at 
159 MHz or 11 MV at 212 MHz. The 159 MHz system is 
evaluated here. A total of 12 proton and 12 antiproton cavities 
would be required. Power requirements are estimated at 935 
kW for each system, based on providing 1.25 MV per cavity. 



0.6 

bmlamh-26 c m. p c o l unb  2Sp i. p h l ndl . ZOp i. 
132lublmh8padrg.dqnrJ-14cm 
l6Mv(lseMHz). 

Figure 1: dL/dz for three crossing angles and the Tevatron 
parameters contained in the rightmost column of Table 1. 

C. Interaction Region Optics 
Six pairs of high gradient (140 T/m) low p quadrupoles 

are powered in each Tevatron interaction region. In the present 
mode of operation dispersion at the IP is zero, but with a non- 
zero slope, resulting in dispersion reaching its maximum 
value within the low p triplet - precisely where the beam 
already reaches its ring-wide maximum from Bmax (21 km). 
An alternative match to the lattice which gives both B and 
‘q’d throughout the straight section has been found [2] that 
uses the current IR physical configuration of magnets and 
gradients compatible with the existing quadrupoles. Extending 
to B*=O.25m requires a maximum gradient in one of the low 8 
quadrupoles of 1185 T/m. This lies beyond the capabilities of 
the present system and would require an upgrade to quaclrupoles 
similar to those proposed for the CERN LHC [3]. 

The dispersion-free solution significantly reduces beam- 
size in the low-beta quads--particularly at injection. This 
optics configuration is particularly desirable for 132 nsec 
bunch spacing since the beams must be separated through the 
IR triplet and the momentum spread in the beam will be large 
dne to Ihe short bunch length. 

D. Electrostatic Separators & IP Crossing Angle 
A crossing half-angle of 190 pmd, giving 30 separation at 

the fast parasitic crossing, has been chosen. Assuming the 
curreut physical location of electrostatic separators, an average 
of 6.50 separation is maintained at all other parasitic 
crossings. In general the electric fields are comparable to, or 
less than, those currently in use. 

The primary dynamical consequence of a non-zero 
crossing angle is thought to be the excitation of synchro- 

- betatron resonances. These resonances were a serious problem 
at the e+e- collider DORIS [4]. The excitation of such 
resonances in the Tevatron has not been studied in detail, but 
it is expected that they will be less important than in the 
DORIS experience because of the relatively low synchrotron 
fkequency. Note, however, that the proposed parameters and 

crossing angle for the Tevatron Collider are rather similar to 
those proposed for the LHC. 

E. Long Range Beam-Beam Effects 
The large number of parasitic beam-beam crossings can 

lead to significant orbit and tune shifts. If the bunches are not 
uniformly populated and regularly spaced each bunch will have 
a different orbit and a different tune. In the Tevatron the 
bunches can not be regularly spaced because of the requirement 
for an abort gap. A bunch loading scheme that leads to 72 
bunches colliding with a 132 nsec spacing has been 
considered. This configuration was chosen because it was 
thought to be as irregular as any that might be used. The 
maximum orbit shift is about 20 pm, 2/3 of the rms 
transverse beam size at the interaction point. The bunch-to- 
bunch range of tune shifts is shown in Table II. The range of 
tune shifts is less than, but comparable to, the maximum 
working space of 0.025. The range of linear coupling and the 
range of chromaticities are neither overwhelming nor small. 

Minimum Avx I -.0008 
Maximum Av, .0026 
Minimum Avv -.0118 
Maximum Avv -.0017 - 

III. SUMMARY 

A number of scenarios for operation of the Tevatron 
collider with 132 nsec bunch spacing have been analyzed. 
Collider parameters are summarized for 108 bunch operation in 
Table I. The 132 nsec spacing, coupled with a 190 pr crossing 
angle, produces a luminosity approximately 20% low as 
compared to bunches spaced at 3% nsec colliding head-on. 
This results primarily from the crossing angle form factor. 
Other factors, such as reduced proton bunch intensity due to 
coalescing of fewer bunches, tend to be ameliorated by the 
resultant lower longitudinal and transverse emittances. 

Luminosity in all scenarios will continue to be limited by 
antiproton availability. Schemes for increasing the antiproton 
availability, and hence the luminosity, by an additional factor 
of ten are currently under study at Fermilab. 
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THE COMPUTER CODE BPERM 
FOR WAKEPOTENTIAL & IMPEDANCE CALCULATIONS 

T. Barts, SSC Laboratory,* 2275 Highway 77 North, Waxahachie, TX 75165, USA 
W. Chou, Fermilab,+ P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

The program bperm is a 2dimensional code for wake- 
potential and impedance calculations based on an analytic 
method of boundary perturbation. It can be employed for 
periodic structures with rotational symmetry and is useful 
for structures with small discontinuities such as shielded 
bellows and valves, tapered transitions, weldments, etc. 
One principle used in developing the code is portability. 
It is written in Fortran ‘77 and is entirely self-contained, 
with no machine-dependent calls and with simple file input 
not relying on the namelist extension. The post-processor 
gnuplot has been used for plotting.[l] The code runs on 
UNIX as well as on VMS computers. It is currently stored 
on the Common File System (CFS) at the National Energy 
Research Supercomputer Center (NERSC). A user’s guide 
can be found in Reference [2]. 

I. INTRODUCTION 

The computer code bperm is a generalixed version of 
an earlier code using the boundary perturbation method 
for calculating wakepotentials and impedances for peri- 
odic structures.[3] The fundamentals of this method can be 
found in References [3-61 and are briefly introduced below. 

When a rigid Gaussian bunch of rms length u traverses 
a periodic structure of period length L and mean radius bc, 
the longitudinal and transverse wakepotentials calculated 
by the boundary perturbation method are, respectively, 

w,,(8)“=“(v/pc) = -1.8& 125 12 
p=l 

‘Operated by the Universities 
the U.S. Department of Energy 
89ER40486. 

t Operated by the Universities 
the U.S. Department of Energy 
76CH03000. 

Research Association, Inc., for 
under Contract No. DE-AC35- 

Research Association, Inc., for 
under Contract No. DE-AC02- 

in which 8 is the distance between the bunch head and the 
point where the wakepotentials are being calculated, w the 
complex error function, and 

where z,, and z’&,, are the nth root of the Bessel functions 
’ respectively, All the lengths on the r.h.s. of 

&.$:Zj are in centimeters. The parameter cp is the 
Fourier coefficient of the given periodic structure. For a 
simple geometry it may have an analytic expression. For 
example, for the structure shown in Figure 1, one has 

. 2c sin(py) 1 
cp = -J- 

rho y 2 
for p= *1,&3, . . . (5) 

= 0 otherwise. 

But in general, cp has to be computed by a Fast Fourier 
Transform (FFT), as is done in the code bperm. 

In order to convert the wakepotentials computed by Eqs. 
(1) and (2) to impedances, one needs to set the time origin 
correctly. For this purpose, the code shifts the time rero 
point from the bunch head to the bunch center, and moves 
the part of the wakepotentials between the bunch head and 
center to the tail of the wake. The shifted wakepotentials 
are then Fourier-transformed to impedances. 

Since the code is based on analytical formulae, it con- 
sumes much less CPU and memory than that by numerical 
integration codes such as TBCI or ABCI.[7,8] In addition, 
it can be applied to more general types of geometries (pro- 
vided that the perturbation is not too big) than some other 
analytical methods (e.g., the field matching method). 

II. CODE DESCRIPTION 
The program bperm is a 2-dimensional code and can 

be employed for periodic structures with rotational sym- 
metry. The input is one complete period of the structure 
described in the r (radial) and s (axial) plane as an ar- 
ray of points, which are assumed to be connected with 
straight segments. Input data for bperm is in an ASCII file 
named bperm. in. It contains seven keywords: dataset, 
title, pmax, smax, sigma, shape, and end. They are 
explained in Table 1. The required ones are shape and 
end. The former is followed by the r and s coordinates of 
the structure, one pair of numerical values per line with 
the r and s value separated by either a comma or a space, 
while the latter ends the geometry description. The other 



Table 1. Input file keywords 

Keyword Description 
shape Start of shape (structure) data 
end End of shape data 
sigma RMS bunch length in cm (default 1.75) 
pmax Total number of interpolated coordinates 

used for the structure (default 128) 
smax Region of the wakepotential calculation in 

units of sigma (min 6, max 140, default 10) 
dataset Name of the output files (default bperm) 
title Plot subtitle 
! Flag for comments 

keywords will use the default values if not specified. All 
keywords can be either upper, lower, or mixed cases. Any 
number of problem cases can be included in one input file, 
but each problem case must be separated from the next 
with the keyword end. Output of bperm is seven ASCII 
files including five files with plotting data for the structure, 
wakes and impedances, an information file and a gnuplot 
command file that will generate 13 plots. Output files are 
listed in Table 2. 

Name 
bperm. sh 
bpexm . la 
bperm.tw 
bpexm. lz 
bpexm. tz 
bperm. out 
bpem.gp 

bpexm .ps 

Table 2. Output files 

Description 
Structure data 
Longitudinal wake 
Transverse wake 
Longitudinal impedance 
Transverse impedance 
Information file 
Input file for gnuplot with commands 
produced by bperm 
Postscript file with I3 plots of the 
structure, wakes and impedance 
generated by gnuplot 

Portability was the major principle in the development 
of bperm. The entire code is written in Fortran 77 and is 
self-contained, with no machine-dependent calls and with 
simple file input not relying on the namelist extension. 

On a UNIX system, the command for creating the plots 
(which can be displayed on a X11 color window) and the 
postscript file bperm.ps is: 

gnuplot bperm. gp 
Because the post-processor gnuplot on a VAX/VMS does 
not execute properly with a load file created with the For- 
tran 77 compiler, a file named bplot . corn is provided by 
the authors to fix this problem. The command for gener- 
ating the plots is: 

Obplot bpexm. gp 
Even though the code is designed to use gnuplot for post 
processing, any plotting package that uses columns of or- 
dinates and abscissas could be substituted. Also the gnu- 

Figure. 1. The structure in the example. 

plot input file can be modified to open a display terminal 
other than X11. 

It needs to be noted that all output files are opened with 
the status ‘unknown.’ This increases user-friendliness on 
UNIX workstations by overwriting existing files with the 
same names. This overwriting also takes place when run- 
ning bperm on a VAX/VMS. The VAX/VMS user needs 
to be very aware of this feature so that flies that need to 
be saved have names changed before bperm makes subst 
quent runs with identical output dataset names. 

III. EXAMPLE 
Following is an input file bperm. in for the structure 

shown in Figure 1. 
dataset=test 
smax=lO sigma=1.75 
title=bperm Test Problem 
pmax=l28 ! pmax stays at the default 
shape 
1.6 0.0 
2.0 0.4 
2.0 4.0 
1.6 4.4 
1.6 8.0 
end 

Figs. 2 and 3 are plots of the wakepotentials calcu- 
lated with bperm for this input, plotted with gnuplot. 
As a comparison, the wakes obtained from the MAFIA 
code, t3216, are also plotted. It is seen that, in the range 
[-54,261, the two codes give similar results. The differ- 
ences begin to show up beyond that region. This is prob- 
ably due to the different boundary conditions used in the 
two codes - bperm assumes a periodic boundary, while 
MAFIA/t3210 assumes an open boundary. 

Figs. 4 and 5 are plots of the real and imaginary longi- 
tudinal impedances, and Figs. 6 and 7 the transverse ones. 

IV. CODE DISTRIBUTION 
Complete packages for bperm are available from 

the CFS at the NERSC and also via anonymous ftp 
from gateway.ssc.gov, in the /pub directory. The 
file bperm. tar .Z is the UNIX compressed tar file and 



Figure. 2. The longitudinal wakepotential. 

Figure. 3. The transverse wakepotential. 

Figure. 4. The real longitudinal impedance. 

bperm.bck.2 is the VMS save set. Both distributions in- 
clude the bperm source code, either a maksf ile or a com- 
mand file make. corn, inputs and outputs for examples and 
complete documentation including a PostScript file of the 
User’s Guide (i.e., Reference [2]). f 

: 
I 

References 
[l] The gnuplot software is available via anonymous ftp 

from dartmouth. sdu in the /pub/gnuplot directory 
in the file gnuplot3.5.tar.Z. 

[2] T. Barts and W. Chou, SSCL-MAN-0035, SSC Labo- 
ratory (June 1994). 

[3] W. Chou, Light Source Note LS-149, Argonne Na- 
tional Laboratory (1990). 

[4] 2. II. Zhang, Acta Physica Sinica, V 28, p 563 (1979). 
[5] M. Chatard-Moulin and A. Papiernik, Proc. Particle 

Accelerator Conference, San Francisco, 1979, IEEE 
Trans Nucl. Sci. V 26, p 3523 (1979). 

[6] R. K. Cooper, S. Krinsky and P. L. Morton, Particle i 
Accelerators, V 12, p 1 (1982). 

: 

[7] T. Weiland, “MAFIA Release 3.1,” D6100 Darmstadt, I 
2 

Germany (1991). 
[B] Y. Chin, “User’s Guide for New ABC1 Version 6.2,” 

LBL-33091, CERN SL/92-49 (AP). 

Figure. 5. The imaginary longitudinal impedance. 

Figure. 6. The real transverse Impedance. 

Figure. 7. The imaginary transverse impedance. 



REVIEW OF BEAM INSTABILITY STUDIES FOR THE SSC 

W. Chou, Fermi National Accelerator Laboratory, * P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

Beam instability studies for the SSC during the period 
1989-1993 are briefly reviewed in this paper. Various topics 
are covered: single bunch and multi-bunch, single beam 
and beam-beam, parasitic heating and active feedback, etc. 
Although the SSC will not be built, many of the results 
obtained from these studies remain as useful references to 
the accelerator community. 

I. INTRODUCTION 
Studies on beam instability problems for the SSC started 

in the early 1980s. A set of preliminary results were in- 
cluded in Reference [l]. Since the establishment of the SSC 
Laboratory in 1989, these studies have been further pur- 
sued and numerous new results have been obtained. In this 
paper we will briefly review these results. For details the 
readers are referred to Ref. [2] and the references therein. 

The SSC is a low beam current machine. The beam in- 
tensity is primarily limited by the cryogenic system for ab- 
sorbing the synchrotron radiation power. Generally speak- 
ing, therefore, collective effects - such as single bunch 
instability, parasitic heating and beam-beam interactions 
- do not present a threat to machine operations. How- 
ever, the coupled-bunch instability may become a real con- 
cern, because the number of bunches is enormous (about 
17000 per beam) and the transverse emittance is very small 
(1 R mm-mrad, rms, normalized). 

II. IMPEDANCE BUDGET 
A. Impedance budget of the baseline design 

Each component in the vacuum, rf, diagnostic and in- 
jection/extraction systems have been carefully analyzed. 
Computer models for each component have been built. 
Measurements for some critical components (e.g., the bel- 
lows and the liner) have been carried out. Two groups of 
simulation codes have been put in use. One is numerical, 
e.g., MAFIA and HFSS.[3] Another is based on a bound- 
ary perturbation method and called BPERM, which was 
developed at the SSC.[4] The results obtained from differ- 
ent codes are in agreement. 

The impedance budget is listed in Table 1, where Zll/n 
iz the longitudinal impedance and Zl the transverse one. 
There are several remarks about this budget. 

1. Every effort has been made to make the beam pipe as 
smooth as possible: the bellows are shielded; the valves 
have rf fingers; the vacuum pump ports are screened; 
the transitions between two pipes of different sizes are 
tapered; and the ceramic pipes in the kicker sections 
are coated with thin metallic layers. 

‘Operated by Universities Research Association Inc. under Con- 
tract No. DEAC02-76CH03000 with the U.S. Department of Energy. 

2. Table 2 lists the impedances of two different designs 
for the bellows rf shield. The reduction comes from a 
smaller gap and a smoother taper. The specification 
of the maximum lateral offset is 2.8 mm. Assuming 
a uniform distribution in misalignment, the resulting 
increase in impedance is also listed in Table 2. 

3. In order to accommodate unforzeen sources, the cal- 
culated total impedance is multiplied by a factor of 
two, which is then used in the safety margin estimate. 

B. Impedance in the presence of a liner 

A perforated liner inside the beam pipe would increase 
the impedance in two ways: 

1. The holes or slots would introduce additional 
impedance. Below the cutoff, small holes/slots behave 
like a pure inductance. For a given pumping area, 
short slots give less impedance than circular holes. 
Above the cutoff, resonant peaks in the impedance 
spectrum are observed when the holes or slots are pe- 
riodically placed. These peaks can be greatly sup- 
pressed when the periodicity iz destroyed. It is thus 
concluded that randomly distributed short slots would 
be the choice for the pattern of the perforation. 

2. The installation of a liner would also reduce the inner 
radius (ID) of the pipe. Consequently, the transverse 
impedance would increase. 

For an area coverage of the holes on the liner surface 4%, 
the impedance increase is listed in Table 3. 

C. Single bunch instability threshold and safety margin 

The instability threshold impedances are listed in Ta- 
ble 1. The ratio of the threshold to the impedance budget, 
called the safety margin, is listed in Table 3. Several mea- 
sures could be taken to increase thii margin, e.g., a larger 
liner ID, a bigger longitudinal emittance and a higher rf 
voltage at injection. 

III. COUPLED-BUNCH INSTABILITY 

In order to suppress the coupled-bunch instability, four 
types of rf cavities - multiple-cell and single-cell, zuper- 
conducting (SC) and normal conducting (nc) - have been 
compared. The rf committee has endorsed the single cell, 
SC cavity as the choice for the SSC. 

The higher order modes (HOM) may also be generated if 
the beam pipes in the dipole and quadrupole sections have 
different cross sections, which is called the trapped mode 
effect. The result could be a continuous beam emittance 
growth. Therefore, it was decided to use a beam pipe of 
uniform cross section throughout the entire cold region. 



Table 1. Impedance Budget (per ring) 

Component Number 

RF cavity (HOM) 
Transition (tapered) 
Bellows (shielded) 
BPM (15 cm, 55’) 
Weldment 
Valve (shielded) 
Pump port (screened) 
Flange gap 
Resistive wall 
Scrapers 
Collimators 
Injection Lambertson (laminated) 
Abort Lambertson (solid iron) 
Injection kicker 
Abort kicker 
Joint to Lambertson 
Conical section near IP 
Total 
Impedance budget = Total x 2 
Instability threshold: 

At 2 TeV 
At 20 TeV 

8 x 5-cell 
4 

6000 
968 

12000 
128 
650 

12000 

Table 2. Comparison of Bellows (shielded) Impedance 

~ 

Table 3. Transverse Impedance with/without Liner 

Case (her) 
2, 

otherr 
2, 

( ‘1 

(Mfl/m) (MD/m) &!Tm) gri: 
Baseline - 54 54 5 
With liner 37 94 131 2 

IV. RESISTIVE WALL INSTABILITY 
The beam tube of the Collider is made of stainless steel, 

which is coated on its inner surface with a thin copper layer 
in order to have low electrical resistivity. The resistive wall 
instability growth time can be approximately written as 

rw = 
( 

2vvb3 w’ 
Ntot CT,, > 

u A 
2 = 

where 7 is the relativistic energy of the particles, YP the 
betatron tune, b the beam tube radius, p the vacuum per- 
meability, w the angular frequency, Ntot the total number 

Imi 
-sqiqq- 

0.036 
0.004 
0.12 
0.05 
0.002 
lE4 
0.02 
TBD 
0.02 

1.8E4 
2.63-4 
1.5E3 

dance 
zl(Mn/m) 

0.016 
0.003 

10 
4.6 
0.2 

0.01 
2 

TBD 
1.7 

0.02 
0.08 
1.4 

0.06 2.0 
0.2 4.7 

TBD TBD 

0.51 27 
1.0 54 

4.0 270 
16 1200 

Table 4. Resistive Wall Impedance Budget 

Component 

Cold beam pipe 
Warm beam pipe (stainless steel) 
Graphite shadows: 

Upstream to abort Lambertson 
Upstream to collimator 

Scrapers (copper) 
Collimators (stainless steel) 
Abort Lambertson (solid iron): 

Symmetric 
Asymmetric 

4300 
1300 

7.1 
10 
1.4 
7.7 

22 
4.6 

ZI fMfl/m) 

7.1 
323 
48 

250 

22 
4.6 

Total 1 5700 1 6300 

of particles, c the velocity of light, rp the classical radius of 
proton, uc the wall conductivity, and A the coating layer 
thickness. The specification is a,A 1 1 x lo5 G-l, which 
corresponds to a wall impedance of 4300 MG/m in the cold 
region. Table 4 is a list of the wall impedance budget, which 
gives a growth time of 25 ms, or 88 turns, during the about 
one hour injection period. 

An alternative is to use an aluminum beam tube. There 
are several reasons for considering this option: saving the 
coating cost, solving the vacuum problem without a liner, 
and avoiding the adhesion problem in a bi-layer tube. The 
quantity a, A remains about the same. 



V. FEEDBACK SYSTEMS 
The feedback systems serve four different purposes: 
1. Correction of the injection errors - The feedback 

must have enough power to kick the beam back to the 
orbit before any significant decoherence occurs. 

2. Damping of the resistive wall instability - Because 
this is a fast beam blowup, a feedback system with a 
large gain is needed. 

3. Damping of the coupled-bunch instability - The 
feedback system needs a wide bandwidth. 

4. Control of emittance growth - This feedback system 
must have very low noise level. The emittance growth 
rate due to the feedback noise is: 

1 
- = 0.64f0(~)‘&2 
~nnoime 

in which fo is the revolution frequency, zN the noise 
level at the pickup, up the rms beam sise and Au the 
total tune spread. The theoretical limit of the pickup 
resolution due to the thermal and electronic noises, 
AZ, is also calculable. In designing a feedback system, 
AZ must be smaller than zN, which is determined by 
a specified allowable growth rate l/rnoile. 

The specifications of the power, bandwidth, gain and 
noise level of the feedback systems can be found in [2]. 

VI. PARASITIC HEATING 
The parasitic heating can be calculated by 

I2 
P=k’V 

M fo 
where Iav is the average beam current, 
bunches, and k the loss factor, which is 

(3) 

M the number of 

(4 

in which R is the machine radius, X(w) the bunch spec- 
trum. In order not to exceed the heat load budget (which 
is 1 kW per ring for the parasitic heating), the surface re- 
sistance must be kept below a certain level. To estimate 
R.,, correctly, one should consider the co-existence of three 
extreme conditions: 

. Low temperature (4 K). 
The low temperature resistance is described by RRR, 
the residual resistance ratio. But it is meaningful only 
at low frequencies and low magnetic field. 

l High magnetic field (6.8 T). 
The magnetoresistance can be studied using a Kohler 
plot. At 6.8 Tesla, the RRR value is about an order 
of magnitude lower than that at sero field. 

l High frequency (1 GHs and above). 
Because of the anomalous skin effect, the surface re- 
sistance ratio R,(300 K)/R,(4 K) at high frequencies 
is significantly lower than the dc value. 

The measurement of R, under these conditions was 
started but not completed. 

VII. BEAM-BEAM EFFECTS 
A. Strong beam-beam interactions 

1. Inelastic scattering: 
The particle loss rate is Lqnelr which is lo8 s-l per 
interaction point (IP). The corresponding luminosity 
lifetime is 180/NIp hours. 

2. Elastic scattering: 
This contributes to the emittance growth: 

de NB f0 
- = -u,,u; 
dt 4*c 

in which Nu is the number of particles per bunch, a,1 
the elastic cross section, a6 the rms values of pp elastic 
scattering angle in the center of mass system. This 
gives about 4.6 x lo-l7 m-rad/s per IP. 

B. Electromagnetic beam- beam intemctions 

1. Incoherent effects: 
(a) Tune shift and tune spread: 

The most significant beam-beam effect is the slow 
diffusion caused by high order betatron resonances. 
The budget of the total tune spread (head-on + 
long-range + nonlinear magnetic field) is 0.02. The 
calculated tune spread is well below this value. 

(b) Orbit distortion: 
This is induced by long-range interactions. The cal- 
culated values are small compared with the beam 
sise at the IP’s (less than 10% up). 

2. Coherent effects: 
The rigid dipole modes (x- and u-mode) and high or- 
der multipole modes are studied. There are enough 
stability regions in the (t, ~0) space. 

3. Pacman effect: 
There are seven injection gaps (1.7 p each) and one 
abort gap (4.1 ps) in the bunch train. Bunches near 
the edge of the gaps may miss collisions at some IP, 
thus experiencing an irregular collision sequence. This 
makes the orbit and tune correction difficult. But sim- 
ulations show that there is enough working area in the 
tune space to accommodate this Pacman effect. 

4. Synchro-betatron resonance due to crossing angles: 
Computer simulations show that this is not a serious 
problem. Because the three parameters that deter- 
mine the strength of the resonance are all small: (a) 
the beam-beam parameter t = 0.0009, (b) the syn- 
chrotron tune V. = 0.0012, and (c) the normalised 
crossing angle au,/up = 0.45. 
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VARIABLE BUNCH SPACING IN SUPER COLLIDER 

W. Chou, Fermi National Accelerator Laboratory, * P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

This paper suggests a variable bunch spacing instead of 
a fixed value in the SSC. This will give a higher luminos- 
ity for a given beam current and provide more flexibility in 
machine operations. Two possible schemes for varying the 
bunch spacing, namely, bunch coalescing and beam chop- 
ping, are studied and compared. Some of these dkUBBiOnB 
may be useful to future accelerators. 

I. INTRODUCTION 

When the beam-beam tune shift limit is not reached, the 
luminosity L is proportional to the bunch spacing sb: 

L = (A) $---&. St, Cm-28-1 (1) 

in which 7 is the relativistic factor, c the velocity of light, 
e the electron charge, /3* the p-function at, the interaction 
point, I the average bunch current, and EN the normalized 
rms transverse emittance. The average number of events 
per crossing is: 

(4 

in which dine1 is the inelastic pp cross section. The baseline 
parameters are: y = 21316,I = 71 mA, p’ = 0.5 m, EN = 1 
mm-mrad, and sb = 5 m. They correspond to L = 1 x 1O33 
and n = 1.7. 

The parameters I, p’ and EN were chosen based on the 
limitations of accelerator technology and the costs, whereas 
the choice of sb was made by the detector requirement that 
n should be close to 1. In the following sections, we inves- 
tigate the merits and penalties of a larger bunch spacing - 
a multiple of 5 meters - and the means to implement it. 

II. MERITS AND PENALTIES 

It is seen from Eq. (1) that, when all the other parame- 
ters are fixed, a larger bunch spacing will directly translate 
to a higher luminosity. This fact can be exploited in two 
different ways: (a) In the first few years during the com- 
missioning stage, we will be on a learning curve. A larger 
bunch spacing can speed up the pace to reach the design 
luminosity. (b) When the machine operation is matured, a 
larger bunch spacing provides one of the easiest ways for a 
luminosity upgrade. 

On the detector side, a larger bunch spacing would be 
beneficial to the electronics and instrumentation. This is 
because a lower collision frequency implies simpler electron- 
ics, easier synchronization of subsystems and easier bunch 
crossing identification. Moreover, a larger &, is preferred 

‘Operated by Universities Research Association Inc. under Con- 
tract NO. DEAC02-76CH03000 with the U.S. Department of Energy. 

by the detectors should the luminosity be below the design 
value, because it will bring n close to 1. Even when the lu- 

minosity reaches the design value, a larger sb may still be 
preferred in order to get a higher luminosity in the n-for-L 
trade off. 

A larger bunch spacing will also have certain negative 
impact on the pattern recognition of detector subsystems 
if it results in multiple events per crossing. The main con- 
cern is the tracking detector, which is most sensitive to 
an increase in pile-up per crossing, while the performance 
of the muon system, the electromagnetic calorimeter and 
hadron calorimeters will remain unchanged. 

It is interesting to note that all the three LHC detectors 
- ATLAS, CMS, and L3P - claim they can deal with a 
n much larger than unity.[l-31 

III. IMPLEMENTATION 

Assume L is fixed and sb increased by a factor of 6. Then 
n will also be increased by the same factor. Below are two 
possible scenarios to achieve this bunch spacing. 

A. Bunch coalescing 

Assuming the coalescing be carried out in the MEB at 
the flat top (200 GeV), a new 10 MHs rf system (in addi- 
tion to the main 60 MHz rf) is required. The longitudinal 
emittance 6~ will be increased by a factor of about 6. Be- 
cause the baseline design includes an intentional CL blowup 
by a factor of about 50 when the beam is accelerated from 
200 GeV to 20 TeV, the coalescing blowup factor can be 
absorbed in this process so that the final Ed at 20 TeV will 
remain unchanged. 

The reasons to choose the flat top in the MEB for coa- 
lescing are the following: 

The two cold machines, HEB and Collider, are ex- 
cluded because of the possible quenching that could 
be caused by the lost particles during coalescing. 
The LEB is a fast cycling machine (10 HI). It is thus 
difficult to incorporate the coalescing scheme. 
At the flat bottom (12 GeV), the beam lifetime due to 
gas scattering is poor, and the rf voltage required to 
generate the necessary size of the buckets to capture 
the coalesced bunches is high. In addition, a coalesced 
bunch with large longitudinal emittance represents a 
concern during the transition crossing. 

The bunch coalescing has been a routine operation at 
Fermilab (Main Ring) and CERN (PS) for many years. 
The new features of the MEB coalescing are: (a) Unlike 
the Main Ring, all the buckets are filled in the MEB; (b) 
Unlike the PS, more bunches (six) need to be merged. 

The procedure is: (a) reduction of the bunch momentum 
spread by either adiabatic debunching, or rf phase jump, 
or rf amplitude jump; (b) adiabatic capture and compres- 
sion by the subharmonic rf system; (c) bunch rotation; (d) 



recapture of the coalesced bunches by the main rf system; 
(e) extraction. The simulations show that when coalesc- 
ing 6 bunches using this scheme, the particles leaking into 
adjacent buckets are less than 0.5%. 

B. Beam chopping 

This is to chop a gap in a sequence of micro-pulses of 
particles, i.e., to create a macro-structure. This has to be 
done when the beam energy is low, namely, in the linac, in 
order to avoid the radiation problem. 

The injection from the linac to the LEB is a 4-turn pro- 
cess. In each turn, there are 9 micro-pulses injected into 
each LEB bucket. All the buckets are full. To change the 
bunch spacing from 5 m to 30 m, one has to chop out a 
gap of 25 m in the linac pulse sequence and fill up only ev- 
ery 6th bucket in the LEB. Meanwhile, each filled bucket 
has to contain more particles (a factor of 4, see Table 1) 
in order to maintain the luminosity. The number of injec- 
tion turns has to be increased accordingly. The transverse 
emittance will also have to be blown up (by a factor of 3) 
due to the space charge. Four schemes have been studied: 

1. The transverse deflector: 
This is a pulsed electrostatic deflector consisting of a 
number of pairs of plates. The voltage is applied to the 
plates sequentially at a rate that matches the beam ve- 
locity as a rlow wave structure. In the AGS Booster, it 
is placed after the RFQ where the beam energy is 750 
keV. Its length is about 1 m.[4] In the SSC linac, the 
beam exit energy from the RFQ is 2.5 MeV. Therefore, 
the deflector would have to be longer. The main con- 
cern of this scheme is that the no-focusing long drift 
space occupied by the deflector will cause a significant 
transverse emittance growth. 

2. The energy chopper: 
This is a new idea proposed by D. Swenson. It is 
based on the fact that the Low Energy Beam Trans- 
port (LEBT) and RFQ are energy-selective. When 
the beam energy is 35 keV, the transmission in the 
RFQ is about 90%. When the energy error is f6 keV, 
the transmission is reduced to almost zero. There- 
fore, if one lowers the ion source energy down to 30 
keV and installs a small acceleration device between 
the ion source and RF& to provide alternatively +5 
keV and -1 keV to the beam, then one can chop the 
beam by switching thii device on and off. The device 
suggested by Swenson is a Betatron using a high per- 
meability ferrite ring. It needs to provide the rise and 
Ml times of 2-3 ns and the peak pulse length 21 ns. 
The difficulty is that the ferrite must have both high 
permeability and high frequency response. In the pre- 
liminary meazurements using the commercial products 
CMD5005 and CN20, the rise and fall times of the pri- 
mary are 200 ps, and that of the secondary are 25 ns 
(CMD5005) and 5 no (CN20), respectively. The dif- 
ference comes mainly from the geometry rather than 
the material. But the voltage of the pulse generator is 
too low (several volts) to draw any conclusions from 
the measurements. 

3. The rf switch in the ion source: 
To meet the requirement of the neutron spallation 
source, V. Smith at LANL proposes to pulse the 
electrically-isolated collar in the Penning source to 
chop the H- beam. The goal of the rise and fall times 
are on the order of 10 ns, which is still too slow com- 
pared with 2-3 ns required by the SSC linac. 

4. The laser stripper: 
This is based on the observation that the binding en- 
ergy of the second electron on the H- is 0.75 eV and 
can be stripped by a laser beam of wavelength 1.06 pm 
(corresponding to a photon energy of 1.18 eV). The 
photoneutralization cross section is large (35 mega- 
barns). A pair of parallel mirrors of 5 cm length that 
reflects the laser beam 40 times can give rise to neu- 
tralization over 99%. However, if one wants to use this 
technology to chop 45 out of every 54 micro-pulses, the 
costs seem prohibitively high. 

C. Comparisons 

The advantages of the bunch coalescing method are: 
1. For the same beam current, it gives more luminosity 

than that by the chopping method, because it does not 
have to sacrifice the transverse emittance. 

2. For the same luminosity, it can ease the space charge 
problem in the LEB, because the number of protons 
per bunch is smaller. 

3. It is a proved technology. 
The advantages of the beam chopping method are: 
1. It is flexible. In principle, it can create any macro- 

structure in the beam as needed. Thii is in contrast to 
the coalescing method, which requires a specific sub- 
harmonic rf system for a specific coalescing scenario. 

2. It can decrease the current per bunch. This feature 
will be particularly useful during commissioning. 

3. It can reduce the radiation at the LEB extraction. 

IV. ACCELERATOR ISSUES 

Table 1 lists the changes of the beam parameters when 
the bunch spacing is increased from 5 m to 30 m by the 
two different methods. The luminosity is fixed at 1 x 1O33 
cm-‘s-l in these calculations. 

1. Space charge in the LEB: 
When the chopping method is used, one has to put 
about 4 times more particles into a bunch. But this 
should be okay when one allows l N to be increased by 
a factor of 3. The simulation results are supported by 
the Fermilab Booster measurement data. 

2. Injection efficiency in the LEB: 
When the chopping method is used, only a portion 
of the LEB buckets are to receive particles from the 
linac. The particles may leak into the neighboring 
empty buckets and create satellites or cause particle 
loss. Therefore, one needs to modify the rf voltage 
profile and inject 7 micro-pulses in each turn instead 
of 9. Simulation shows the particle loss wilI be less 
than 3%. 



?8ble 1. Beam Parameter Dependence on Bunch Spacing 

Parameter 

Events per crossing n 
Time interval between crossings At (ns) 
Events per second (B-‘) 
Average current I (mA) 
Protons per bunch A$ (~10~‘) 

Number of bunches M 
Head-on tune shift Ay~o 
Long range tune shift A-u 
Long range tune spread 6-n 
LEB space charge tune shift AUSC 
Synchrotron radiation P. (kW/beam) 
Parasitic heating 8, (kW/beam) 
Instability threshold 211 /n (G) 

2~ @n/m) 
Resistive wall instability 7wall (turns) 
Dynamic aperture during injection (u) 
Dynamic aperture at IR (u) 
Beam-beam luminosity lifetime 7~ (h) 
Intrabeam scattering lifetime 7, (h) 

72 (h) 
Luminositv reduction factor R, 

Sb=!?m 
CN = 1 x l@ 

1.7 
17 

lo8 
71 

0.81 

17424 
0.0038 
0.0067 
0.0020 
0.38 
9.0 
1.3 
3.7 
250 
106 
13 
11 
78 
211 
120 
0.91 

sb = 30 m 
EN = 1 x lo-6 

Coalescing 

10 
100 
lo8 
29 
2.0 
2904 
0.0094 
0.0027 
0.0008 
0.16 
3.7 
1.3 
1.5 
100 

260 
13 
11 
32 
86 
49 
0.91 

sb = 30 m 
EN=3 x lo+ 

Chopping 

10 
100 
10s 
48 
3.3 
2904 
0.0053 
0.0046 
0.0041 
0.53 
6.1 
3.6 
0.9 
60 
155 
8.0 
6.2 
54 
516 
109 
0.97 

-3 

3. Dynamic aperture in the Collider: 
When l N is 3 timer larger, the dynamic aperture, ex- 
pressed in terms of the beam sise u, will be reduced. 
The values listed in Table 1 are obtained by a scaling 
formula. More accurate data by long term tracking 
(10’ turns) gives 9,. 

4. Single bunch instability threshold: 
This should not be a serious problem because there is 
a relatively large safety margin (about 6) in the de- 
sign. Furthermore, this margin can be improved by 
redesigning the longitudinal emittance budget. 

5. Beam-beam interaction: 
The head-on tune shift is increased because there are 
more particles in a bunch, whereas the long range tune 
shift is decreased because of a larger Sb. The total 
change is small and the sum is well below the tune 
shift budget of 0.02. 

6. Synchroniration during beam transfer: 
When the chopping method is used, the linac and LEB 
need to be phase locked. In addition, the beam trans- 
fer must be bucket-to-bucket. The SSC synchroniza- 
tion scheme assures that these can be done. 

7. Instrumentation: 
The specifications (dynamic range, bandwidth and ac- 
curacy) of the orbit and phase measurements need to 
be revised in order to serve variable bunch spacing. 

8. Other issues: 
(a) The average beam current becomes smaller, 

whereas the peak current becomes larger. 

(b) The synchrotron radiation is proportional to the av- 
erage beam current. Therefore, it is also decreased. 

(c) The parasitic heating is proportional to the product 
of the average and peak beam current. It remains 
the same (in the case of coalescing) or is increased 
(in the case of chopping). This term may become 
a dominant loss term if more and more charges are 
put in a bunch for luminosity upgrades. 

(d) The beam-beam luminosity lifetime becomes 
shorter because the number of protons is smaller. 

(e) The total number of bunches is reduced by a factor 
of 6. This will make the machines more stable. 
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ALUMINUM BEAM TUBE FOR SUPER COLLIDER: 
AN OPTION FOR NO-COATING & NO-LINER 

W. Chou, Fermi National Accelerator Laboratory,* P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

Thii paper proposes to use a single-layer beam tube 
made of high strength, high resistivity aluminum alloy 
(such as 7039-T61 or A7NOl) to replace the double-layer 
copper coated stainless steel tube in Super Collider. The 
merits, technical issues and possible implementation are 
briefly discussed. For details the readers are referred to 
Reference [l]. This work was originally done for the SSC. 
But it may also be useful to future colliders. 

I. INTRODUCTION 

The baseline design of the SSC Collider beam tube calls 
for a stainless steel (SST) pipe of about 2-mm thickness 
with a thin copper (Cu) layer (about O.l-mm thick) coated 
on its inner surface. The purpose of the copper coating is 
to reduce the surface resistance, thus suppressing the possi- 
ble beam instability caused by the resistive wall and reduc- 
ing the beam-induced wall heating. This paper suggests a 
drastic change in the choice of the beam tube, .namely, a 
single-layer aluminum (AI) alloy pipe without coating. The 
merits are as follows: 

. There will be a potential saving of about $2300 per 
tube, as shown in Table 1, or 823M for a total of 10000 
tubes. 

. An extruded aluminum tube with a specially designed 
cross section (with antechambers or plate insertions) 
will more easily accommodate a distributed cryopump 
and, therefore, will eliminate the need for a separated 
liner addition to the tube. 

l There is a concern about adhesion in the bi-layer 
Cu+SST tube over a 25-year lifetime. This will not 
be a problem for a single-layer aluminum tube. 

Aluminum beam tubes have been used in many lepton 
storage rings. They were ruled out in the early SSC de- 
sign mainly because of the concerns about eddy currents 
and mechanical stability during quench, and the technical 
difficulty of making leak-free joints between aluminum and 
stainless steel . However, we will show that the recent in- 
dustrial development of some high strength, high resistiv- 
ity aluminum alloys (e.g., 7039-T61 or A7NOl) can meet 
performance requirements in a quench, and that the Al- 
SST joints have been successfully tested and employed in 
a cryogenic environment at DESY, KEK and LANL. 

*Operated by Universities Research Association Inc. under Con- 
tract No. DEAC02-76CH03000 with the U.S. Department of Energy. 

II. TECHNICAL ISSUES 

A. Surface resistance 

A.1 Low frequencies - Resistive wall instability problem: 

In order to control the beam instability, the requirement 
on the surface resistance of the beam tube is: 

a,A 2 1 x lo5 G-’ (1) 

in which cr, is the electrical conductivity and A the thick- 
ness (which is assumed to be smaller than the skin depth a) 
of the wall material. Table 2 shows that the product u,A 
of a 2.5-mm thick aluminum tube is comparable to that of 
a O.l-mm thick copper layer (RRR = 30). 

A.2 High frequencies - RF heating problem: 

In calculating the parasitic heating due to the beam and 
wall resistance, the anomalous skin effect (which was over- 
looked in the early SSC design) plays an important role.’ 
The surface resistance ratio R.(%xI K)/R,(4 K) of copper at 
high frequencies is significantly lower than the dc value.[2,3] 
The data measured by LANL using a copper coated stain- 
less steel tube is listed in Table 3.[4] In order to have a re- 
alistic comparison between Cu and Al, more measurements 
are needed in the presence of cold temperature (4 K), high 
frequency (2 1 GHs) and strong magnetic field (6.8 T). 

B. Quench problem 

B.l Eddy current: 

The eddy current during quench is proportional to the 
product u,A: 

I = 2ib2 - u,A (2) 

in which i is the rate of decrease of the magnetic field B, 
and b is the beam tube radius. It is seen from Table 2 that 
the eddy current is comparable for the two tubes. 

B.2 Quench stress and tube thickness requirement: 

To analyze the stress during quench, three effects need 
to be taken into account: thermal contraction during the 
cool down from room temperature to 4 K, the vaporised 
helium pressure he (which is isotropic in the radial direc- 
tion pointed inward) and the Lorents pressure P,,,,, (which 
is in the horisontal direction pointed outward, has a cos-0 
distribution and peaks at the equator). For fie = 466 psi 
and Pmax = 100 psi, a stress analysis using the 3D code 

‘When the frequency is high enough such that the mean free path 
of electrons becomes larger than the skin depth, the normal conduc- 
tion theory based on electron collisions breaks down and the surface 
resistance becomes independent of the conductivity cc of the mate- 
rial. This is called the anomalous skin effect. 



Table 1. Cost Comparison 

Cu Coated SST Tube Al Tube 
15-m 304LN tube $930 15-m A7NOl tube, extruded $240 
Copper coating $2000 Two Al-SST welding joints $200 

Two Al-SST demountable joints $156 
TOTAL $2930 TOTAL $596 

Table 2. Surface Resistance Comparison 

; 

ANSYS for a 2.5-mm thick aluminum tube gives a maxi- 
mum stress cr,,, = 16.9 ksi.[5] The critical buckling pres- 
sure P, is 4.57 ksi. According to the American Society of 
Mechanical Engineers, the allowable stress for membrane 
loading is: 

uauoW = 1.5 x min{0.25ur, 0.67~:) (3) 

in which ur is the ultimate tensile strength of the tube 
material, and d is the yield tensile strength. For the alu- 
minum alloy 7039-T61 at 4 K, one has uauow = 36.75 ksi. 
The allowable buckling pressure is: 

P c allow = f2 = 1 14 ksi 
4 * 

To estimate the needed tube thickness, the stress ratio 
method is employed. The requirement is: 

Qmax P)He -- 

@dlOW + PC allow < 1 
(5) 

For a 2.5-mm thick aluminum tube, this ratio is 0.89. 
Therefore, it should be safe during quench. 

B.3 Quench test: 

A convincing evidence of the quench survivability of an 
aluminum tube comes from a preliminary quench test.[6] 
The sample is a 2-m A7NOl pipe (1.7-mm thick), which is 
co-extruded with an All00 pipe (0.2-mm thick). The eddy 
current and Lorentc pressure of this clad pipe in a quench 
are comparable to what is calculated above. The test re- 
suits showed that the elastic deformation was < 0.1 mm, 
and the plastic deformation < 0.01 mm. 

C. Gas desorption problem 

C.l Photon induced gas desorption: 

The main concern of the vacuum problem in the Collider 
is the photodesorption due to the synchrotron radiation of 
the protons. Previous measurements at NSLS and CERN 
showed that the initial photodesorption rate T,I of aluminum 
is higher than that of copper and stainless steel. But the 
rate of decrease is also greater. At sufficiently high photon 
dose, r~ for all the three metals tend to similar low values.[7] 

Table 3. Surface Resistance of a Copper Plated Tube 

C.2 Ion induced gas desorption: 

The ioniaed molecules of the residual gas, which are ac- 
celerated by the potential field of the proton beam (about 
400 V in the Collider), can desorb gas molecules from the 
accumulated layer on the tube surface. This effect is usu- 
ally described by the quantity Vii, the product of the ion 
desorption coefficient and the beam current. Thanks to 
the low beam current (0.07 A) in the Collider, this effect 
is small no matter what material (Al, Cu or SST) is used 
for the beam tube. 

C.3 Electron multipactoring: 

Because aluminum has a high secondary electron emis- 
sion coefficient, the electron multipactoring could become 
a problem as has been observed in the ISR. However, the 
calculations using Grcbner’s model show that this should 
not be a concern due to the low beam current and short 
bunch length in the SSC.[8] 

D. Al-SST joint problem 

The Al-SST joint presents a technical challenge in a cryo- 
genie storage ring because of the possible leak of helium at 
the joint near the end of the coldmass. In recent years, 
however, it has been successfully used in a helium environ- 
ment. 

. The demountable joint:[9] 
It uses bolted aluminum and stainless steel flanges 
manufactured by Hakudo/SMC and is employed in a 
superconducting RFQ at LANL. The pipe contains he- 
lium gas at 450 psi. After 100 thermal cycles between 
room temperature and 22 K, there was no detectable 
helium leak. The cost is about $78 per joint. 

l The explosion bonded Al-SST transition piece: 
This has been used in cryogenic and vacuum environ- 
ments at KEK for years and proved reliable and leak- 
free. 

. The friction welding method: 
In the dipoles of the HERA proton ring, the helium 
cooling tube of the 40 K shield is made of aluminum. It 



Figure. 1. 

r- 

An aluminum tube with antechambers. 

is connected to the stainless steel flanges and bellows 
by friction welding. The helium pressure is 300 psi. 
During the past several years of operation, no helium 
leak from these welds has been found.[lO] These joints 
are manufactured by Thevenet Clerjounie Co. The 
price is about $100 apiece for a mass order. 

III. IMPLEMENTATION 
There are three possible ways to employ the aluminum 

beam tube in the Collider. 

A. A beam chamber with antechambers 

Because aluminum is easy to extrude, one may design a 
complex cross section to accommodate a cryosorber while 
eliminating the liner, such as the shape shown in Figure 1. 
It consists of a beam chamber and two Uears”. The Uearsn 
are the antechambers housing the cryosorber material such 
as coconut charcoal. The chamber and antechambers are 
connected by a series of pumping slots. The top-bottom 
symmetry is desirable for reducing the coupling impedance 
and the multipole magnetic field errors. The extrusion of a 
15-m aluminum tube with such a cross section is feasible. 
There are, however, two potential problems: (1) Machining 
of the slots is not easy. (2) The two Uears” consume certain 
radial space that are precious to the magnet measurements. 

B. A beam chamber with plate insertions 

An alternative is to use a circular tube with two plate 
insertions as shown in Figure 2. The beam tube is extruded 
such that there is small bump on the inner surface that can 
support the plates. During magnet field measurements, 
the plates are not in place and, thus, a larger aperture is 
available. After the measurements, the two plates, which 
are perforated and have cryosorber material on one side, 
will be inserted into the beam tube for pumping purpose. 

C. A beam chamber with an anodized layer 

This is proposed in Ref. [ll] and is illustrated in Fig- 
ure 3. The anodised layer serves as a cryosorber. There- 
fore, no need for a liner. However, there are concerns about 
the impedance presented by this insulating layer and about 
the direct exposure of the layer to synchrotron radiation. 

Figure. 2. An aluminum tube with two plate insertions. 

Figure. 3. An aluminum tube with an anodized layer. 
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The Main Injector is a part of Fermilab III. 

A program to increase Collider luminosity 
by at least a factor of 30 compared to the 
1988-89 baseline of 1.6x103Ocm-2sec-I. 

Several projects already completed; Main 
Injector designed to produce the final factor 
of five increase in luminosity. 

Completed projects include: 
1) New low-p focusing systems at both 

Collider experiments. 
2) 22 electrostatic separators - helical 

orbits. 
3) Antiproton source improvements. 
4) Linac Upgrade Project. 

These have combined to produce initial 
luminosities in excess of 2xl03lcm-2sec-I. 

Can hope for Collider luminosity above 
lxlO%m-2 set-1 with Main Injector. 
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Fermilab is a cascade of four accelerators: 
1) 400 MeV Linac 
2) 8 GeV Booster 
3) 150 GeV Main Ring 
4) Tevatron 

The Main Ring and Tevatron share a common 
enclosure. Main Injector will functionally 
replace the Main Ring in a new accelerator 
enclosure. Ancillary benefit will be the 
removal of antiproton production 
acceleration from the vicinity of Collider 
experiments. 

Main Injector has two-fold symmetry - a 
sheared oval - siting considerations. 

Circumference is 33 19 meters. 
7 times the Booster 
28/53 of the Main Ring 

900 FODO cell lattice. 

Zero dispersion straight sections created 
with short dipoles. 

Transverse admittance is 407~ mm.mrad. 
Longitudinal admittance is 0.5 eV-sec. 
Pmax is 58 meters - stronger focusing than 
Main Ring. 

D. Bogert The Fermilab Injector Complex 5/l/95 



In addition to the 3319 meter accelerator 
there are five beam lines: 

8 GeV Injection from Booster 
150 GeV protons to Tevatron 
150 GeV antiprotons to Tevatron 
120 GeV protons to antiproton source 
120 GeV protons to existing switchyard 

New technical components include: 
344 dipoles - 128 4 meter - 216 6 meter 
12 dipole supplies power - 9500 Amp 
80 long quadrupoles 
108 sextupoles 
208 dipole correctors 
18 rf power amplifiers 

“Recycled” technical components now in 
Main Ring include: 

18 rf cavities 
128 quadrupoles and 6 power supplies 
102 correction magnets 
589 assorted magnets for the beam lines 
assorted power supplies, controls, and 

instrumentation 

Transfers to Tevatron for acceleration are 
made at 150 GeV. Tevatron requires 12 
Booster batches to fill for Tevatron fixed 
target physics. This will require two Main 
Injector cycles. 
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Antiproton production and Main Injector 
dedicated fixed target physics will operate 
at 120 GeV. Main Injector can be filled with 
6 Booster batches and send one to antiproton 
production and use the other five for fixed 
target physics. 

Main Ring admittance at 8 GeV injection has 
been degraded to only 127~ mm.mrad, much 
worse than original 400 GeV accelerator. The 
causes are vertical dispersion from 
overpasses and many more 
injection/extraction points. Main Injector is 
designed to have at least 407~ mm.mrad 
transverse admittance at 8 GeV. 
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This requires large aperture magnets with 
good field quality and careful location of 
injection/extraction points. 

Fast cycle time (1.5 set for antiproton 
production; 1.8 set including neutrino 
production) also puts demand on magnets. 

The cost estimate reported in the March, 
1995 monthly report (dated 4/27/95) was: 

WBS Area Estimate 
1.1 Technical Components $lOl.lM 
1.2 Civil Construction $88.7M 
1.3 Project Management $ 8.2M 

Sub Total $198.OM 

G&A $ 1.4M 

Contingency $30.2M 

TOTAL $229.6M 

It is necessary to consider the actual 
appropriations profile of the FM1 to 
understand some aspects of the construction 
status at this time. The funding profile has 
severely constrained the actual obligations. 
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The Appropriations Profile (History and 
Projections based on the President’s Budget) 
is: 

Fiscal Appropriation 
Year Incremental Cumulative 

1992 $11.65OM $11.650M 
1993 $15 .OOOM $26.650M 
1994 $25000M $5 1.650M 
1995 $43 .OOOM $94.650M 
(History above, projection below) 
1996 $52.000M $146.65M 
1997 $52.000M $198.65M 
1998 $30.95OM $229.6OM 

It was decided at an early point in the 
project that the work would be accomplished 
with approximately the following priorities 
until funding was not an almost absolute 
restriction: 

1) Technical R&D 
2) Technical EDIA 
3) Civil EDIA 
4) Start Civil Construction 
5) Start Dipole Magnets 
6) Start Other Technical Components 
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The result of this prioritization has been 
that with the exception of the Wetlands 
Mitigation which was begun in late FY92, the 
actual civil construction began in FY93, the 
Dipole Magnet construction in FY94, and the 
rest of the Technical components in FY95. 

Even with this slow start, both the civil and 
dipole magnet obligations have been 
subdivided into small amounts with 
extensive use of ‘phased funding’. In 
addition, the rate at which work has been 
scheduled has been generally determined by 
fiscal constraints rather than a 
consideration of attempting to maximize 
parallel endeavors. 

In spite of the constraints, it is now possible 
to report that very considerable progress has 
been made and that the rate of production of 
those technical components being built and 
the accomplishment of civil construction has 
now reached approximately the rates 
projected when the project schedules were 
baselined, although in both instances with a 
several month ‘start-up delay’ offset. In 
other words the amount of costs accrued in 
recent months has reached a steady state 
supported by the appropriations profile. 
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The Civil EDIA is being accomplished by the 
joint efforts of the Fermilab Facilities 
Engineering Services Section (FESS) and an 
outside architectural/engineering (AE) firm, 
Fluor Daniel. Fluor Daniel was selected by 
an AE selection board following DOE 
procedures when a State of Illinois Challenge 
Grant was made available to start 
environmental assessment and to extend 
conceptual design. This grant of $2.5M 
enabled the FM1 project to get an early start 
while awaiting DOE approvals. 

Working with a conceptual design prepared 
by FESS, Fluor Daniel first re-estimated the 
civil cost of the project, and then after the 
appropriate DOE approvals prepared the 
Title I design. The wetlands mitigation 
package, including work required by the US 
Army Corps of Engineers permit granted as 
part of the environmental assessment work, 
was prepared under the Challenge Grant. The 
actual wetlands mitigation work was the first 
package approved for bidding and 
construction by DOE, and the work was 
completed in FY93. 
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After the DOE approved the Title I package 
Fluor Daniel began work on the rest of the 
Title II design, divided into packages as best 
as FM1 project management could judge that 
funding and scheduling would permit. It 
should be noted that over the course of the 
FM1 project to date, the funding profile has 
undergone several changes to date. The 
effect has been to stretch out the project by 
reducing the obligation authority in the 
early years of the project. Thus, some of the 
structure of the work packages initially 
specified to Fluor Daniel has been modified 
either in scope at design or by dividing into 
phases at bidding. 

Fluor Daniel has completed the Title II 
design work and bid specification documents 
with the single exception of the 8 GeV beam 
line at the Booster Connection where 
Fermilab has suggested a change in the 
radiation shielding specification (from 
passive shielding to interlocked detectors) to 
reduce the impact on the SW Booster tower. 
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Roughly speaking, the current list of bid 
packages (civil contracts) is now: 

1) Wetlands Mitigation 
2) Accelerator Enclosure @ MI-60 
3) MI-60 Service Building 
4) Site Prep, roads, utilities (3 phases) 
5) Substation Hardstand 
6) Enclosure Precast Units (3 phases) 
7) 8 GeV Line Precast Units 
8) FM1 Ring Enclosure (2 phases) 
9) 8 GeV Line (3 phases) 
10) FM1 Service Buildings (8 structures) 
11) Cable Trays in enclosures 
12) 13.8kV Distribution 
13) 345kV Transmission Line 
14) Kautz Road Substation 
15) Commonwealth Edison 345kV connection 
I6) Addition @ MR-FO Service Bldg.; new F17 
17) Cooling Ponds & Cooling system 
18) Connection of FM1 at MR/TeV FO 
19) Connection of 8 GeV Line at Booster 
20) Landscaping, Road Paving, etc. 

additional acquisitions/construction 
projects include: 
A) Various Transformers 
B) Shielding Steel 
C) Survey Monuments 
D) Reconstruction of the E4R facility 
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At this moment, the following work on the 
above list has been completed: 

1) Wetlands Mitigation 
2) Accelerator Enclosure @ MI-60 
3) MI-60 Service Building 
4) Site Prep, roads, utilities (3 phases) 
5) Substation Hardstand 
C) Survey Monuments 

Work is in progress on the following: 

6) 

7) 

8) 

9) 

W 

Enclosure Precast Units (3 phases) 
(approximately 1140 of 118 1 built) 
(production rate 4/day) 
(should complete 5/15/95) 

8 GeV Line Precast Units 
(221 units under contract) 
(will follow #6 above) 
(should complete 7/3 l/95) 

FM1 Ring Enclosure (2 phases) 
(approximately 50% complete) 
(approximately $8.5M of $17M costed) 
(approximately 794 of 1181 units set) 

8 GeV Line (3 phases) 
(Started 4/10/95) 
(Phases 1 & 2 FY95 money) 
(Phase 3 FY96 money) 
(Phase 2 requires accelerator shutdown) 
Shielding Steel 
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Bidding and/or contractual negotiations will 
soon be in (or are in) progress on: 

15) Commonwealth Edison 345kV connection 
(DOE negotiates this work) 
(EDIA will be obligated FY95) 
(Construction, etc., in FY96) 

A) Various Transformers 
D) Reconstruction of the E4R facility 

The following work will be obligated in FY96; 
in some instances phased funding will 
extend into FY97 and even FY98: 

10) FM1 Service Buildings (8 structures) 
11) Cable Trays in enclosures 
12) 13.8kV Distribution 
13) 345kV Transmission Line 
14) Kautz Road Substation 
17) Cooling Ponds & Cooling system 

The following work will be obligated in FY97: 

16) Addition @ MR-FO Service Bldg.; new F17 

The following work will be obligated in FY98: 

18) Connection of FM1 at MR/TeV FO 
19) Connection of 8 GeV Line at Booster 
20) Landscaping, Road Paving, etc. 
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To date, the actual civil construction work 
has been bid below estimates, and work 
completed, including changes to work in 
progress has not exceeded the baseline 
estimates. Civil EDIA has, however, 
exceeded initial estimates. 

The FM1 civil designs have included a 
number of capabilities for future 
utilizations including several possible 
extraction points, room for Siberian Snakes, 
and room for possible additional ring in the 
enclosure. Fermilab has requested Fluor 
Daniel to design and estimate a stub at the 
extraction point for a possible neutrino beam 
to Soudan, Minnesota. This work was added 
to the scope of the Main Injector and 
negotiations to add the stub to the ring 
enclosure contract are complete. 

Various slides illustrating civil construction 
progress to date will be shown to illustrate 
what has been accomplished. 
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The final piece of the R&D program was a 
redesign of the RF supply using more modern 
components than utilized for the Main Ring 
RF system 25 years ago. Some commercial 
parts have been acquired in this work, The 
R&D units have been successfullv onerating 
to drive a MRRF cavity for some monihs 
and the design is regarded as complete 
demonstrated. Using FY95 funds 
approximately $1.25M in requisition 
activity was initiated in January 1995, 
construction of the last R&D equipment 
being completed in the MI-60 building. 

now, 
and 

and 
is 

All the Technical Component Level 3 projects 
have now been allocated funding to complete 
design and start construction/acquisition 
activity to some extent. The utilities 
installation needed at the MI-60 building 
has begun, and several $lOOK-plus tasks 
representing the first parts of LCW piping 
are complete. Heat exchangers and 
associated tanks are in various stages of 
acquisition for the MI-60 system. Design 
work for vacuum systems, some kicker 
supplies, some instrumentation (especially 
beam position monitors), controls, safety 
systems, and magnet installation equipment 
is well advanced. Initial acquisitions in all 
these areas are funded in FY95. 
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3) T. Pawlak, November 1994 DOE Review, 
page 3. “CIVIL CONSTRUCTION COST 
ESTIMATE” 
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the enclosure connections are built at IvIR/Tev-FO. Eighty 
a&litionaI quadrupoles are re4@ed for the Main Injector Ring 
lattice. ThesequadrupolesatebeingfabricatedatFeunilabtoa 
larger extent than the ring dipoles. ‘IEe work at Fermilab for 
these quadrupoles includes the steps of coil winding, coil 
insulatiou. haIf core stacking, and final assembly. This work 
aIsobegauinN94andiscontinuiug. Todatethecomplete 
complement of 35 254 cm (100”) quadrupoles has been 
assembled, and work on an eventual complemeut of 52 
295 cm (116”) quadrupoles is lmderway with over half of the 
llecewyco~wolmdand2096ofthehalfcoresstacked oIk2 
295 an quadrupole is fully assembled. 113 sextnpole magnets 
am required and an? aho beiig built at Fermilab. Ten have 
been completed at the rate of two per month. Essentially all 
of the completed magnets have been powered and measured at 
the Magnet Test Facility.[3,4] 

Procurement of materials for Lambertson magnets and 
“C” magnets for the transfer lines has begun, and studies of 
the Lambertson end field conllguration have been completed. 
Other quadrupoles and trim magnets are in various stages of 
design. 

When the evaluation of the dipole power supply built 
under the R&D program at EAR is complete later in N95, 
parts for the full complement of power supplies will be 
ordered, Parts are being ordered for the kicker supplies as 
engineering is completed. 

Following the completion of the rf R&D program, 
approximately $1.25M of parts for the production complement 
of the rf power amplifiers have been ordered since January 
1995. This equipment will be assembled in the MI-60 service 
buikIing as it is delivered. 

Design work for a beam position monitor hased upon the 
cross section of the Main Injector beam tube is in progress, 
and successful prototyping has been completed. 

All of the Technical Component Level 3 project areas 
have now been allocated funding in N95 to complete design 
work and to start acquisition and construction activities to 
some extent. The utilities installation needed at the MI-60 
building has begun, and several tasks each in excess of $lOK 
were started in N95 and some of the low conductivity water 
(LCW) piping tasks have been completed. Heat exchangers 
are being acquired and wiI.I be instaIled also. Design work for 
vacuum systems, controls, safety systems, and magnet 
mstallation equipment is well advanced. An installation test 
inanapproximately3Ometersectionofstandardtunnelaoss 
section in the completed MI-60 enclosure region is underway. 

V. SCHEDULE 

The present seven year funding profile is much slower 
than was originally expected or hoped. When the Main 
Injector was in the conceptual design stage, a four year 
schedule was believed to be quite realistic, and considering the 
original schedule for the consmlction of Fermhab over twenty- 
five years ago, such a schedule was considered demonstrated. 

lheactualprojectschedulehasbeenfundinglimitedsincethe 
fPstappropriationsndcontinuestobefundinglimited. 

It will be necessary to turn off the Fermilab physics 
programforaperiodofapproximatelyuinemomhstocumect 
the Main Injector to the existing complex at the Booster and 
the Tevatmn rf straight section (called IvIR/Tev FO) involving 
demolition work at both locations. To minimize thedowu 
time of Fermilab all the rest of the civil and technical 
constmctiou, and the instaIlation of new componen& must be 
compIeted prior to the finaI civil inte- tions at h4R/Tev 
FKlandtheBooster. ‘IbecormectionattheBoostercouldbe 
accomplished at an earlier shutdown of sufficient length if the 
funding is available. Technical staff cannot be ‘double 
camted’ during the shutdown, so all possible pior work must 
be completed so staff is available to dismantle, remove, and 
recondition items such as the Main Ring quadrupoles being 
recycled into the Main Injector. According to the present 
funding profiles which require $52M in each of N% and 
N97 it will be just possible to complete the pm-shutdown 
work in time to permit the 9 month shutdown to begin in 
February 1998 so that commissioning should be completed in 
early 1999. It is absolutely necessary that the present fimding 
profile that has existed in the last three of the President’s 
budget proposals to Congress be maintained if this schedule is 
to be met. 

The Main Injector project management team is very 
emmuxaged by the progress of the project to date. Progress on 
all civil and technical &sign and coustmction has been rapid 
given the available funding, and both obligations and costing 
of completed work are tracking the original project baseline 
with a less than three month delay, almost all of which 
represented a slightly slow startup, some large fraction of 
which was delays in administrative approvals for the fast 
expenditures. Actual contracts have been placed at favorable 
pricing. The project is essential for the national physics 
program, a point repeatedly endorsed even prior to the 
elimination of the SSC project. Project management is 
anxious to complete the job and to make this research facility 
available to the research community. 
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Table 1 is an abbreviated list of specifications for the 1 
KW solid state amplifier chassis. 

Frequency: 30 MHz - 80 MHz 
Gain: 5OdB 
Gain Flatness: +/- 1.0 dB 
Phase Delay: Less than 24 nSec 
Phase: All amps matched to +/-5 degree 
Rf Power Out: 1000 watts 
Cooling: Demineralized LCW 

Table 1. Abbreviated Solid State Amplifier Specification. 

IV. INSTALLATION AT MR-RF STATION 7 

Figure 3. Diagram of the 4 KW solid state amplifier rack. 

The control unit and metering chassis are Fermilab 
designed and fabricated. The final output combiner, dual 
directional couplers, and 48 volt 200 amp power supply 
were purchased commercially. 

The metering chassis performs the following functions: 
1. Measures and displays Mosfet current in each 

output stage. 
2. Diode detectors for processing forward and reflected 

power of each amplifier for local and remote 
readout along with protection circuitry for each. 

3. Variable gain rf amplifier for programming rf level 
to 1 KW amplifier modules in response to an 
input program of 0 to 10 volts (constant phase). 

4. Program inhibit (TTL line). 
5. Four - way t-f splitter. 
The control unit provides the protection, local control, 

and remote interface for the solid state amplifier. It utilizes 
a Europac HF 3U chassis with 9 plug-in modules. The 
modules include a water flow processor for the turbine flow 
meter, forward power, reflected power, amplifier monitor 
module for each 1 KW amplifier (4 total), power supply 
controller, and on/off master controller with remote status 
and control. 

Figure 4. Installed Solid State Driver at MR-RF St. # 7. 

In the foreground of Figure 4, is the 4 KW solid state 
driver rack positioned next to the station 7’s control racks. 
From top to bottom are the four - 1 KW solid state tf 
amplifier modules, control unit, metering chassis, four - 
way output combiner, and power supply. 

A condition for installing and running a long term test 
was the station had to be controlled in the normal fashion 
from the control room by the operations’ group. The solid 
state driver’s control unit was interfaced to the station’s 
existing control system. With minor software 
programming modifications, new parameters for the solid 
state driver could be displayed on the usual parameter pages. 
This provided the operations’ group full remote control, 
read-backs, and alarms to the control room as with a normal 
station. 

In May of 1994 the station was made operational with 
the new 200 KW power amplifier and solid state driver. 
The 200 KW power amplifier typically runs with a peak 
anode voltage of 18 KV from the series tube modulator, a 
peak negative grid bias of -300 volts, and a peak forward 
power of 1700 watts from the solid state driver with beam 
intensities of 3.1 El2 on pbar production cycles (beam 
loading compensation active). 

To date we have had no failures or downtime associated 
with the new 200 KW amplifier and solid state driver. 
Even though this is the only station operating this way, it 
is a good indication that the designs are sound. 
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Figure. 2. Effect of coil size on the amount of heat and on 
hot spot temperature 

size. This is the value adopted in the present design. The 
backleg and yoke are fixed to a thickness of about 1 inch 
to have enough mechanical strength. No saturation is ex- 
pected given the low value of the field in the gap. 

The magnet core as well as the copper coil are sufficiently 
defined now to derive other parameters. In particular the 
amount of heat produced when the magnet is powered to 
the required strength and duty factor allows us to esti- 
mate the temperature of the different components using 
the above model. 

The steel temperature is found to be 58” C. This tem- 
perature will be decreased by increasing the magnet area. 
We are exploring two possibilities. The first one is to have 
wide endplates while the second one is to have a wedge on 
the top and bottom of the magnet. The latter reduces the 
weight of the magnet. The former may create a bottleneck 
for the heat flow, and increase temperature gradients. In 
any case, we assume that the temperature of the steel can 
be maintained below 50’ C. 

Next, the temperature of the epoxy at the copper coil 
interface is evaluated. The epoxy is a vulnerable compo- 
nent. If the contact between the steel, GlO, and epoxy is 
tight (thermal grease is utilized), then this interface will be 
at temperature of about 57O C. An air gap of 5 mils with 
the same heat flow, will raise this temperature by 12” C. 

Last, the inner coil temperature is found to be around 
81” C. This is below the limit we specified. At this point 
we should say that some gradients are short-circuited if 
we put a water-cooled plate against the bottom or top of 
the epoxied coil winding. For this option, with a higher 
current of 15 ampere and the same duty factor we reach 
a temperature of about 91” C. This is to be compared to 
120° C with no plate cooling. 

nents. It gave us the following directions in which to orient 
the engineering efforts: 

There must be as much contact as possible between 
the coil and the steel. 
The winding impregnation should get rid of the air 
pockets to maximize the effective thermal conductiv- 
ity. 
The insulating materials are limiting components, and 
their thermal conductance and temperature resistance 
should be as high as possible. 
The lamination design should maximize the external 
magnet surface. 
The steel should preferably be painted in black. 

In addition to the thermal calculations we are in the 
process of adding bumps in the poletip to maximize field 
uniformity. This design will have to take into account the 
sextupole captured at the ends since our magnet steel is 
rather short, 12 inches. 
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to J dB,/dxdl < 47r6u(f?p)/fi in units of Tesla-m/m, again 
as a sum of the contributions from the body leakage field 
and the end field, 

The project requires 16 Lambertsons plus spares, so a 
common design will reduce design effort, fabrication costs, 
and the quantity of required spares. Therefore, the design 
is based upon the requirements for usage in the Tevatron 
which automatically satisfies the Main Injector specifica- 
tions. 

II. Physical Design 

The requirement for a large aperture (both planes) in the 
bending region, led to the design of a Lambertson absent of 
an internal beam pipe. This is accomplished by using two 
sets of symmetric laminations, one set for the inner cores 
and one for the outer cores, as shown in Figure 1. The inner 
cores are assembled with a precision ground matched set 
of stainless steel space bars near each coil to define the gap 
width. The left/right symmetry of the inner cores assure 
an assembly which meets the straightness criteria in bend 
plane. This assembly is “skinned” with a 30 mil Type 321 
stainless steel vacuum skin and terminated at each end by 
a single vacuum end plate. All vacuum welds are external. 
A set of 8 distributed 30 liter/set ion pumps (4 on each 
side) are utilized to maintain a vacuum of w 5 x lo-’ torr 
for use in the Tevatron. 

The coil is a 24-turn split saddle coil with the saddle 
extending laterally beyond the inner core to allow for the 
inner core end assembly to extend beyond the coil with 
out interference. The conductor dimensions and number 
of turns are determined by the desire to utilize an exist- 
ing 200 Volt/2500 Amp power supply while maintaining 
adequate copper volume and cooling. 

The coil and inner core assembly are captured by a pair 
of symmetrical outer cores designed to provide straightness 
in the non-bend plane. The assembly is held together by a 
set of tie plates which produce stiff boxed beam structure. 

Construction of previous Lambertsons at FNAL have re- 
quired laborious straightening techniques of welding stripes 
on the outer core to meet the straightness criteria. This de- 
sign deviates from the construction of previous Lambert- 
sons at FNAL in that it is designed to meet the straightness 
criteria without the previously required straightening tech- 
niques. 

III. Magnetic Design 

A 2D magnetic model was constructed to allow adjust- 
ment of basic geometrical parameters such as the septum 
thickness, septum radius, septum angle, and geometries of 
the field free region, inner core, outer core, gap height and 
width, pole face contour, and tiebars to aid in magnet de- 
sign choices. The model additionally included the stainless 
steel skin around the inner cores and air gaps around the 
skin and tiebars. These parameters were adjusted to opti- 
mize the field uniformity in the gap, minimize the leakage 
field in the field free region, and trim the back leg. 

- 

- 

Figure. 1. Cross section of Lambertson core showing inner 
and outer cores, tiebars, and coil configuration. 

A. Field Region Design 

The uniformity in the central region of the gap is gov- 
erned predominately by the location of the field free region. 
Its symmetric location provides excellent uniformity in this 
central region. The height of the “good field” region, de- 
fined by the uniformity specification, is governed by the 
coil and stainless steel spacer bar geometry and the shape 
of the pole tip near the coil. Without any pole tip shaping, 
the good field region extended to f5 inches, about a gap 
width less than the physical height. Adjusting the width of 
the stainless spacer bar (i.e. its penetration into the iron 
of the inner cores) and adding a f50 mil thick by 200 mil 
long pole tip shim increased the height of the good field re- 
gion to f6 inches, meeting the specification, as seen in the 
lower plot of Figure 2. However, the field falls off rapidly 
and increasing the the pole tip height from 7 to 8 inches 
linearly increases the height of the good field from 6 to 7 
inches as shown in the upper plot of Figure 2. 

B. Field Free Region Design 

The leakage field from the iron into the field free region 
is governed by the continuity condition that H(paralle1) 
must be continous across the iron/air interface. From this 
boundry condition, the flux density (in Gauss)in the field 
free region will just be poHJteel. To maintain control over 
the leakage field, a steel with a high permeability at the 
expected values of H in the iron near the cavity should be 
chosen. The choice of steel is discussed in the next section. 

The selection of septum thickness, septum radius and 
opening angle are not only based upon the aperture re- 
quirements discussed earlier, but were selected to minimize 
the saturation in the iron near the septa, the magnitude of 
skew quad in the cavity, and the magnitude of the leakage 
flux density, respectively. 
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Figure. 2. Calculated field uniformity in the bend region 
after shimming and extending the field region. 

Figure 3 shows the magnitude of the field, in Gauss, on 
axis in the field free region as predicted by OPERA-SD. 
The small skew quad component is realized by a combi- 
nation of reducing the opening angle from the 90 degree 
specificaion to 78 degrees and increasing the septum ra- 
dius to 0.2 inches maintaining the vertical aperture near 
the notch. The magnitude of the field in the gap is 1.1 
Tesla. 

Figure. 3. Leakage Field in the field free region at a bend 
field of l.lT. 

C. Steel Selection 

The selection of steel is not only governed by techni- 
cal specifications but by more realistic issues like market 
availability and cost. For example, cobalt/vanadium al- 

loys such as supermendure offer a high permeability at the 
lower excitations, which would offer better shielding around 
the cavity or decrease the integrated magnet length. They 
are, however, cost prohibitive at M $30/lb. as compared to 
&0.50/b for Si and low carbon steel. Therefore, we lim- 

ited our selection of steel for the Lambertson magnet to ei- 
ther a silicon electrical steel or a low carbon steel. Figure 2 
shows the measured hysteresis curves for 24 guage Epstein 
strip samples of a fully processed low carbon (0.006 %) 
steel and a M-47 grade Si steel. This shows the Si steel 
clearly having a higher permeability and a lower coercive 
force than the low carbon steel in the sheared condition 
(dashed line). Sh earing and lamination punching increase 
stress within the steel which lowers its permeability. Both 
sets of samples were stress relief annealed at 750 degrees C 
for two hours. The permeability of both samples is shown 
as the solid lines. A more pronounced improvement from 
stress relief annealing is seen in the low carbon steel. For 
this project, the low carbon steel had acceptable parame- 
ters. 
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Figure. 4. Hysteresis curves of low carbon and Si steel 
showing the improvement to each due to stress relief an- 
nealing. 

D. End Design 

A 30” prototype Lambertson has been constructed to 
aid in the design of the magnet end configuration. The 
ratio of magnetic length to physical (flange-flange) length 
must remain =92% due to space constraints in the Main 
Injector. The geometry of the prototype includes a 2 by 
13 inch gap without any shimming. The field free region 
geometry used is listed in Table 1. 
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Figure 5: Main Injector Sextupole Electrical Model. 
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Figure 6: The nonlinear part of the sextupole strengths is 
obrained by substracting the measured field integral from 
the value calculated from normal geometry and infinite 
mu. Results are shown for two R&D sextupole magnets. 
Extraction of the nonlinear components is carried out by 
using a method outlined in Ref.6. 

the center of the magnet at a constant current. Activating 
different coil windings on the probe allows the measure- 
ments of the sextupole strength and the contributions to 
the field shape from other harmonic components up to 18 
poles. We have made measurements of both normal as well 
as skew components. We find none of the components are 
of significant importance for FM1 operation scheme except 
the remanent field. A remanent field of -0.3 (Tm/m2) is 
seen for the magnet that is ramped up to 350 Amp. Using 
the scheme outlined in Ref.6 we have extracted the non- 
linear part of the sextupole field. The result is shown in 
Fig. 6. In our chromaticity compensation scheme devel- 
oped for FM1 in section I, we have included this non-linear 
part of the sextupole field. The sextupole field arising from 
the eddy current and the remanent field of the sextupole 
magnet counteract. Hence, the focusing sextupole magnet 
power supplies need not go much negative. 

Authors would like to thank the MTF personnel for their 
help during the magnet measurements. 
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Figure 1: A comparison between yt-jump, FFTC and 
NTPJ schemes for the FMI. The initial emitstance is 0.1 
eVs, number of protons per bunch = 6~10~‘. The +t = 
167 /sec. 

ton beam with 6x10” particle /bunch. Three different 
schemes of transition crossing in the FM1 have been inves- 
tigated. We find that for an operating scenario of jr=300 
/set and q 2 0.2 eVs we do not need any special schemes 
like -yt-jump or FFTC. 

Authors would like to acknowledge Dr. K.Y. Ng for use- 
ful discussions, especially the treatment of negative mass 
instability. 
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RADIATION SHIELDING OF THE MAIN INJECTOR 
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Abstract 

The radiation shielding in the Fermilab Main Injector 
(FMI) complex has been carried out by adopting a num- 
ber of prescribed stringent guidelines established by a pre- 
vious safety analysis[l]. Determination of the required 
amount of radiation shielding at various locations of the 
FM1 has been done using Monte Carlo computations. A 
three dimensional ray tracing code as well as a code based 
upon empirical observations have been employed in certain 
cases. 

I. Introduction 

The Fermilab accelerator complex consists of a chain of 
four proton accelerators with a beam energy up to 800GeV 
for fixed target experiments and up to 2 TeV (center of 
mass energy) for collider experiments. The Fermilab Main 
Injector (FMI) which is being built in a separate enclo- 
sure, will replace the 150 GeV Main Ring (MR) accelerator 
which is currently being used as an injector to the Teva- 
tron. FM1 has many added advantages over the MR[2]. 
Having larger admittance both in the transverse and in 
the longitudinal phase space, the FM1 is capable of pro- 
viding more than 5E12 protons/batch at 120 GeV for the 
antiproton production target and over 3E13 protons/batch 
at 150 GeV for the fixed target operations. When such a 
high energy and high intensity facility is being built, it is 
necessary that proper care is taken regarding environmen- 
tal protection as well. 

II. Shielding Guidelines 

The radiation safety is an important and mandated re- 
quirement for all Fermilab facilities. In order to meet this 
responsibility a number of guidelines have been provided 
in the FERMILAB RADIOLOGICAL CONTROL MAN- 
UAL and have been followed for designing the FMI. Many 
of the stated guidelines in this manual are more stringent 
than the DOE standards. A list of Fermilab standards 
which are relevant to the aspects of radiation shielding 
evaluation at the FMI, are given in Table I. 

Operated by the Universities Research Association, under con- 
tracts with the U.S. Department of Energy 

Table I. Fermilab standards for radiation shielding evalu- 
ations. 

Description Maximum Allowed 
Dosage 

Visitors and public: 0.05 rem/year 
Whole body (i.e., 0.025 mrem/hr) 

(Unlimited Occupancy) 
Non-radiation workers: 0.05 rem/year 
Whole body (i.e., 0.025 mrem/hr) 

(Unlimited Occupancy) 
Radiation workers: 1.5 rem/year 
(direct ‘prompt’ (5300 mrem 
radiation) / quarter) 
Ground water 20 pCi/ml-year (3H) 
activationa 0.4 pCi/ml-y (22Na ) 

’ These nuclides are of major concern to Fermilab. How- 
ever care has been taken to meet the requirements of DOE 
order NO. 5400.5 for other radioactive nuclides causing 
contamination in the ground water. 

Using the guide lines in Table I and the results of Monte 
Carlo calculations with CASIM[3] for some typical cases, 
the following shielding criteria have been developed[l]: 

1. For unlimited occupancy we need soil equivalent 
shielding of 7.92 m (26 ft) for 150 GeV beam-lines en- 
closures, and a soil equivalent shielding of 7.46 m ( 24.5 ft) 
forthe 8 GeV beam-lines and the FM1 enclosures. 

2. 0.305 m (1 ft) of steel[4] is a soil equivalent of 0.88 
m (2.89 ft) and 0.305 m of heavy concrete (78% concrete 
with 22 % steel) is a soil equivalent of 0.46 m. 

These are used very often in deciding the shielding thick- 
ness for radiation protections. 

III. FM1 Design, Beam Intensities and 
Beam-losses 

FM1 is located underground. The tunnel floor of the 
FM1 is at an elevation of 217.47 m (713.5 ft) which is about 
1.82 m lower than the Tevatron tunnel floor. It has a to- 
tal circumference of 3319.41 m. A geometric layout of the 



FM1 along with some critical area of interest from the ra- 
diation shielding point of view are shown in Fig. 1. For the 
purpose of injection and extraction of the proton beams, 
a total of seven beam lines will be built. Some beam lines 
have varying elevations. 

Each region of FM1 and its beam-lines that poses po- 
tential radiation safety problems has a unique structure, 
so they have to be treated individually. For instance, the 
RF gallery near the MI60 straight section is one such area. 
The proton and the antiproton beams from the FM1 will be 
injected in to the Tevatron near(under) this gallery. The 
two accelerators are at different elevations. A total of five 
beam lines originate in the vicinity of this region. The 
walls in the beam enclosure have a number of utility pen- 
etrations and alcoves. At the surface level (at an elevation 
of 226.31 m) there is the MI60 service building. Evaluating 
the radiation shielding for a region like this is very difficult 
task. We will briefly discuss the shielding aspects of this 
region later. 

The beam in the FM1 will be accelerated to 120 GeV and 
150 GeV depending upon the application. The operating 
scenarios for the FM1 are listed in Table II. The FM1 is 
capable of operating in five different modes. The beam 
intensities shown in Table II are design goals. 

Table II. The beam intensities for different operation sce- 
narios of the FM1 and beam loss terms. 

FM1 Mode of 
Operation 

pbar Production 

Fast Resonant 
Extraction 

Slow Resonant 
Extraction 

Collider 
Injection 

Tevatron 
Fixed Target 

Beam-loss Scenario 

Operation Losses 
(Annual) 

Accidental 
Losses 

Proton Beam Intensity and 
Cycle time 

5E12p/l.lisec @120GeV 

3E13p/1.9sec @120GeV 

3E13p/2.9sec @120GeV 

5E12p/5sec @150GeV 

3E13p/30sec @150GeV 

Source Term 

lE19 @8GeV 
4.1E18 @120GeV 

5.7316 @8GeV 
8.5315 @120GeV 

Defining the beam-loss term for an accelerator is a dif- 
ficult task. Generally they are categorized into, a) normal 
operational beam-losses and, b) accidental beam losses. A 

Figure 1: A geometric layout of the FMI. Ellipse : MI60 
labyrinth, square:MI Service Buildings, Triangle : MI Exit 
Stairs, Circle : MI52 type Exit Stairs, Octagon : 8GeV 
North Hatch Building. 

conservative estimate for the FM1 has been made based 
upon our past experience with the Main Ring operation 
and are listed in Table II. These beam-losses have been 
used as source terms for shielding evaluations. There is 
also an estimated annual proton beam abort for the FM1 
which has been taken into account in designing the FM1 
beamdump[5]. 

IV. Shielding Calculations 

After establishing the guidelines and beam-loss terms, 
radiation shielding calculations have been performed. 
When a high energy particle interacts with a material, 
a shower of particles mainly consisting of protons, neu- 
trons and pions will be produced. These in turn interact 
further resulting in cascades of particles with angular dis- 
tribution peaked in the forward direction. If the beam is 
lost in an energized magnet, the angular distribution need 
not be symmetric. The radiation dose at any point will 
be calculated using the number of stars produced at that 
location which depends upon the hadron flux, the energy, 
the angle and the shielding in between. When multi-GeV 
primary protons are lost in a target, the contributions to 
the prompt radiation dose in the transverse direction will 
be dominated by the low energy neutrons, while in the 
forward direction the muons (which are long-ranged) will 
dominate. For shielding purposes we have to consider both 
of them separately. 

We have carried out shielding calculations for most of 
the locations around the FM1 using Monte Carlo codes[3] 
CASIM ( for hadrons) and MUSIM (for muons) in cylindri- 
cal geometry. The culverts are some of the locations of po- 
tential problems around the FM1 which do not have cylin- 
drical symmetry. In these cases, we have used a derivative 
of the code CASIM (called CASPEN [3]) and the required 
amount of steel under the culverts were determined. There 
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Abstract 

A beam-abort dump for the Fermilab Main Injector to han- 
dle 3E13 protons per pulse at 150 GeV has been designed. 
A 120 GeV beam line goes through the beam-dump off-set 
by 27cm from its center. The design and the environmental 
safety aspects of the beam-dump are described here. 

I. Introduction 

A beam-abort dump or beam stop is an important part 
of a high energy accelerator. In an accidental condition 
the beam must be automatically deflected on to a dump 
to avoid any damage to the accelerator components. Even 
during routine accelerator studies low intensity beam gets 
frequently aborted. In any of these cases, the beam-dump 
should be able to handle the aborted beam. Also, the area 
around it should have enough radiation and environmental 
protection. 

Fermilab Main Injector (FMI) is a 8-150GeV proton syn- 
chrotron that is being built as a high intensity injector to 
the Tevatron. The Main Injector beam-dump is to be built 
near the MI40 straight section and has the base elevation 
of 214.27 m (703ft). It is planned to be a water-cooled 
dump. The maximum number of protons per machine cy- 
cle on the beam-dump exceeds 3E13@150 GeV. Since this 
beam-dump will be much closer to the aquifer than any 
existing beam-dumps in the Fermilab accelerator complex, 
it is extremely important that the design minimize the soil 
activation and reduce the ground water contamination. 

To establish As Low As Reasonably Achievable 
(ALARA) d t ra ia ion exposure to Fermilab workers and vis- 
itors a number of guidelines have been worked out and 
they are stated in FERMILAB RADIOLOGICAL CON- 
TROL MANUAL. According this, the on-site and off-site 
radiation level should be less than 0.025 mrem/hr and 
10 mrem/year respectively. The allowed ground water 
radioactive contamination should be less than 20pCi/ml- 
year. Also, the policy of Fermilab is, not to accelerate 
beams for which there is not a user. Aborting the max- 
imum number of protons per hour, while not strictly an 
accident condition, is a violation of that policy. 

Operated by the Universities Research Association, under con- 
tracts with the U.S. Department of Energy 

II. Design 

We started out with the design of the presently existing 
beam-dump[l] in the Tevatron (near the CO straight sec- 
tion) and arrived at an optimized design for the MI beam- 
dump. However, unlike the buried CO Tevatron beam- 
dump, the FM1 beam-dump will be placed in an accessible 
enclosure. The optimization has been carried out using 
the Monte Carlo code CASIM[P]. The total radiation dose 
above the berm of the beam-dump which is at an eleva- 
tion of 227.38 m (746 ft) and the total number of stars in 
the soil is designed to be at least a factor of two below 
the acceptable limit. To have the ability for easy access, 
a 1.1 m wide walking space will be allowed around the 
beam-dump. The design of the beam-dump is shown in 
Fig.1. Provision has also been made for a 7.62 cm beam 
pipe through the iron core of the beam-dump for future ex- 
tracted beam. The core of the beam-dump will be of high 
melting point graphite embedded in a 2.74 m aluminum 
box. This box will be cooled by 40°C low conductivity wa- 
ter (LCW). In front of the aluminum box concrete bricks 
will be hand stacked. The aluminum box is surrounded by 
layers of 0.84 m thick steel and 1.1 m thick concrete. The 
total length of the beam-dump will be 10.7 m. The LCW 
cooling system will be inst,alled behind the beam-dump in 
the available space. 

The transverse emittance of the beam[3] in the Main 
Injector is expected to be 12n or larger. The horizontal 
and vertical p-functions at the surface of the graphite core 
is 225 m. This makes the minimum beam spot size on the 
beam-dump about 0.15 cm. The instantaneous maximum 
temperature rise in the core within the area occupied by 
the beam due to the interaction of 3E13 protons at 150GeV 
is about 100°C. This beam will deposit about 330 kW of 
power in the beam-dump. Out of that about 55% of the 
energy (i.e. 200 kW) will be deposited in the graphite and 
aluminum core box alone. Hence we have planned to have 
an LCW cooling system which is capable of extracting at 
least 300 kW. 

III. Estimation of Radiation Level 

The radioactivity in and around a beam-dump can be 
categorized into two classes. The first one is for the beam 



on conditions (prompt radiation), i.e., the instantaneous 
electromagnetic and hadronic showers developed due to 
interactions of the high energy particles with the beam- 
dump. The second arises from the residual radioactivity 
of the dump. Both of these are dependent upon the total 
number of primary protons aborted and the beam energy. 
The average number of protons to be aborted on the FM1 
beam-dump per year under normal operating conditions[4] 
is about 3.26318 @150 GeV. The maximumnumber of pro- 
tons continuously aborted in any one incident is estimated 
to be 6.OE16 @150 GeV per hour. 

Table I. Dose due to prompt radiation around FM1 beam- 
dump and ground water activity. 

Concern Radiation dose 
Neutrons : 
Max. Rad. Dose 
(Allowed dose 
Unlimited Occp. 
Limitz0.025 mrem/hr 
for N.O. and 
1 mrem/accident 
Muons : 
On-site 
(Allowed dose 
Unlimited Occp. 
Limit=0.025 mrem/hr 
for N.O. and 
1 mrem/accident 

Off-site muons 
Annual Limit= 
10 mrem/y 
Ground Water : 
Annual 
Activation 
(Annual Limit 
20 pCi/ml-y of 3H 
0.4 pCi/ml-y of 22Na) 

l.lE-5(mrem/hr) 
(For N.O.) 

1.2E-3(mrem/acc.) 
(Maximum Beam 
Abort ) 

5.4E-S(mrem/hr) 
(For N.O. ) 

G.OE-3(mrem/acc.) 
(Maximum beam 
Abort) 

<3.2E-5(mrem/y) 

3H 2.12pCi/ml-y 
22Na O.O7pCi/ml-y (A) 

3H O.OlpCi/ml-y 
22Na O.l48pCi/ml-y (B) 

(A) Single Resident Well Model (B) Concentration 
Model 

A. Prompt Radiation 

The prompt radiation dose is calculated using the num- 
ber of “stars” (interaction points) produced in a unit vol- 
ume per incident particle. With a soil equivalent shielding 
thickness between the FM1 beam-dump and the berm of 
about 9.75 m, the low energy neutrons and muons are the 
main contributors to the radiation dose at the surface level. 
Here, these two contributions have been evaluated in sep- 
arate sets of Monte Carlo calculations. Figure 2 displays 
isodose contours obtained using CASIM. The results for 
muons are displayed in Fig. 3 along with a sectional view 
of earth in the downstream of the beam-dump. Using these 

results, the expected radiation dose for normal and maxi- 
mal beam loss conditions have been evaluated. The results 
are listed in Table I along with the standards adopted at 
Fermilab. 

Radioactive contamination of the ground water is one of 
the major considerations in designing a beam-dump. The 
aquifer around FM1 is only about 4.88 m below the FM1 
beam-dump. Of all the radioactive nuclei produced in the 
spallation reactions the greatest hazards in ground water 
are from 3H and 22Na. The EPA-allowed limits for these 
nuclides in ground water are listed in Table I. There are 
two methods to determine the increase in the concentra- 
tions of these nuclides in the aquifer viz., A) the single res- 
ident well model and B)the concentration model[5] (which 
was developed very recent,ly and is more suitable for an 
accelerator complex like Fermilab). The first one depends 
upon the total amount of stars in the soil and the second 
method uses the maximum star density in the soil near the 
base of the beam-dump. The results obtained from these 
two models are displayed in Table I. We find that they are 
at least a factor of two below the allowed limits. 

B. Induced Radioactivity in the Beam-dump 

As a result of hadronic showers developed in the beam- 
dump a variety of short and long lived radioactive nuclides 
will be produced. These give rise to residual radioactiv- 
ity. Here we use the method suggested by Barbier[G] to 
estimate it. 

Table II. Residual radioactivity for MI Beam-Dump at con- 
tact. Ti = irradiation time in days (d). T, = cooling time. 

Descriution Dose on Contact (rad/hr) 
Ti=360d 
T,=ld (7d) 

Carbon 
Front 10 (10) 
Back 10 (10) 
Al. Box 
Top Front 26 (4) 
Top Back 26 (4) 
Iron 
Front, 0.2(0.1 ) 
Middle Top 0.02 (0.02) 
Back <4E-3 (<lE-3) 
Concrete 

(Max) <2E-3 (14E4) 
Concrete Wall 

(Max) <8E-4 (<2E-4) 

The radiation dose b is given by, 

‘Ti _L30d 
T,=ld (7d) 

3.3 (3) 
3.3 (3) 

0.4 ( 0.4) 
0.4 ( 0.4) 

0.1 (0.07) 
0.01(0.007 ) 

<2E-3 (SlE-3 ) 

<2E-3 (<4E-4) 

18E-4 (L2E-4) 

b(rad/hr) = R/41r x Q x d 

where Q is the hadron flux (which related to the star den- 
sity and the incident proton flux). For dose measurements 
at contact, R/4x = 0.5. d is referred to as the danger 



Figure 1: Longitudinal section of FM1 beam-dump. 

parameter which depends upon the material which is be- 
ing irradiated, the duration of irradiation, Ti, the produc- 
tion cross section for various radioactive spallation prod- 
ucts and the cooling time, T,, of the target. For FM1 
beam-dump, the danger parameters are taken from Ref.6. 
The results of calculations have been listed in Table II. 

IV. Summary 

A beam-dump suitable for the Fermilab Main Injector 
that can handle 3E13p/pulse has been designed and is 
presently under construction. We have allowed for a beam 
line to go through the iron core without affecting the radi- 
ation level at the berm. There is enough clearance around 
the beam-dump for easy access and maintenance. We esti- 
mated that the prompt radiation dose level and the ground 
water contamination level is at least a factor of two less 
than the prescribed limits in FERMILAB RADIOLOG- 
ICAL CONTROL MANUAL. The residual radioactivity 
around the beam-dump will be less than 2 mr/hour after 
one day of cooling. 

The authors would like to acknowledge Dr. A. Van Gin- 
neken and Dr. N.V. Mokhov for useful discussions. 
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WODOSE CONTOURS DUE TO HADRONS IN THE MI BEAM DUMP 
(VERTICAL pm) 
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Figure 2: Iso-dose contours for 150GeV proton beam 
aborted on FM1 beam-dump. 
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Figure 3: The muon dose in the vicinity of FM1 beam- 
dump for 150GeV proton beam abort. 



normal octupole vs current 

2- 
,- .mco1wo 

0 lacoo5-09 
o I 1 I . I J 

0 0.5 1 1.5 2 2.5 3 3.5 4 
current, kA 

Figure. 4. Average octupole component vs current 

b, distribution at 1500 A 

b,, units 

Figure. 5. Distribution of octupole strengths at 1500 A 

b, distribution at 1500 A 

be, unlts 

Figure. 6. Distribution of la-pole strengths at 1500 A 

3 



normal octupole vs current 

g 8i 

2 7: 

:ij 

1 

t t t t t 

:;“e 4 4 t t 0 + 

2: 
,; .nc010-30 

0 #c006-00 

o 0 0.5 1 1.5 2 2.5 3 3.5 4 J 

cumnt, Ia 

Figure. 4. Average octupole component vs current 

b, distribution at 1500 A 

b,, units 

Figure. 5. Distribution of octupole strengths at 1500 A 

b, distribution at 1500 A 

* I 6 
: 5 B B a 

3 

2 

1 

0 -2 
I...,.,.,,,~,. ,,.,.I... 

-1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -’ 
be, units 

l-l 
,2 

Figure. 6. Distribution of la-pole strengths at 1500 A 

3 



I 
aQ;C -pIay a~odn~pBnbaQ~uxog~u+ aQ~Ba?ee?zddnsa~~Qti 
svzaaodruo:, 3~UOUIJ8Q aQ$ a~nwatu al!03 raQ$o aQ;L *qau 
-88W aQ?JO Q@raqs aQ7 arnwauro~ pen s!1!03aIod~p~nb 
au0 'SI!O~ alod-02 pw ‘alod-21 'aIod=ap ‘alodnr)ao ‘alodn+ 
-xaS Qwa au0 pna ‘s1!03 alodnrpanb ~UO~~OQ~JO OM!+ +tt1!03 
aIOd!p ~Uo~oql~O 0Ml WQ aqozd aQ\L *pa~uauxa~duy naaq 
"Q ‘WIkU 391 Jo Q@UaI aQ$ Q!hOJQ~ SpUa'JXa '+Q!j I!03 
UaSropI a Buyn ‘uxa~sbs I!03 Bugaboo a LIuo aq8p oa 

$8 bq pau!u.IJa$9p aq ad8QS pu8 Q@uar)e aQ$ uoy3npord n! 
$8~3 pw parnwanr aq$aUkxxXraAa~aq~s~ pa~o'old~opa& 
upyy a~$ uror3 lsanbaz aq& *[v] axaq~aqa pm WUW~UO~ 
SjQ) 18 srad8d laplo u! l!vsap axotu Q~M paq!J%ap I#! sqau 
-%aur aQl~uynwauxIq pasna~M?JOspU8')natUd@aaQ& 

-aApMT aQ~u~suo~~8~z8Aa~q8uowa~ *lo$ara133YB aQq30 am% 
-zada +mGp aQ% ~03 uIo[qoad 8 asod 03 Q8noua a%81 $0~ 
Inq ‘a~qarnwaux LIraaIa s! ~uauoduxo:, aIOd-aAI?M') aQ& 

ifII83!UI8UXp '$lI83l.J$i$S !)OU X8 SUO98!laA &#8UI-o~ 

-'+ausax yuaux~!nbaz Qqoq X3sgee 03 snzadda sl!un 8 03 p 
30 a%8laA8 U8‘SUO!'$8~UI?S UO pX?F28 TIO!!J3a.r!p IQ%!1 aQ3 U! 
Qsnd aI??! uaA@ aInQ3m aQJJ0 Ino 1~3 p1noQs uI8aq aQ;t 
*uoyasz+xa ~01s 30 $u!od 39% 07 uI8aq aQ$ Bu!zq ~83 saIodn% 
-3ouIg Bugsyxa aQl ~+aQl osXqq!qay 30 aPpa aQqo$ QSnoua 
as013 aqtu8aq aQc+ ~~QTJ s! paaa raqqo aQ& -ulylos)! uo au!q2 
-8~ aQ~30 qno 1~3 ~onpInoQs1U8aq aQ& *s$uauraqnba~1078 
-JaIaam aQ$ $aauI ol Q%OUa a%81 aq arn$zad8 2pxreuLp aQ$ 
$OQ~ s! paan au0 'r! uodn pawId spnaurap OM$ WQ aIodn$ 
-30 aQ;L ~spaauss~ruaubpux8aq aQ% ~aaux 07 spsnb Mau aqq 
30 alodnqao aQ$ asooqa p[noa aM ‘saIodnlpsnb Bux upm 
Bugs~ aQ% u! qnauodtuo:, alodnpo udhouq aql noA!=) 

yuau 
-oduroa pafiolp aQl uo azaq aprluaauo:, aM ~!ursuXp 
ur8,aq aQ$ RO 13aduq ~U8~y!Uld!S OU aA8Q daQ7 'pOO~SlapUn 
$arC ton pue slozza ~uauramwaux aql ueQ3 Ia% a28 sanpA 
asaQ%apQM .sanpA u! pvaJdspa1[nwam aQqQ?yi ~ua~s!suoa 
am ~+eq$ sluauodtuoa uappiqro3 aQr30 suoyqgs!p pauxns 
-88 aA8Q adh saipny BII~~~!J mo 'OJJ *s~uauoduxo:, aIod 
-ahlaM? pu8 ‘alodn$3o ‘aIodnrpanb ~aa~y@!s aA8Q 03 pIay 
aQ% lsadxa aM uS!sap $auS8ux '9130 Xqauruxbs aQ$uroz,g 

*oIaS s! IQ $uauoduro:, aIod!p aq? ‘para? 
-ua3 Xpadord ',o~ ui slrad 30 .s$pxn,, u! pueuxur p'tjz = 0~ 
78 squauodwo:, aQ$ alonb a& quauodwo:, 3~UOUll8Q IBTIX 
-IOU aqq am UQ ~q~Suaqs alodrupanb 39% s! Tg aIaQM 

w papnr$suoaaJ aq ~83 p[ay s,alodnzpsnb 
830 ?uauoduroa ~IUJOU aQ;c *uog!soduro3ap 3!UOUII8Q SJ~ 
lrq play aq? aspalm8v aM -uo!q!sod 30 uoIqaun3 8 88 
Q'+8UaJ)S aQl U! UO98p8A aql aq 0% ad8QS aQ$ auyap aM 

*(%yssn203ap IO 
%I!SSn~Oj) snq Q3!QM uo paDaId s! qaubsux QXQM 13aIas 09 
p=U bIU0 ?M UOpIQySp $8Q'$ Q'QM '$8Q'$ pun03 aA8Q p" 
alian $2 30 UO!$8!Aap aJ:anbs wazu loor 8 30 noydurnsw 
snozauas aIoou aQ$ pasn aAvQ sa!pn*s Sujq~8rtf mo JO X1! 
-JO@U 1QJ, ‘(r-OT X 01) S-$!UTI OT 01 Q$+Ulr~S U! Uoyo!ra~ 

aQ1p1og 03 aIq8 aq 03 pgaadxa adh ‘aaua!Iadxa uo paw8 

‘+oI: u! sv=i 30 
$%!un,, ui saauaragp uo9maq alonb a& sQ@uar+s aAy+aIaz 
f)uysnas!p UaQM .aJnlJads 39130 2aqua3 aqq 18 nayal SI 1818 

-awi am ~(~p/~8p)~,-S aq oq qfOua+ aq9 aUyap aM 

'AIa$aledas alaq pasenD 
-Sip 328 aS?QJ, '(uad8QS,) uoyjsod asraasuolq 30 uoycmn3 
8 w q$3uar~s aQl30 uoy8!z8A 391 pu8 (uQ*8uaz~s,) play 
3gauS8uz pa)sda)u! 19% u~uo~~8~~~~au8aur-o~-~au~8u1 aqq 
az8 aanauxro3zad 2!lau88ur 30 waI8 ~ua~y+s odhq aQA,-~ 
'[g] [z] [I] Xlaarsugxa pa!pnls uaaq aA8Q salodnrp8nb aQ 
30 s$uaunr!nbal aDusurJo3zad aQ;L *sassnq auIBs aQ1 uo 
unx 03 (sp8nb %uw ups aQ$ ~03 UI g1.z ol paloduro:, 
‘m 96-z pu8 ux pg.z) sq$3uo~ Itxara3pp qnq uS!sap arms aqq 30 
salodnrpenb dhau autos salybal: a3g$tq aQ$ ‘Su!x u!an aQ7 
uxoq pasnal aq II!M lopafu1 uj8~4 aqq u! pasn sqodnrp8nb 

aQ% Jo hmu aI!QM ‘suo!qwn3 118 II! sux uyqq Suys! 
-Xa aQ!J aDaIda II+?& $1 ~blO$8JOq8'I 10$8laIa33V 18UOj!J8N 
!uIJaJ $8 uoy~nqsuoa lapun LI$UaJIn:, ro~o~a~a338 uolordy 
-U8 pU8 nolord MaU 8 S! JO~Da@I lI!8W q8I!"la,,J aQJ, 

*squauras!nbar rolorala33e aqp 03 paraduxoa pua 
palzodax a= sayadord SuyInsa'aQ;L *pasnwaur pus pa783 
-!zq83 uaaq aA8Q 10'+3arIII upx q8I!uIJa,g aql u! SII!QTJ~~U 
a~~!$~8~103 saIodnrp8nb ra$aux-+yz aQl30 a[duxas aSm1 y 



apaqnbar az8 !)OQ!J saIodn1penb ux 96.2 gp 09% 
UO UnSaq $Snr p8Q UO!$XIpOld YWpn!JtI %I!qPi?l~ Q%lOIQ!) 

paqsqqa~sa ah?1 aIq8!)da338 aQ$ U!Q$!M s! aDnsur1opad $au 
-88~ *parnwaux pu8 palqduxo:, uaaq p8q ‘Sup aQ9 103 
paqnbal zc 30 qno ‘salodnlpenb UI pyz 0~ 9661 ~33”~ 

v 009~ 38 salodnlpenb 30 q@uaqs aq$alax ‘Q *amS!d 

mqumu wuthu 

y g()g ‘48 salodnlpanb 30 Q@uaqs aa!qaIax ‘z ‘arnS!d 

h3qumu wukui 

SE o& sz oz SC OL s I ” I ‘1 ” I ” 1 I. 1 ” I ” ” 1 ” * 

OS- 
. 

oz- 

30 pus aQ1 La *Sup aQ? ~03 salodnrpanb &au aQs 30 uoy 
-2npord ot)u! [Ia& s! qaalord lo)aa[upI ups qaI!culad aQ& 

suoqmo3 *AI r-c 

‘s’Q~!I paQs!IqW=’ aQ’4 u!Q+” “sp a! 
31 ‘g azrt%d tX! UMOQS s! v g()gl !$o quauoduro3 aIOd-aAIaM$ 

aQ’J 30 UO!!Jnq~lliUp aQJ, ‘aIqa?daXe @8$Jaa S! aS81aA8 aQ1 
pu8 knp $aSmq aql I8au 1~3 s!+auSaur IIy *g a1nSy txi 
pauIux81So!Js~Q aJe sQ~Sual!$e aIodn$ao aQJ, TIo~~381!Jxa ~01s 
a03 pU8 @Jq8)S ‘03 p=U 39% QJOQ S?ZXXI S!Q;L ~~tIalJI’l3 

30 uoymj 8 88 *q alodnpo aS81aA8 aQ7 SMOQS p alnS!d 

-8 arnS!d UT udh0~~ w ‘118uIs s! Q@ualls u! paalds 
aQ% ‘a~ampf4 0% su$aq Iaaqs aQ$ w uaAa ‘L~z81p.u~~ *a&81 
papadxa 391 u!Ql!dh p3 slauS8ur 11~ .bryuroaS aQl30 1oq 
-UO3 POOS Su!$aa!pu! ‘pala!#sn~3 XIJQS~ ara sQ~Suar$s aQ$ 
98~‘~ aloN ‘Iaa!+s aQ$30 &q8aculad aQ$ u10q uoynqyuoa 
1~l.W 8 .+I0 Q$!M ‘Xl~auxoaS ag!J Lq pa~au~urop sy Q!@ual~s 
3Q’J Xl@??1 !)Ualln:, MO1 19% UI ?IO!!)8U!W81 aQ’J30 SUO98XJ 
-!po~ I8yIauI!ladxa 03 anp s$auSaur la381 aQ% 1x10~3 Inala 
-3ip L~~u83L@!s a18 slauS8uI uaAas asoQ;l, *uaAas Iszg aQ1 
IdaDxa S~aUs8UX [p 30 as8JaA8 aQ% O!J aA!!)aIaI !aIduxss aQl U! 
S!)aUS8UI Ip 103 V 009 ‘48 Q’@UallS aQ1 SMOQS 2 aln%g ‘aS81a 
-A8 aQ$ III023 S$aU%sa 18np!A!pU! JO UO!J8!Aap IBUO92813 ?Q’J 

a$yn3p aM ‘uoy8p3~ $auSour-o$-JauS’scu aQ$ luasard o;c 

qualm:, sh r8auq 

UIoq Q@Ull:qS aIodnrp8nb aS81aA8 30 uoysyaaa ‘1 *am&J rc4, 

w *auermna 

* 9-B E 9-L z SC L so I ” ” I ” ” I “‘. I ‘. .’ I ” ” 1 ‘. ” 1 ” ” ?. 9-L- 

duwumop o : t’~- 

)USJJll~ SA q#l8Jp UWlU 301 

if~yqaaurrad pa!$s a!JyIyu! Su!urnsw pa$aInya3 uo!$a$!3xa 
l8aU!I 8 UIOIJ Q+Ual$S aS81aA8 aQ$ JO UO~$8!Aap aQ’+ SMOQS 

1 al@d ‘$UallUD QXt118 Q@iUal’JS ‘Qq pa881aA8 aA8Q 3M 

y Wws * v 

q8a quaruamsaa~ ‘111 

lalua:, ~auS8ul w [pdh 88 ‘palssnbaz uo!q8UI~o3u! ad8Qs pu8 
Q~suar~s ~napunpar OQJ apiaold II!M S!Q;L *pauo~ss~u.xuxo:, /-” 
Su!aq bl~ualm3 s! ura@s aqM paQr+azls a+ alSu!s y 

*~auSaus blaaa uo slual 

-Ins aId!?lnux $8 paurlopad ax8 s~uauramwaur 1!03 Su!78~01 



The rotating coil system uses a tangential coil that ex- 
tends through the length of the magnet. The G-10 coil form 

_ has a small enough diameter that it easily conforms to the 
curved central orbit of the magnet and flexes as it is rotated 
to maintain the curvature. A coil wound on one diameter of 
the probe provides a measurement of the absolute strength 
of the magnet. The tangential coil, bucked against the 
equal-area diameter coil, provides flux measurements on a 
circle, from which the normal and skew harmonic compo- 
nents are extracted. The rotating coil measurements are 
performed at multiple currents on every magnet. 

The pointscan system uses both a Hall probe and an 
NMR probe to scan the magnetic field along the mag- 
net’s length in 25.4 mm steps. Numerically integrating the 
field measurements gives the magnet strength. These time- 
consuming pointscan measurements are performed at two 
currents on a sample of magnets. 

III. Measurement Data 
A. Strength 

For each measurement system we have averaged the 
strength at each current. Figure 1 shows the deviation of 
the average strength from a linear excitation calculated as- 
suming infinite steel permeability. 

local average of the strengths started to increase about half 
way into this group of magnets. Although no magnet falls 
outside the acceptable range, it is important to understand 
and control the process so that the variation does not in- 
crease further. 

The nature of the increase can be better appreciated by 
looking at the relative strength as a function of current for 
a limited number of magnets, as shown in Figure 4. Here 
we see that the strength deviation depends on current, a 
strong indication that we are seeing a magnetic property 
of the steel, as opposed to a geometrical effect. 

Analyzing the composition of the magnets, we deter- 
mined that the strength deviation of the magnet was closely 
correlated with the mix of laminations in the magnet 
stamped from different processing runs of steel. A detailed 
examination of the magnetic data on the sample strips from 
steel coils shows statistically significant differences among 
the runs of steel. Two-dimensional modeling of the mag- 
netic field using the different B-H curves reproduces the 
differing magnet excitation curves. 

relative dipole strength, 1600 A 

mean 6m dipole strength vs current 

L.,..~....I....~....~....~.‘..~....’....~....I....J 
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currant, kA 

Figure. 1. Deviation of average dipole strength from linear 
vs current 

To present the magnet-to-magnet variation, we calculate 
the fractional deviation of individual magnets from the av- 
erage. Figure 2 shows the strength at 1500 A for all mag- 
nets in the sample, relative to the average of all magnets 
except the first eight, whose measurements are significantly 
noisier than the later measurements. At this current the 
strength is dominated by the geometry, with only a small 
contribution from the permeability of the steel. Note that 
the strengths are tightly clustered, indicating good con- 

_ trol of the geometry. All magnets fall within the expected 
range. 

Figure 3 shows the strength at 9500 A (a little over full 
excitation) for all magnets in the sample relative to the av- 
erage of all magnets except the first eight. Note that the 

5 
magnet number 

Figure. 2. Relative strength of all dipoles at 1500 A 

relative dipole strength, 9600 A 
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Figure. 3. Relative strength of all dipoles at 9500 A 
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b3 distribution at 9500 A relative strength vs current 
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Figure. 4. Relative strength of representative dipoles as a 
function of current 

Figure. 6. Distribution of sextupole strengths at 9500 A 

b, distribution at 9500 A 

B. Shape 

The complementary measurement techniques, flatcoil 
and harmonics, give consistent results. Figure 5 shows 
the average b3 as a function of current. This is consistent 
with calculations and with the performance of the proto- 
type dipoles, upon which the chromaticity sextupole design 
was based. 

mean b, vs current 
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Figure. 7. Distribution of decapole strengths at 9500 A 
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Figure. 5. Average sextupole component vs current 

The sextupole components at 9500 A are hiitogrammed 
in Figure ??. All magnets fall well within the expected 
range of values. The distribution of the decapole compo- 
nent at 9500 A is shown in Figure 7. All magnets are within 
the established limits. 

IV. Conclusions 

The Fermilab Main Injector project is well into produc- 
tion of dipoles for the ring. By the end of March 1995 
54 6-m dipoles, out of 216 required for the ring, had been 
completed and mea&red. Magnet performance is within 
the acceptable range established through tracking studies. 
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