
* 

w Fermi National Accelerator Laboratory 

FERMILAB-TM-2023 

KJeV Beam Systems Design Report 

V. Bocean et al. 

Fermi National Accelerator Laboratory 

P. 0. Box 500, Batavia, Illinois 605 10 

September 1997 

$ Operated by Universities Research Association Inc. under Contract No. DE-AC02-76CH03000 with the United States Department of Energy 



Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United States Government. 
Neither the United States Government nor any agency thereof nor any of their employees, makes any 
warran&, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process disclosed, or represents that its use would 
not infringe privately owned rights. Reference herein to any specific commercial product, process or service 
by trade name, trademark, manufacturer or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation or favoring by the United States Government or any agency there05 The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof: 

Distribution 

Approved for public release: further dissemination unlimited. 



KTeV Beam Systems 
Design Report 

Version 1.2 
September 19%’ 



KTeV Beam Systems Design Report 

September 1997 

V.Bocean, S.Childress, R.Coleman, R.Ford, W .Freeman, 
G.Gutierrez, D. Jensen, T.Kobilarcik, A.Malensek, DPushka, 

T.Sager, W.Slater, R.Tokarek, J.Wrbanek 

We would like to thank the following people for many useful 
contributions, suggestions, and discussions: 

M.Gerardi, Y.B.Hsiung, G.Thomson, J.Volk, H.White, B.Winstein 
L.Beverly, F.Browning, E.Chi, IChurin, M.Crisler, R.Currier, 

R.Fast, A.Lee, D.Mitchell, R.Nelson, F.Renken, G.Smith, 
R.Wands , G.Wocjik 

Special thanks to: 

Elaine Phillips and Laura Sedlacek 



INTRODUCTION ........................................................................................... ............................. 1 
1. OVERVIEW of KTeV BEAM SPECIFICATIONS.. ................................................... .3 

1.1 Intensity Parameters ............................................................................................ 3 

1.2 Stability Requirements ....................................................................................... 4 

1.3 Backgrounds .......................................................................................................... 4 

1.3.1 Charged Particles and Photons.. ........................................................... .4 

1.3.2 Neutral Kaon and Lambda Decays.. .................................................... .4 

1.3.3 Neutral Beam (Kaons, Neutrons and a few Lambda’s). ................. .4 

1.4 Muon Rejection .................................................................................................. .5 

1.5 KTeV Beam and Spectrometer System.. ........................................................ .5 

1.5.1 Beam Elements.. ....................................................................................... 5 

IS.2 The Spectrometer.. .................................................................................. .9 

PRIMARY BEAM ........................................................................................................... 12 2. 

Primary Beam Requirements.. ........................................................................ 12 

Magnets And Instrumentation Layout.. ....................................................... 13 

2.2.1 Enclosure NMl.. .................................................................................... .I3 

2.2.2 NM1 to NM2 Pipe.. ............................................................................... .15 

2.2.3 Enclosure NM2.. .................................................................................... .16 

The Angle Varying Bend (AVB) System.. .................................................... 18 

Optics ................................................................................................................... .19 

2.4.1 Goals ......................................................................................................... 19 

2.4.2 Constraints ............................................................................................. .20 

2.4.3 Options ..................................................................................................... 22 

2.4.4 Design.. .................................................................................................... .25 

Stability.. ............................................................................................................... 31 

2.5.1 Sources of Instabilities .......................................................................... 31 

2.5.2 Power Supply Stability .......................................................................... 32 

2.5.3 Canceling Slow Instabilities.. .............................................................. .33 

2.5.4 SWIC Stability ........................................................................................ 38 

2.5.5 Beam Roll ................................................................................................ 40 

2.5.6 Conclusions ............................................................................................. 41 

Target Scans ......................................................................................................... 42 

Instrumentation ................................................................................................. 42 

2.7.1 NMZ.. ....................................................................................................... .42 

2.7.2 NM2 . . 43 . ....................................................................................................... 

Muon Halo .......................................................................................................... 45 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 



3. 

4. 

2.8.1 HALO Calculations and Impact.. ....................................................... .45 

2.8.2 Operational Expectations, Control .................................................... .48 

2.9 Component Identification .............................................................................. .48 

2.10 RD/AD Beam Control Link.. ......................................................................... .48 

CRITICAL DEVICES / INTERLOCKS ........................................................................ 50 

3.1 Primary Beam ..................................................................................................... 50 

3.1.1 Precluding Downstream Primary Transport .................................. .50 

3.1.2 Critical Devices/Coupling with Neutrino Area ............................ .53 

3.2 Secondary Beam ................................................................................................. 54 

3.2.1 Critical Devices.. .................................................................................... .54 

3.2.2 Experimental Hall Interlocks ............................................................. .54 

3.3 Access Issues ........................................................................................................ 55 

3.3.1 Access Requirements ........................................................................... .55 

3.3.2 Options Considered.. ............................................................................ .55 

BEAM DUMP / MUON SWEEPING.. ...................................................................... .58 

4.1 

4.2 

4.3 

4.4 

Beam Dump System-Overview.. ................................................................ .58 

4.1.1 System Function and Location .......................................................... .58 

4.1.2 Component Function and Location ................................................. .59 

4.1.3 Apertures ................................................................................................. 62 

Design and Installation ..................................................................................... 65 

4.2.1 Target Sweeping Magnet--NM2Sl.................................................... 66 

4.2.2 Primary Beam Dump-NM2BD ....................................................... .67 

4.2.3 EB/Hyperon Magnet-NM2S2.. ......................................................... .68 

4.2.4 Mu-sweep II-NM2S3 ......................................................................... .69 

4.2.5 Target Pile Shielding.. .......................................................................... .70 

4.2.6 Cooling ..................................................................................................... 72 

Installation .......................................................................................................... 73 

Muon Sweeping System.. ................................................................................ .92 

4.3.1 Design Criteria.. ..................................................................................... .92 

4.3.2 Quality Assurance.. ............................................................................... .93 

4.3.3 System geometry.. ................................................................................. .95 

4.3.4 Rate projections.. ................................................................................... .97 

4.3.5 Conclusion.. ........................................................................................... .99 

5. SECONDARY BEAM ................................................................................................. 114 

5.1 Secondary Beam Layout ................................................................................. 114 

5.2 Flux Calculations ............................................................................................ .115 

ii 



5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

5.10 

5.11 

Justifications for Beam Stability Requirements.. ..................................... .118 

Target Design .................................................................................................. .120 

Primary Beam Dump Background Elimination.. ..................................... 123 

Elimination of Charged Particles from the Neutral Channel.. ............. .125 

Filter System-Photon Elimination and KL/n Enhancement..............12 7 

Collimator System.. ........................................................................................ .130 

5.8.1 Design goals.. ........................................................................................ .130 

5.8.2 System Layout.. .................................................................................... .132 

5.8.3 General Considerations of Collimator Outer Dimensions.........13 4 

5.8.4 Primary/Upstream Fixed Two-Hole Collimator ......................... .136 

5.8.5 Defining/Downstream Fixed Two-hole Collimator.. ................. .138 

5.8.6 Alignment and Mechanical Tolerances.. ....................................... .140 

Beam Instrumentation/Monitoring .......................................................... .140 

The Lambda Polarized Beam and Spin Rotations vs 

Sweepers ............................................................................................................ 143 

Secondary Beam Simulations of Radiation 

Damage/Backgrounds.. .................................................................................. .144 

5.11.1 Comparison of Data and Simulations with E731 and 

E799-1.. .................................................................................................... .144 

5.11.2 Projections for KTeV-E79911 and E832.. ....................................... -162 

6. RADIATION SAFETY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 

6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

6.7 

6.8 

6.9 

Method.. ............................................................................................................ .173 

Beam Parameters ............................................................................................ -173 

Primary Beam Line Shielding.. ..................................................................... 174 

Secondary Beam Line Shielding.. ................................................................. 175 

Experiment Hall Shielding.. ......................................................................... -175 

6.5.1 Dose Rates and Shielding Requirements - Transverse 

Direction ............................................................................................... .176 

6.5.2 Dose Rates and Shielding Requirements - Forward 

Direction ................................................................................................ 179 

Neutron Skyshine .......................................................................................... .189 

Labyrinths and Penetrations.. ....................................................................... .190 

Ground Water Protection ............................................................................. -192 

6.8.1 Description of Modeled Geometry ................................................... 192 

6.8.2 Method and Results.. ......................................................................... .193 

Residual Activation of Target Station ......................................................... 201 

iii 



6.10 KAMI Operations ............................................................................................. 202 

6.10.1 KAMI Primary Beam Shielding ....................................................... 203 

6.10.2 “Decay Enclosure” (NM3) .................................................................. 203 

6.10.3 KAMI Secondary Beam Shielding ................................................... 203 

6.10.4 KAMI Experiment Hall Shielding ................................................... 204 

6.10.5 Forward Shielding-KAMI ............................................................... 208 

6.10.6 Labyrinths and Penetrations .............................................................. 208 

7. SITE AND UTILITY REQUIREMENTS ............................................................... 211 

8. INSTALLATION .......................................................................................................... 215 

9. ALIGNMENT AND STABILITY ............................................................................ 216 

9.1. Alignment and Stability Requirements ...................................................... 220 

9.1.1 The Neutral Beam System ................................................................. 221 

9.1.2 The Primary Beam ............................................................................... 223 

9.1.3 Detector Element Tolerances ............................................................. 224 

9.2. Methodology.. .................................................................................................. .236 

9.2.1 External Survey Control Network ................................................... 237 

9.2.2 High Accuracy Internal Control Network.. ................................... .237 

9.2.3 Network Preanalysis ........................................................................... 239 

9.2.4 Maintenance of the Internal Network and Monitoring of 

Relative Component Positioning. .................................................. .241 

9.3. Implementation ............................................................................................... 242 

9.3.1 KTeV Civil Construction Issues ....................................................... 242 

9.3.2 Stability ................................................................................................... 245 

9.3.3 General Alignment and Fiducialization Procedures.. ................ .252 

9.3.4 Alignment Hardware Specifications .............................................. .254 

APPENDIX 1 .............................................................................................................................. 258 

APPENDIX 2 .............................................................................................................................. 261 

iv 



KTeV Beam Systems Design Report 
KTeV Beams Group 

Version 1.2 September 1997 

Abstract 

The primary and secondary beams for the KTeV experiments 
E799-II and E832 are discussed. The specifications are presented 
and justified. The technical details of the implementation of the 
primary beam transport and stability are detailed. The target, 
beam dump, and radiation safety issues are discussed. The 
details of the collimation system for the pair of secondary beams 
are presented. 

INTRODUCTION 

In this document, we present a discussion of the beams for the KTeV 

experiments: E799-II and ES32 1j2. The primary and secondary beam 

specifications are closely related and are therefore discussed together. 

Experiment E799-II is a study of rare KL decays where the decays take 

place in approximately 60 meters of vacuum decay pipe. Experiment ES32 is a 

measurement of e’/e in the neutral K system. A thick regenerator, located in 

the vacuum decay region, will be moved spill-by-spill between the two 

neutral beams to produce Ks’s. The kaon decay products are detected, 

identified and measured using the charged particle detection system and the 

CsI calorimeter that comprise the detector system. 

1 Fermi Lab Proposal E799. 

2 Fermi Lab Proposal E832. 



A general feature of the beam system is a primary proton beam 

impinging on one interaction length of Be0 to produce a pair of “identical” 

neutral beams side by side. The beams are rendered neutral by a set of 

sweeping magnets and collimators. A system of magnetic sweeping and 

shielding is designed to reduce the muon flux from both the target and beam 

dump sources. There is careful monitoring of the size, direction and intensity 

of the primary beam. The unspent primary must be dumped in such a 

manner as to not create excessive backgrounds. The secondary beam has five 

collimators: two of these are fixed-hole collimators (referred to as primary 

and defining collimators in this report); one is a slab collimator designed to 

prevent particles from scattering out of one beam (in the plan view) into the 

adjacent beam and hitting the calorimeter; and two are variable jaw 

collimators used to reduce the flux on the defining collimator if needed. The 

neutral beam must pass cleanly through the holes in the CsI. 

The report is divided into 9 sections listed below: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Overview of KTeV beam specifications 

Primary beam 

Critical devices/interlocks 

Beam dump/muon sweeping 

Secondary beam 

Radiation safety 

Site and utility requirements 

Installation 

Alignment and long term stability 

Where appropriate, other documents are cited and the results noted are 

only very briefly summarized in this document. 
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1. OVERVIEW of KTeV BEAM SPECIFICATIONS 

1.1 Intensity Parameters 

A primary beam intensity of 5x10 12 (3.5~1012) protons per Tevatron 

cycle yields acceptable rates consistent with the proposal.314 The KL fluxes are 

calculated using the Malensek parameterizations normalized to measured KL 

decay rates measured in E731. 6 These fluxes are discussed in more detail in 

the secondary beam section. 

1.2 Stability Requirements 

It is necessary, for experiment E832, that the sizes and positions of the 

two neutral beams be stable to 0.5 mm, that the areas be equal (to l%), and 

that the kaon momentum spectra be equal (to 0.1%).7 These conditions must 

be maintained during each spill and for the duration of the experiment, and 

also imply certain stability requirements on the primary beam, target, and 

collimators. Experience, particularly during E731, demonstrates that it is an 

important issue. The requirements on the primary beam are: 

1. 
3 -. 

3 L . 

4. 

beam size on targets < 0.25 mm in x and y 

beam size stability 10% 

beam positional stability & 0.1 mm 

angular stability + 25 urad 

These requirements and how they were derived are discussed in section 5.3. 

3 Fermi Lab Proposal E799. 

4 Fermi Lab Proposal E832. 

5 A. J. Malensek, Fermi Lab FN-341. 

6 J.R. Patterson, “Determination of Re E’ /E by the Simultaneous Detection of the Four 

K,LS- >xx Decay Modes”, Dec. 1990, U. Chicago dissertation. 

7 D. Jensen, “On the Sensitivity of E’ /e to Primary Beam Parameters”, Feb.2, 1994, 

KTeV memo. 



1.3 Backgrounds 

1.3.1 Charged Particles and Photons 

The magnetic sweeping of charged particles from the primary target 

must be sufficient to remove any noticeable effect from these charged particles 

relative to the number of charged particles from decays. In addition, 

copiously produced photons from the target must be removed by placing a 

lead filter in the beam. 

1.3.2 Neutral Kaon and Lambda Decays 

Our goal is to keep background rates from the neutral beam comparable 

to the detector rate and trigger rate from neutral kaon decays. For example, 
the rate of single muons from K,, decays occur at the rate of 20 (120) kHz for 

E832 (E799-II) at the CsI. The rate from lambda decays is about 10% of the rate 

of kaon decays in the detector. 

1.3.3 Neutral Beam (Kaons, Neutrons and a few Lambda’s) 

Interactions with Material in the Beam Path 

Filters to reduce the photon and neutron products in the beam 

introduce a source of elastic and inelastic interactions. 

In E832 the regenerator (100 cm of scintillator) is a significant source of 

background as well as trigger hodoscope (2 cm of scintillator) for both 

experiments. 

Interactions with Collimator/Maenet Apertures 

Additional neutral beam background arises from the interaction of 

target spray and decay products which strike the inner walls of the neutral 

channel. In addition the filters introduce additional scattering of the beam 

which again strikes the neutral channel walls or could leave the “beam hole” 

and strike the electromagnetic detector. 



In previous experiments, radiation damage to the electromagnetic 

calorimeter near the neutral beam holes was a significant problem. A 

discussion of radiation damage and backgrounds are summarized in section 

5.8. While KTeV is running at higher proton intensity (approximately three 

times higher), Csl is less sensitive to radiation damage than the previous Pb 

glass calorimeter. 

1.4 Muon Rejection 

The goal is to reduce the muon halo rate in the spectrometer from 

primary target and beam dump sources to 100 kHz at 5x1012 incident protons 
per spill. This is comparable to the projected inherent muon rate from K,, 

decays of 20 (120) kHz for E832 (E79911) at the Csl, of which about l/4 remain 

in the beam channel. The radiation dosage at the experimental counting 

room should also be well within specified personnel safety levels, as should 

outdoor area muon rates. 

1.5 KTeV Beam and Spectrometer System 

The general description of the beam and spectrometer systems for 

KTeV is presented in this section. The KTeV primary beam follows the same 

initial trajectory to Enclosure NM1 as the previous NMUON beam line, and 

uses existing enclosures for primary beam transport and targeting. A pair of 

neutral beams, as defined by appropriate collimation, emerge into a large 

evacuated decay volume. This region is surrounded by an annular photon 

veto system. Decay products exit through a thin vacuum window to a 

detection apparatus consisting of a calorimeter, tracking and magnetic 

spectrometer, veto counters and particle identification systems. More detailed 

discussions of each system are presented below. 

1.5.1 Beam Elements 

A plan view layout of the beam system is given in Figure 1.5.1. Shown 

in this figure are the relative location of components and their respective 

sizes. The KTeV primary beam follows the transport from the Tevatron along 

the current Switchyard muon beam line. Existing dipoles in the upstream 

NM1 enclosure are utilized to raise the entrance beam height into enclosure 
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NM2. The upstream section of the existing NM2 enclosure is utilized for the 

pretarget beam elements. These elements include a pair of B2 dipoles for 

establishing the final beam trajectory, final focus quadrupoles, AVB dipole 

string for control of the beam targeting angle, and instrumentation for beam 

position and intensity measurement. 

The primary target, beam dump, muon sweeping magnets, initial 

neutral secondary beam collimation, and beam filters are positioned in the 

existing NM2 target hall. 

Subsequent secondary beam elements are located in the downstream 

section of the existing NM2 enclosure, and in a new upstream extension to 

the existing NM3 enclosure. The function of these elements is to provide 

definition of the two horizontally separated kaon beams and to provide 

cleanup of charged and neutral particle backgrounds. It is important to note 

that since the beam can no longer be steered with magnets that the only 

control over the size, direction, and symmetry of the two beams is by 

collimation. This is the main reason alignment and stability play such an 

important role in the experiment. Beam transport between enclosures NM2 

and NM3 is through a buried beam pipe as shown in the figure. Also shown 

is an offset alignment sight pipe which is used for referencing precision 

collimation elements between the two enclosures. 
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1.5.2 The Spectrometer 

A kaon decay region begins downstream of the final secondary beam 

collimation element and final sweeping magnet. The decay region opens into 

successively larger diameter pipes. For the rare decay experiment E799, the 

decay region begins at the 20 inch diameter pipe in the new NM3 extension, 

immediately downstream of the defining collimator and final sweeper 

magnet. This region provides a vacuum channel for particle decays and the 

neutral beam transport to the decay building and experimental hall. For E832, 

the decay region begins after a mask anti and active regenerator, elements 

which are removed for the E799 experiment. To house these components 

and the downstream decay region with instrumented veto ring counters, a 

new decay enclosure is required. This decay enclosure is located between 

NM3 and the new KTeV experimental hall. 

The regenerator sits in vacuum and is moved to alternate beam 

positions between each beam spill. Its function is to provide a KS beam from 

the incident KI beams. This device is followed by a series of large vacuum 

vessels ranging in diameter from 200 cm to 240 cm. The vessels are connected 

together between successive ring veto counters to form a continuous vacuum 

region. The ring veto counters, labeled RC6-RClO, are designed to catch wide 

angle photons from background 3x 0 decays and to eliminate other 

background events for rare decay modes. A 1.8 meter diameter thin window 

of Kevlar and aluminized Mylar terminates the vacuum volume. 

The detector consists of drift chambers, veto counters, analysis magnet, 

transition radiation detectors, electromagnetic calorimeter, triggering 

hodoscope, and muon detection system. The four sets of drift chambers 

(labeled DCl-DC4), were used in the last experiment and are now being 

refurbished for KTeV. These chambers have resolutions of less than 100 

microns. Each chamber has two horizontal planes (x and x’) and two vertical 

planes (y and y’). These existing chambers will be used with fast chamber gas 

and new pre-amplifiers. The most upstream drift chamber, DCl, is placed at 

the end of the vacuum decay region. The other three chambers are supported 

by the spectrometer anti stands. Bags of helium gas are placed along the beam 
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line downstream of the vacuum region to reduce the scattering of secondary 

particles in the spectrometer. The four sets of drift chambers and the 

analyzing magnet will be used to measure the momenta and the decay vertex 

of the charged particles from kaon decays. 

The “Spectrometer Anti” (SA) veto counters are lead and scintillator 

sandwich modules, rectangular in shape, which are used to detect and veto all 

particles within their active areas. There are four of these counters, including 

three (SA2-SA4) associated with a concordant numbered drift chamber and 

one (CIA) located near the CsI calorimeter. Each of these pairs will have a 

rigid aluminum and steel stand, supporting both a drift chamber and a veto 

module. They are located approximately equally spaced (relative to the 

magnet) after the decay region and before the calorimeter. 

The SA, CIA and RC counters, together with the CsI and BA (see below) 

form a hermitic detector. All decay products with angles out to approximately 

100 mrad with respect to the beam direction are detected with high efficiency. 

The KTeV spectrometer magnet, in conjunction with the drift 

chambers, is used to measure the momenta of the charged particles from 

kaon decays. This magnet weighs 206 tons, with a 2.03 meters vertical by 2.90 

meters horizontal gap. This device uses aluminum coils and, at a transverse 

momentum kick of 450 MeV/c, consumes approximately 400 kilowatts of 

power. The magnet is located between the SA2 and SA3 counters. 

With a field integral of 400 MeV/c, for example, the momentum 

resolution is better than one percent up to 50 GeV/c, decreasing to 3 percent at 

250 GeV/c. 

Particle identification is achieved in part by using transition radiation 

detectors (TRD’s). TRDl-TRDlO will be used to distinguish between pions 

and electrons. These detectors are located downstream of the last drift 

chamber. A scintillation trigger hodoscope system will also be placed in this 

region and used to form a fast trigger for charged particles. 

10 



The Cesium Iodide (CsI) array is the crucial detector for the KTeV 

experiments. It is located 1.5 meters downstream of the trigger hodoscope. 

This precision high-resolution electromagnetic (EM) calorimeter is the sole 

detector for reconstructing neutral mode kaon decays. This is accomplished 

by measuring the energy and position of photons from ~0 decays. The 

calorimeter consists of an array of 50 cm long blocks of pure CsI. Transverse 

dimensions of the array are 1.9 meters by 1.9 meters, with a total of 3100 CsI 

blocks. This electromagnetic calorimeter will have an energy resolution of 

better than one percent and a position resolution of order 1 mm. 

There will be two 15 cm square beam holes horizontally separated by 30 

cm. center to center in the CsI calorimeter array for the neutral beams to pass 

through. Another instrumented defining aperture (the “Collar Anti”) is 

located just upstream of the CsI calorimeter beam holes, and partially covers 

the CsI blocks surrounding the beam holes. The Collar Anti will also provide 

a well defined aperture for acceptance calculations. 

Downstream of the calorimeter, a scintillator hodoscope behind a lead 

wall will serve as a hadron veto for purely electromagnetic decay triggers. 

There will be a beam hole in the hadron veto, and lead wall for the two 

beams to pass through. There will be a Beam TRD (bTRD) in the neutral 

beam to distinguish pions from protons (in hyperon decays) in the neutral 

beam downstream of the CsI. A beam hole veto calorimeter (“Back Anti”) 

will be placed after the lead wall to tag forward decay photons and electrons 

that escape the calorimeter down the beam hole. A lead and scintillator stack 

will be used for the front electromagnetic section, and an iron scintillator 

stack will be used for the hadronic section. 

The muon detection and veto systems downstream of the beam hole 

veto system consist of an iron muon filter instrumented with scintillator 

hodoscope planes. The purpose of the muon system will be to veto particle 

signals in particular decays, and serve as a muon identifier to reduce 

backgrounds in other decays. The muon filter also serves as the neutral beam 

dump. 
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2. PRIMARY BEAM 

2.1 Primary Beam Requirements 

The specifications for the primary proton beam are summarized in 

Table 2.1.1. 

Table 2.1.1 
Primary Beam Specifications 

Proton beam energy 800/900 GeV 
Proton intensity 5 x 1Ol2 protons per spill 
Targeting angle -4.8 mr (vertica1)O.O mr (horizontal) 
Targeting angle variability -4.0 mr to -5.6 mr (vertical) 
Beam size at the target ((J) 1250 pm (horizontal and vertical) 
Beam position stability I +lOO pm (horizontal and vertical) 

Beam angle stability 1 I +25 brad (horizontal and vertical) 11 

Once the beam size at the target has been chosen the minimum beam 

divergence is given by the emittance. The emittance cannot be decreased after 

extraction because it is defined by the accelerator. The emittance values 

obtained by C.D. Moore et a1.8 will be used: E, = 8n mm Furad horizontally, and 

E, = 671 mm prad vertically. The emittance is defined here as 

E = o,oY71: mm prad. 

With a horizontal beam waist at the target, a beam size of about 

ox = 150 pm is expected. Using the above emittance a horizontal beam 

divergence of 0~ = 60 prad is expected. Similar numbers are expected for the 

vertical beam size and divergence. 

8 “Tevatron Extraction Model,” by C.D. Moore, FL Coleman, G. Goderre, M. Yang. 

12 



2.2 Magnets And Instrumentation Layout 

For the KTeV beam line only modifications in enclosures NM1 and 

NM2 are needed. The modifications in enclosure NM1 are minor. The next 

fixed target run is expected to be at an energy of 800 GeV. The designed KTeV 

primary beam line will be able to run up to 900 GeV. 

2.2.1 Enclosure NM1 

Figure 2.2.1 shows the magnet and instrumentation layout in 

enclosure NMl. There are two EPB magnets (NMlU), a trim magnet 

(NMlH), two short BPMs (NMlBPH and NMlBPV), and a vacuum SWIC 

(NMlWC). These elements essentially fill all the available space. 

The NMlU EPBs will be running at higher currents than in previous 

runs. This will be done to raise the beam at the KTeV target in order to meet 

the Ground Water Activation limits (in the Single Resident Well model). 

NMlU will bend up 3.433 mr. At 800 GeV/c this can be done with two EPBs 

running at 1660 amps. At 900 GeV/c the two EPBs would have to run at 2125 

amps9. 

The BPMs and the vacuum SWIC will allow us to run with no 

material in the beam. Monte Carlo studies show that this is necessary in 

order to minimize the muon flux in the detector due to beam halo (see 

section 2.8). 

g Leon Beverly indicates that this is viable current with ramped EPBs. The EPBs could 
be replaced by a 82 for 900 Gev if reliability problems occur. 
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2.2.2 NM1 to NM2 Pipe 

In order to raise the primary target as much as possible, the primary 

beam was placed two inches from the top of the NM1 to NM2 pipe. To see 

how much the beam could be raised, the pipe was surveyed. Figure 2.2.2 

shows the results of the survey of the NM1 to NM2 pipe. This survey was 

done measuring the elevation of a target that was pulled from one end of the 

pipe to the other. In this way the bottom of the pipe was measured; the top 

was calculated using the pipe diameter (16 inches upstream, 24 inches 

downswtream). The elevation of the low point on the top of the pipe was 

then verified by looking with an optical instrument from NM2 to NMl. The 

closest vertical point between the KTeV beam and the pipe is two inches. 

Horizontally the beam is centered in the pipe. 

NMl-NM2 PIPE SURVEY 

170 

165 - 

Kl’cV beam 
1m - 

z 

Y 
L 
= i55 - Muon beam 
E 
5 
2 W 
d 150 - 

140, 0 100 zoo 300 400 

DISTANCE FROM Ml (FEETI 

Figure 2.2.2 
NM1 to NM2 pipe survey. The pipe is 450 ft. long. 

Also shown are the NM beamline (labled “Muon beam”) for past runs and 
the new KTeV beam. 
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2.2.3 Enclosure NM2 

Figure 2.2.3 shows the magnet layout in enclosure NM2. Three 

conflicting issues have to be resolved: a) to increase the target height, the up 

bend in NM2 should be as far upstream as possible and the down bend as far 

downstream as feasible (also needed is an east bend to match the existing 

enclosure downstream of the target), b) to increase the accuracy of beam 

position and slope measurement, one position measuring device should be 

very close to the target and another one as far upstream as possible, and c) to 

maximize its range, the Angle Varying Bend (AVB) system needs to be close 

to the target. The conflict is resolved as follows. 

At the upstream end, after leaving about 6 feet for instrumentation, the 

beam is bent east and up by NM2EU, a string of two B2s is rotated 30.4 degrees. 

A vertical trim (NM2V) follows NM2EU, allowing for independent 

adjustment in the horizontal and vertical planes. At the downstream end, 

one position measuring device (NM2WC3) is located two feet upstream of the 

target, and a second (NM2WC2) about 10 feet upstream of the previous one- 

this allows extrapolation to the target with minimal loss in position 

resolution. The AVB system (NM2Dl/NM2D2) is placed upstream of 

NM2WC2 (the horizontal trim NM2H is inserted here for fine control). The 

final focusing quadrupoles (NM2Ql/NM2Q2) are placed in the remaining 

space, between NM2EU and the AVB system. The KTeV target is eleven 

inches higher than the previous muon target. This gain in elevation was 

achieved by positioning the beam two inches away from the top of the NM1 

to NM2 pipe and by bending the beam up with NM2EU and back down with 

NM2Dl and NM2D2. If needed, the beam may be repositioned without 

changing the target postion, although this would reduce the range of the AVB 

systemlO. 

lo At 900 GeV/c, the beam can be lowered at the upstream end of NM2 by 2.6 inches by 
reducing the range of the AVB system from -4.0 to -5.6 mr to -4.0 to -4.8 mr. This 
will put the beam 4.6 inches away from the top of the pipe. 

16 



gg 

so g 
c- 

-- u 
SC 
.- 
xm 

La 

5 .- 
5 
z 

“s L 
z 
C .- 



2.3 The Angle Varying Bend (AVB) System 

The vertical targeting angle can be changed using NM2Dl and NM2D2. 

Figure 2.3.1 shows a picture of the AVB system. The thicker line is the -4.00 

mr beam trajectory; the thinner line is the -5.6 mr trajectory. 

27.0 

NM2D 1 
-7.42 mr 

NM2D2 
-0.78 mr 

Target 

Figure 2.3.1 
AVB System Layout. The vertical and horizontal scales are different. 

As can be seen in the figure, the angle is the smallest when NM2D2 is 

at its lowest field value. By increasing the NM2D2 field and at the same time 

decreasing NM2D1, the angle can be increased without changing the beam 

position at the target. The targeting angle is maximum when NM2D2 reaches 

its maximum. Then the bigger the NM2D2 range, the bigger the range in 

targeting angle. A range of 0 to 4800 amps was assumed for NM2D2 (a B2 

magnet). 

The beam is rising in front of the NM2Dl magnets. The NM2Dl and 

NM2D2 magnets are used to bend the beam down. At 900 GeV/c, the two B2s 

in the NM2Dl string are not enough to bend the beam down to the 

minimum angle required (-4.0 mr); therefore, the minimum value of 

NM2D2 must be greater than zero. If the minimum current of NM2D2 were 

to be reduced to zero, then the range of the AVB system would increase by 

20%. 
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The criteria to choose the fields and positions of NM2Dl and NM2D2 

were: 

Maximum energy of 900 GeV. 

Minimum targeting angle -4.0 mr. 

Maximum current for NM2Dl and NM2D2 is 4800 amps. 

At a targeting angle of -4.0 mr NM2Dl runs at its maximum current 

(4800 amps). This was done to maximize the AVB’s range. 

With the above criteria the range in vertical targeting angle is: 

800 GeV/c: from -4.0 mr to -5.8 mr 

900 GeV/c: from -4.0 mr to -5.6 mr 

The magnets will be positioned for a maximum momentum of 900 

GeV/c to increase the range of the AVB system. 

2.4 Optics 

2.4.1 Goals 

The three goals that guided the design of the primary beam optics were: 

To achieve the requested beam size. 

To form a beam waist at the target. 

To minimize the dispersion at the target. 

The requested beam size is o 2 250 pm for both the horizontal and 

vertical beam profiles. A waist at the target will provide: a) minimum beam 

size change through the target, and b) beam size stability. Since the beam 

coming out of the Tevatron is not monochromatic, to achieve maximum 

position and angle stability the dispersion at the target needs to be minimized. 

As the reader follows the logic behind the design it will become clear that 

some compromises have to be made. For example, it is possible to have a 

waist at the target with almost no dispersion only if the beam size is 

substantially smaller than 250 pm. Or, it is possible to have a 250 pm beam 

and minimal dispersion only if there is no waist at the target. 
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2.4.2 Constraints 

In trying to meet the above goals it was found that of all the constraints 

the main three are: a) the beam phase space, b) the beam as it comes from 

Switchyard, and c) the beam size at the NM2 quadrupoles. Beam phase space 

conservation is the strongest constraint. On the other hand this is the least 

known quantity in any beam design. The values of the emittance obtained by 

C. D. Moore et al. were used: E, =&t mmltrad horizontally, and 

E, = 67~ mm prad vertically.” The emittance here is defined as 

E = o,oY7c mm l.u-ad. 

There is a small amount of flexibility in changing the beam delivered 

by Switchyard. As can be seen in Figure 2.4.1, Q90 affects all three areas 

(Proton, Meson and Neutrino), QlOO/QlOl affect both Meson and Neutrino, 

and Q106 affects the two Neutrino beams: E815 and KTeV. The last four 

quadrupoles, Q420, Q424, NM2Ql and NM2Q2, only affect the KTeV beam. Of 

these four quadrupoles, two are in Switchyard enclosure G2 (Q420 and Q424) 

and two in enclosure NM2 (NM2Ql and NM2Q2). The polarities and 

currents of these last four quads can be chosen as needed. Figure 2.4.2 shows 

the measured and predicted beam profiles for the neutrino area given by C.D. 

Moore et al. Figure 2.4.3 shows the Rl6 matrix element for the NM/KTeV 

line in units of mm/O.Ol% (RI6 is known as the dispersion. If R-16=1, then a 

beam momentum change of Ap/p =0.01X will produce a beam motion of 

lmm). 

l1 “Tevatron Extraction Model,” by C. D. Moore, R. Coleman, G. Goderre, M. Yang. 
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Figure 2.4.2 
Measured and predicted beam profiles for the neutrino area as given by 

C.D. Moore et al. 

For a waist at the target, the beam size at the last set of quadrupoles is 

determined by the emittance. Using an emittance of 87~ mm prad and a beam 

size of 250 pm, the beam size 100 feet upstream of the target will have to be 

about CJ = 1 mm (that is (8/0.25) microradians times 100 feet). 

2.4.3 Options 

The value of R16 in G2 can be controlled using the QlOO and QlOl 

quadrupoles 12. If the dispersion is non zero at the Q420-Q424 G2 quadrupoles 

(see Figure 2.4.3), then these two quadrupoles can be used to focus the 

dispersion into NM2. If the dispersion is very close to zero in NM2, then 

l2 The change in the currents is of the order of 5%. Studies show that this change has 
minimal effect in Meson and Neutrino. 
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NM2Ql and NM2Q2 will have little effect on it, and therefore it will remain 

very close to zero. To focus the dispersion, Q420 and Q424 would have to run 

at a higher current, producing an intermediate focus between G2 and NM2 

(see Figure 2.4.4). This produces a large beam at NM2Ql and, consequently, a 

very small beam size at the target waist. There can be target heating problems 

if the beam size at the target is too small. 

KTeV Primary Horizontal Beam Position DlsDerslon CR161 to NM1 
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Figure 2.4.3 
Dispersion (R16 matrix element) from A0 to NMl. The units are mm/O.Ol%. 

If the dispersion is not minimized, then the G2 quads can be used to 

produce a smaller beam in NM2 and therefore a larger beam size at the target 

waist (see Figure 2.4.7). The beam sizes are very small everywhere but the 

dispersion has increased. 

Figure 2.4.8 shows a case in which the dispersion at the target is close to 

zero. A disadvantage of this solution is a bigger beam at NM2Q1, and 

therefore a much smaller beam at the horizontal waist. A bigger beam has 

the potential to produce unwanted muons by scraping in the magnets. If the 

beam is too small, target heating problems are a risk. Again, the vertical beam 

size was chosen to satisfy the requirement ox cry = O.O25mm*. 

To select the quadrupole’s polarity, the options described above must 

be kept in mind. The G2 quads should be effective to focus the dispersion and 

to keep the beam size at the target waist at a reasonable level. To satisfy this, 
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Q420 has to be defocusing and Q424 to be focusing. This will increase the 

dispersion going from Q420 to Q424 but at the same time it will make the 

quadrupoles more effective. For the quadrupoles in NM2, the farthest 

upstream quadrupole has to be focusing to keep the beam from getting too 

small and unstable at the target waist. Then NM2Ql will be focusing and 

NM2Q2 defocusing. 

2.4.3.1 About the Dispersion 

The term “minimize the dispersion”should be quantified. The 

momentum spread in the Tevatron during collider run is Ap /p = 0.38~10~ 

at 95%13. Taking into account the increase of momentum spread with 

increasing intensity, a momentum spread of Ap/p = 0.5~10~ is used. Then 

for a beam motion of less than 100 microns and 25 microradians, the 

dispersion should be less than two meters and 0.5 radians. In units of 

mm / 0.01% and ur / 0.01% this translates to X1, I 0.1 and R26 I 20. 

2.4.3.2 Matching; with the Tevatron Lattice 

The Tevatron lattice for fixed target has a dispersion at A0 of 2.5 meters 

and -0.028 radiansi”. Thus the TRANSPORT input file was started at A0 with 

these values for the dispersion. Another consideration could be to make an 

achromatic transfer from the DO extraction septa to the KTeV target. As this 

problem is not well enough understood, work should continue in this area. 

Figures 2.4.4, 2.4.5 and 2.4.6 show cases with and without the Tevatron 

dispersion. As can be seen in this plot there is some control over the 

dispersion using QlOO and QlOl. The changes in these quadrupoles are of the 

order of 5% and the effect that these changes have on the Meson area are 

minimal. 

l3 C. Hojvat, Stan Pruss and G. Jackson, private communication. 

l4 Extracted from a SYNCH output provided by Al Russell. 
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2.4.4 Design 

Our choice for the optics is given in Figure 2.4.4. In this case the 

smallest distance, measured in beam widths, between the center of the beam 

and the face of a magnet is about 7 sigma. The beam forms a horizontal waist 

at the target. The vertical beam size was chosen such that ox oY = 0.025mm’. 

This last number is set by target heatingIs. Referring to Figure 2.4.4., the 

dispersion calculations are X16 Ap/p = 50pm and X26 Ap/p = 3prad . As 

mentioned above, the momentum spread in the Tevatron is about 

Ap/p = 0.5~10~~ at 95%. 

I5 During start up, the Run Conditions will only allow low intensity. Among other 
things this will protect the target. If beam studies show that the beam can be too small, 
we will narrow the windows in the NMZQl and NM2Q2 current interlocks to protect the 
target. 
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Figure 2.4.4 
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Beam profile (sigma) from A0 to the target, b) beam profile in the target 
region (target at z=3925’), c) R16 and d) R26. The requirements at the target were a waist in x 
and .25mm in y, and the minimization of the dispersion. QlOO and QlOl were changed by 7.8% 
and 6.1% respectively; these changes have very little effect in the vertical plane. 

26 



KTeV Prtmarv worlzontal aesm ~oslclon ~lsoerslOn (RI61 
: . . 1 * 

l.o;..., ,..............................~.......’””..~ 

I I ! 4 

-l.oc 1000 2000 t 3000 4000 

2 lfnclcmm l mvlctlon 

KTeV Prlmarv Horlzonral Beam Anale Olsperslon (R261 
1 I I I 1 

9. : . . . . ..i 

s 
.JOC ..,...........___._.._..~ . . . . . . ..__... . . . . . . . . . . . . . . . 1 

; ; 7 
k 

i 

4 
c 

5 
:- 

-.o+. . . 
L 

. . . . _ ._. - 
. 

i 4 

L I - 

0 1000 2000 3000 l ooc 

1 lf**cl frsm .~cr.CllW 

Fig. 2.4.5: a) Rl6 and b) R26 for zero ‘Tcvatron dispersion and no changes in QlOO and 

QIOl. All the ocher magnet currents arc the same as in Fig. 2.44. 
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Figure 2.4.7 
Beam profile (sigma) from A0 to the target, b) beam profile in the target region (target at 
z=3925’), c) Rl6 and d) R26. The requirements at the target were a beam waist and 
maximization of the beam size at the waist. No changes were made to QlOO and QlOl. 
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Figure 2.4.8 
Beam profile (sigma) from A0 to the target, b) beam profile in the target region (target at 
z=3925’), c) R16 and d) R26. The quadrupoles in these plots have the same polarities as those in 
Fig. 2.4.7. But the requirements at the target were a waist in x and 0.55mm in y, and the 
minimization of the dispersion. QlOO and QlOl were changed by 7.8% and 6.1% respectively; 
these changes have very little effect in the vertical plane. 
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Table 2.4.9 
Quadrupole Gradients 

Table of quadrupole gradients (in KG/inch) for the figures in this section. 
Figures 2.4.5 and 2.4.6 have the same quadrupole gradients as Figure 2.4.3. 
The beam energy is 800 GeV. 

Table 2.4.10 

Table of quadrupole currents (in Amps) for the figures in this section. Figures 
2.4.5 and 2.4.6 have the same quadrupole currents as Figure 2.4.3. The beam 
energy is 800 GeV. 
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2.5 Stability 

2.5.1 Sources of Instabilities 

There are four sources of instabilities: 

The beam moves as it is extracted from the accelerator. 

The current of the magnets between extraction and the KTeV target 

changes with time. This can be due to: 
Power supply instabilities 
Small adjustments due to changes in beam splits or beam 
extraction. 

Changes in beam splits. 

The position monitoring devices move with time. 

The beam instabilities can be classified in two groups: 1) slow 

instabilities, or beam motion over a period of a few or more spills, and 2) 

beam roll, or beam motion during the spill. 

The plan to cancel the slow instabilities is to use EPICURE (Research 

Division’s beam control system) to monitor the beam position at different 

SWICs and to make small corrections in the magnet’s currents to keep the 

beam stable. EPICURE can be used to make these corrections on a spill by spill 

basis. What is needed for this strategy to work is: a) reasonably stable power 

supplies (thus avoiding making changes in every spill), b) enough sensitivity 

in the magnets to make small corrections, c) stable beam instrumentation, 

and d) reliable read-back of the instrumentation. The first three issues will be 

examined in the following subsections. 

Beam roll can be produced by changes in beam momentum, position or 

slope during extraction. It can also be produced by poor magnet regulation 

after beam extraction, but the known regulation of the magnets between 

extraction and the KTeV target is compatible with the required beam stability 

(see the following section). The effects of beam motion at extraction due to 

small changes in momentum was covered in the previous section under the 

dispersion studies. If the beam position and/or slope at extraction were to 

change during the spill, the plan to cancel its effects on the KTeV target is to 
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use in a closed loop two Switchyard magnets (MuLam and H424) to keep the 

beam stable at two positions (the downstream end of G2 and the upstream 

end of NM2). The reasons for this are: a) ACNET (Switchyard’s beam control 

system) can make several corrections during the spill, b) during the period of 

one spill all the instrumentation is very stable, and c) only a quarter of a 

millimeter beam stability at the downstream end of G2 and the upstream end 

of NM2 is needed in order to have 50 microns stability at the KTeV target. 

The details will be examined in the Beam Roll subsection. 

25.2 Power Supply Stability 

Table 2.5.1 shows the change in beam position and angle at the target 

when the dipoles’ field is changed by 100 ppm (10-J). The main bends 

between A0 and the target are shown in the table. The contributions of the 

dipoles and quadrupoles not shown in the table are very small. The units are 

microns and microradians. 

Table 2.5.1 
Change in Beam Position and Angle 

There are four magnets that have large contributions: SKDP, 

MUBEND and NM2EU and VlOO. Both SKDP and MUBEND are 

superconducting magnets and with a HOLEC transductor can regulate to 20 - 

50 ppml6. NM2EU is a regular magnet. Studies performed on beam motion 

during the last fixed target run with NE9E show that regular power supplies 

l6 A. Visser, M. Coburn, private communication. 
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regulate to better than 150 ppm over a period of days (see Figure 27.1). 

Studies performed on NEFE with a hall probe show that between the 

beginning and the end of the spill those magnets were stable to better than 100 

ppm. As in NM2EU, the magnets of the NE9E and NEFE strings are B2s. The 

fact that the regulation of NM2EU is close to the requested 100 microns 

position stability means that close attention must be paid to the power supply 

that will run that magnet. If needed, NM2EU can be run without rampingi7. 

The VlOO string does not have a HOLEC transductor, so its contribution may 

approach the 100 microns level. 

2.5.3 Canceling Slow Instabilities 

Slow instabilities are those that occur over a few or more spills. 

Examples of these are the small adjustments made to magnets due to changes 

in beam splits or beam extraction. To correct these instabilities, the beam 

position will be measured every spill and, if necessary, corrections will be 

made by computer to magnet currents between spills. To do this, the relation 

between a current change in a magnet and the beam position change in a 

SWIC has to be known. Throughout this section, the word “SWIC’will refer 

to beam position monitors in general, although the beam position monitors 

can be a BPM or other beam position measuring device. 

KTeV requires careful control of the primary beam from the upstream 

end of enclosure NM1 to the target, located in NM2. Currently, KTeV is able 

to control and monitor all devices from enclosures NM1 to the target via the 

EPICURE control system. However, in order to use Epicure to control the 

position of the beam at the upstream end of NMl, Epicure control has be 

extended to the switchyard magnets VT420 and H424. 

Figure 2.5.1 illustrates a conceptual layout of the magnets and SWIG’s 

from VT420 to the target. As can be seen in the figure, there are four SWICs 

to measure beam position: NMlWC, NM2WC1, NM2WC2 and NM2WC3. 

Each one will be used to measure vertical and horizontal beam positions. 

There are nine dipoles to make beam corrections: VT420, H424, NMlU, 

1 7 Leon Beverly, private communication 
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NMlH, NM2EU, NM2V, NM2D1, NM2D2 and NM2H. Note that the 

MuBends (a large cryogenic string) are not included. The relation between 

the changes in the dipole’s field and the changes in beam position at the 

SWICs is linear. The following matrix gives such a relation in units of 

microns per gauss. A beam energy of 1 TeV is assumed. 
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Figure 2.5.1 
SWIG’s and Magnets used in Calculating Tuning Matrices 

(Schematic - not to scale) 
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/ H424Vs 

NM 1 WCV 

NM2WClV 

NM2WC2V 

NM2 WC3V 

NM2TGTV 

H424Hs 

NMlWCH 

NM2WClH 

NM2WC2H 

NM2WC3H 

\ NM 2TGTH 

0 -0.39 0 0 0 0 0 0 0 0 

-0.15 -12.9 0 0 0 0 0 0 0 0 

-0.23 -19.0 23.7 0 0 0 0 0 0 0 

-0.08 -6.94 11.6 -0.437 -5.12 -0.81 0 0 0 3.89 

-0.04 -3.41 6.80 -0.422 -6.29 -1.39 0 0 0 3.53 

-0.03 -2.74 5.89 -0.419 -6.52 -1.50 0 0 0 3.47 

78.5 0 0 0 0 0 0 0 0 0 

-17.5 0 0 0 0 0 -22.6 0 0 0 

-71.9 0 0 0 0 0 -34.7 -2.88 0 0 

-8.68 0 0 0 0 0 2.96 -0.79 -0.016 -21.9 

-6.00 0 0 0 0 0 4.86 -0.71 -0.089 -23.9 

) (-5.49 0 0 0 0 0 5.21 -0.70 -0.103 -24.3) 

’ MuLam 

VT420 

NMlU 

NM2V 

NM2Dl 

NM2D2 

H424 

NMlH 

NM2H 

,NM2EU 

For beam control, the beam position is measured and changes are made 

to the magnet currents. Therefore, the previous matrix has to be inverted. 

Only square matrices can be inverted. The beam position at H424 is 

controlled by Switchyard, therefore it will not be included in the calculations. 

NM2TGT will not be included either because there is no instrumentation 

there. If the beam position at H424 is not going to be controlled then MuLam 

is not needed. As a control device either NM2Dl or NM2D2 can be used to 

make vertical corrections at the target. After eliminating rows one, six, seven 

and twelve, and columns one and five, the matrix can be inverted. The result 

is: 

VT420 -0.0775 0 0 0 0 0 0 0 If NMlWCV 

NMlU -0.062 1 0.0422 0 0 0 0 0 0 NM2WCIV 

NM2V -0.471 1.67 -5.19 3.00 -0.240 0.123 -0.538 0.0954 NM2wc2v 

NM2D2 0.0291 -0.301 1.57 -1.63 0.0087 -0.00442 0.0196 -0.00347 NM2WC3V 

H424 0 0 0 0 -0.0443 0 0 0 NMlWCH 

NMlH 0 0 0 0 0.534 -0.347 0 0 NM2WClH 

NM2H 0 0 0 0 0.0320 -0.678 15.2 -13.9 NM2WC2H 

NM2EU 0 0 0 0 -0.025 1 0.0129 -0.0565 0.0100 (NM2WC3H , 

In the range we work, the relation between current and field is linear. 

Because the relation between field and position is also linear (for small 

changes), a matrix that will relate the changes in magnet currents and beam 

positions can be obtained. 
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The question of accuracy of control is now addressed. That is, given the 

minimum current change what is the smallest beam position change that can 

be made? Table 2.5.2 summarizes the relevant information to do the 

calculation. Magnet currents and fields were calculated for 1 TeV. 

Magnet 

V420 
H424 
NMlU 
NMlH 
NM2EU 
NM2V 
NM2Dl 
NM2D2 
NM2H 

Table 2.5.2 
Summary of Parameters Pertinent to Control System 

Because some magnets are run near saturation, the relation between 

current and field varies between magnets (c.f. H424 and NMlU). The 

minimum change in the current was calculated assuming the 15 bit precision 

of an 1151 power supply reference card 1s. The change in field due to a change 

in current was calculated at the fields specified in the Field column. Note that 

currents for some magnets are calculated to be above the maximum power 

supply current-this is because all work is done at 1000 GeV, whereas the 

actual beam will be 800 GeV or 900 GeV. 

1 8Although the 1151 has a 16 bit register, the current firmware only supports 15 bit 
precision. See “RD Controls Hardware Release Note 26.0”. 
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From this information, the minimum change at NM2WC3 can also be 

predicted. Table 2.5.3 summarizes this information (note that units for 

motion are micrometers). Blanks indicate no coupling. 

Table 2.5.3 
Minimum change at NM2WC3 

SWIG Magnet U 
NM2WC3 V42O NMlU NM2V NM2Dl NM2D2 H424 NMlH NM2H NM2EU 
Vertical 8.2 2.0 0.064 2.1 0.83 1.8 
Horizontal 3.9 0.12 0.014 12.0 

Minimum change, in micrometers, at NM2WC3, for KTeV primary beamline 
magnets. 

The above table shows that adequate control of the beam is possible. 

The EPICURE software to read beam positions every spill and make magnet 

corrections between the spills was developed and tested in the Neutrino 

primary beams during the last Fixed Target run. For the next Fixed Target 

run, this software will be extended to run in all beam lines, including KTeV. 

2.5.4 SWIC Stability 

The stability requirements for each of the SWICs determine which 

SWICs to use for beam control. If there are no magnets between the SWICs or 

between the SWICs and the target, then the SWIG’s stability is the only 

relevant issue. If there are magnets in between, then their stability also 

becomes an issue. Three cases will now be explored, one without and two 

with magnets in between the instrumentation or the target. 

Case 1: There are no magnets between NM2WC2 and the target. For 

purposes of the calculation, NM2WC2 is 12.5 feet from the target and 

NM2WC3 is 2 feet. Thus, in units of microns and microradians: 

Assuming that NM2WC2 and NM2WC3 move independently, the 

error contributions must be added in quadrature. For example: 
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AxT = d(-0.190 l &JM2wC2)2 + (1.19. AXNM~WC~)~ 

Thus a 40um stability in NM2WC2 and NM2WC3 wil provide a 50bm 

stability in beam position and 18urad stability in beam angle. 

Case 2: Assuming that the magnets in NM2 are perfectly stable, then 

the SWICs, NMlWC and NM2WC1, can be used for beam control. This is a 

good assumption for all the magnets except NM2EU (see Section 2.5.2). The 

relation of the SWIG’s motion and the beam motion at the target in units of 

microns and microradians is given by: 

Moving one SWIC at a time, it is noted that if AxT I 50um, then 

AXNM~WC 2 85um and AXNM~WC~ 2 2OOum. The angular stability is better 

than a microradian. 

Case 3: Assuming that the magnets in NM1 and NM2 are perfectly 

stable, then H424 (the last SWIC in G2) and NM2WCl can be used for beam 

control. Horizontally there is only a trim in NMl, so NM1 should not 

contribute to the beam motion. The relation of the SWICs motion and the 

beam motion at the target in units of microns and microradians is given by: 

XT (I( -0.202 

%T = -0.005 =li:~~;) ( x::cl) 
Moving one SWIC at a time, it is noted that if AxT I50um, then 

Ax~424 < 25Oum and AXNM~WC~ < 35Oum. The angular stability is better than 

a microradian. 

To calculate the last two matrices the following transfer matrix between 

NM2WCl and the target was used: 

39 



This corresponds to the solution of Figure 2.4.4. The units are microns 

and microradians. The distances between SWICs is: 413 ft. from NMlWC to 

NM2WC1, and 1209 ft. from H424 to NM2WCl. 

Over short periods of time, Case 3 is the preferred one. Over long 

periods it is not certain whether NM2EU will not change by more than 100 

ppm, nor is it certain that two enclosures separated by 1200’ (G2 and NM2) 

will not have relative horizontal displacements of more than a quarter of a 

millimeter. Therefore, Case 1 is recommended for the slow instabilities and 

Case 3 for the beam roll. 

2.5.5 Beam Roll 

This is the plan to correct for beam roll. If the beam position at H424 

and NM2WCl is measured with a precision of 50 microns (achievable using 

BPMs) and Case 3 of the previous section is used, then a stability at the target 

of 15 microns in beam position and 1 microradian in beam angle should be 

achievable. 

To correct for beam roll, the beam position at H424 and NM2WCl will 

be measured and the magnets H424 and MuLam will be used to keep the 

beam stable at the previous positions. This loop will be closed adapting 

software that already exists in ACNET. The ACNET beam control system is 

capable of making several corrections during the spill. 

The transfer matrices from A0 (extraction) to the target give an idea of 

the beam stability required at extraction. The following transfer matrices 

correspond to Figure 2.4.4. The units are microns and microradians. 

-0.0137 4.252 -0.1151 -12.21 

-14.72 0.1183 

For example, the following equation shows that the beam stability at 

the target is more dependent on angular stability at extraction than on 

positional stability at extraction: 

40 



A+ =~(-0.0137.Ax,o)2 +(4.252.Ai,,)' 

Thus, a 1 micron movement at extraction results in an 0.0137 micron 

movement at the target, whereas a 1 microradian movement at extraction 

results in a 4.252 micron movement at the target. 

2.5.6 Conclusions 

Table 2.5.4 shows a summary of Cases 1 and 3 of the subsection on 

SWICs stability: 

Table 2.5.4 
Summary of Cases 1 and 3 

Parameter Case 1 
Beam position stability 25 pm 
Beam angle stability 10 pad 
Required instrumentation stability 40 pm 
Assumes magnet stability No 
Separation between instrumentation 10’ 
Needed instrumentation position resolution 20 urn 

Case 3 
15 pm 
1 p-ad 
250 pm 
Yes 
1200’ 
50 urn 

Angular and positional stability are calculated assuming stable 
instrumentation. 

Case 3 relies on BPMs to measure beam position. Short BPMs can 

achieve a resolution of 50 microns at beam intensities of 3x10’2 protons per 

pulse. Case 1 relies on new instrumentation to measure the beam position. 

The expected resolution of the new instrumentation is 20 microns (see 

section 2.7). 

Case 3 is clearly better if one assumes that both the instrumentation 

and the magnets are stable. In the time scale of a few pulses this is certainly 

true. This is why the plan is to correct beam roll in this way. Over longer 

periods of time, it may be easier to keep NM2WC2 and NM2WC3 stable to 40 

microns relative to the KTeV detector than to keep H424 and NM2WCl stable 

to a quarter of a millimeter relative to each other and to the KTeV detector. 

Case 1 does not assume any special magnet stability. This is an advantage 

because to achieve a beam position stability of 50 microns at the target, 
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NM2EU needs to be stable to 125 parts per million (see subsection on Magnet 

Stability). 

Case 3 will then be used for fast corrections and Case 1 for slow ones. It 

should be mentioned again that since Case 3 uses ACNET the capability for 

making fast corrections already exists. 

2.6 Target Scans 

Table 2.6.1 illustrates the beam scan capabilities at the target. “Position 

scan” is defined as moving the beam position at the target without changing 

the angle. “Angle scan” means changing the beam angle without changing 

the beam position. The numbers were calculated for a beam energy of 800 

Gev. 

Table 2.6.1 
Target Scan Capabilities 

1 Horizontal I Vertical II Tvne of Scan 
Po’sition 7 mm 5 mm 

, Angle 200 pad 1.8 m-ad 

Target scan capabilities with proposed beamline. Calculations are based on 
SOO-GeV. - 

These numbers are calculated using the relation between magnet fields 

and SWICs positions given in section 2.5. For example, for a horizontal 

position scan the matrix relation plus the constraint that the beam moves the 

same amount in NM2WC2 and NM2WC3 were used. 

2.7 Instrumentation 

2.7.1 NM1 

Two short external beam BPMs and a vacuum SWIC in NM1 are 

needed. This instrumentation is used on a regular basis at the Lab. 
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2.7.2 NM2 

Two short BPMs and a vacuum SWIC for the upstream end of NM2 

are needed. Again this is instrumentation used on a regular basis at Fermi 

Lab. For the region near the target, very good position resolution and the 

ability to accurately measure beam profiles is also needed. The current plan is 

to develop a wire SEM with 100 micron wire spacing. The standard wire SEMs 

that have been used in the past at the Lab do not work with slow spill. The 

reason for this is that the signal is too small when spread over 20 seconds. To 

enhance the signal the wires can be coated with CsI. These CsI coated wire 

SEMs have been tried at CERN and proved to work. The plan to acquire the 

expertise at the Lab is the following: a) the EED department is building a 100 

micron wire spacing SEM, b) the CsI coating of the wires is going to be done 

by Dave Anderson’s PDG Group, and c) the wire SEM is going to be tested at 

BNL. 

How well can the average beam position with a 100 micron wire 

spacing instrument be measured ? If the channels of the Scanner are all equal 

and the beam spans several wires, the average can be measured at least an 

order of magnitude better than the wire spacing. Of course there are problems 

with the Scanner, halo, etc. Figure 2.7.1 is a practical case of a one millimeter 

SWIC used with a regular Scanner. Each point in the figure corresponds to 

the average of the SWIC profile in the middle of the spill. A change of 150 

parts per million in the beam momentum or in the NE9E currents produced 

a one millimeter displacement in the beam position (y axis in the figure) at 

NECPWCls. So the beam position oscillation seen in the figure represents an 

instability of 150 ppm peak to peak. The data was taken at the end of the last 

Fixed Target run and there was no time to determine if the oscillation was 

caused by changes in the momentum or the NE9E magnets. However, it can 

be seen that the beam average was measured to better than one fifth of a wire 

spacing. This claim can be made because the difference between two 

successive points is on the average better than one division. The assumption 

is that with the 100 microns wire spacing SEM, one can determine the average 

beam position to 20 microns. 

lg NESE is a string of five Bl magnets. 
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Figure 2.7.1 
Average beam position at NECPWC as a function of time. 

Each point corresponds to a SWIC reading in the middle of the spill. The 
units are millimeters and days. The oscillation is due to a change of 150 ppm 
in either the beam momentum or the NE9E current. 
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2.8 Muon Halo 

This section will concern itself with muons transported to the target 

along with the primary beam. These muons will be assumed to have been 

produced from interactions at four different points: MuSep, MuBend, H424, 

and NMl. In all models a primary beam energy of 800 GeV and a 20s spill 

time is assumed. In this section, the detector is assumed to be a 4m by 4m 

area centered on the neutral beam, located 185m downstream of the target. 

2.8.1 HALO Calculations and Impact 

The program HALO was used to simulate beam interaction and muon 

production. Figure 2.8.1. shows the elements used in the model, with 

production points indicated by an asterisk. A primary beam intensity of 

5x10r2 ppp was assumed. HALO assumes muon production from four 

sources: pi+, pi-, K+, and K- decay. A separate run must be made for each 

production source. In all models, production is assumed to occur from one 

million protons interacting with one radiation length of iron. After each run, 

the muon distribution at the target was written to a file. This file was then 

used as the input spectrum to TRAMU, which transported the muons to the 

detector.20 

*o TRAMU is a subroutine in CASIMU which is responsible for muon transport. CASIMU 
will be detailed more fully in Section 4.4.2. 
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Figure 2.8.1 
Primary Beam Layout Used to Model Muon Halo 

(Schematic - not to scale) 
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Table 2.8.2 shows the resulting muon rates at the target hall and the 

detector plane. Results are summarized in muons per interacting proton (p*> 

and kHz per interaction proton. 

Table 2.8.2 
Summary of Muon Halo 

Location Target Hall Detector 
Plane 

muon/p* kHz/p* muon/p” kHz/p” 

MuSep 2.18E-04 l.O9E-08 O.OOEOO O.OOEOO 
MuBend 6.48E-05 3.24E-07 7.89E-07 3.95E-11 
H424 4.29E-03 2.14E-07 2.67E-04 1.34E-08 
NM1 6.42E-04 3.21E-08 2.8OE-05 l.O4E-09 

Muon halo per interacting proton (p*) tabulated for various sources. 

H424 is the worst source for halo, due to the long (-800 foot) straight 

section between it and the next bend (located in NMl). This allows plenty of 

space for pions produced at H424 to decay. 

Table 2.8.3 summarizes potential interactions and resulting rates at the 

detector. 

Table 2.8.3 
Background at Detector 

Location Source Rate 

H424 3mil Ti vacuum window 19 kHz 
NM1 Vacuum SWIC 16 kHz 
TOTAL: 35 kHz 

Projected halo background at the detector for 5x1012 protons. 
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Table 2.8.4 summarizes rates at the detector due to 1% beam scraping at 

four locations. 

Table 2.8.4 
Rates Due to 1% Beam Scraping 

Location Rate 
MuSep 0 kHz 
MuBend 2.0 kHz 
H424 670 kHz 
NM1 35 kHz 

2.8.2 Operational Expectations, Control 

Clearly, beam scraping must be avoided and as little instrumentation as 

possible must remain in the beam. 

The SWIC in NM1 may be kept out of the beam, except for diagnostic 

use. As the window at H424 separates the cryogenic vacuum system from the 

conventional vacuum system, this source cannot be eliminated. 

Adequate control must be provided in order to reduce beam scraping to 

less than O.Ol”/o at H424 and 0.1% at NMl. This would result in background 

due to beam scraping at the 1OkHz level. 

2.9 Component Identification 

All the magnets exist. Four beam line BPMs and their associated 

electronics have to be acquired. The two target wire SEMs and the associated 

scanner have to be developed. The two vacuum SWICs and the intensity 

monitor SEM already exist. 

2.10 RD/AD Beam Control Link 

The plan is to use ACNET (the Accelerator Division Beam Control 

System) to correct for beam roll. To correct for instabilities that happen over a 

time scale of a few spills or more, the plan is to use EPICURE (Research 

Division Beam Control System). Therefore a communication channel 
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between the two systems is needed. The ACNET system needs to be able to 

read the BPMs and the SWICs in NM2, and the EPICURE system needs to be 

able to read the current changes in the part of the KTeV beam line that is 

controlled by ACNET. 
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3. CRITICAL DEVICES / INTERLOCKS 

3.1 Primary Beam 

3.1.1 Precluding Downstream Primary Transport 

A combination of careful alignment, configuration control processes, 

and active current interlocks will be used to prevent the primary beam at 800 

GeV from exiting the KTeV Target Pile: 

1. 

2. 

3. 

4. 

Interlock the AVB currents to INM2D1 + O.~*INM~JJ~ 2 4630 amps. 

This will ensure that the minimum targeting angle will be -4.0 

mrad. These supplies should also be controlled such that they 

will always bend positively charged particles down. 

Interlock the NM2EU current to +68 amps from the nominal 

value. 

NMlU and NM2EU will be used as collimators to limit positions 

excursions. Therefore they must be carefully aligned and their 

configuration maintained by using "RED TAGS" on lock outs on 

position-adjusting devices. 

Interlock the quadrupole currents to: 
0.217Im2~1+ INM2Q2 = -567 %- 86 amps 

and 

1~2~1 I1011 amps 

The extreme position changes allowed with these interlocks are shown 

on Figure 3.1.1, which is taken directly from Appendix 2. The precise values 

of the current interlocks depend on the final configuration of the Primary 

Beam line, but the methodology presented in Appendix 2 is applicable in case 

this should change. 

Primary beam must not be transported through the neutral beam 

channel into the KTeV experimental hall since it is designed only to accept 

secondary beam of much lower energy and intensity. In addition beam line 

elements downstream of the targeting station within NM2 are not set to 

transport 800 GeV particles. Because of this, the introduction of primary 

beam into the neutral beam channel could result in higher than normal 
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losses downstream of the targeting station. This could cause significant 

residual radiation dose rates, contamination, and increased air activation. 

Routine maintenance and unscheduled repairs would be more 

difficult.Therefore the goal in selecting the interlocks is to insure that the 800 

GeV primary beam is confined to the well-shielded target station. 

To prevent the beam from exiting the KTeV Target Pile, we specifically 

prevent an 800 GeV primary proton from entering the neutral beam aperture 

of NM2S2, the first major element downstream of the KTeV Target Pile. The 

calculations for these interlocks were done to prevent a primary proton 

having the maximum possible deviation from the beam centerline from 

leaving NM2BD (the NM2 Beam Dump). The maximum allowed deviation 

from the primary beam centerline places a primary proton on the edge of the 

aperture of the Beam Dump. The assumptions to insure careful alignment 

between NM1 and NM2 are that when the beam is vertically centered at 

NMlU and NM2EU, the quadrupoles do not significantly steer the beam and 

the incoming angle of the beam on the target is minimally -4.00 mrad. These 

assumptions are easily checked when the beam is first turned on. The 

NM2Sl magnet (the Target Sweeping Magnet) running at the nominal 5kG 

will not provide adequate protection to prevent beam from being 

horizontally steered into the neutral channel of the secondary beam, so all 

calculations were applied to achieve adequate protection through vertical 

steering. The resulting current limits on the NM2 magnets were based on 

limiting the possible angles that a primary beam can have going into the 

quadrupoles. The interlock on NM2S2 was calculated to prevent beam from 

being directed into NM3 in the accident case of the AVB system tripping off. 

Please see Appendix 2 for a detailed discussion on the calculation of 

these interlocks. 
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3.12 Critical Devices/Coupling with Neutrino Area 

Besides the special interlocks listed in Section 3.1.1 to preclude primary 

beam transport downstream of the target hall, the KTeV primary beam will 

utilize upstream Critical Devices, that when disabled will protect the KTeV 

beam enclosures and experimental area from any beam transport, and hence 

any significant prompt radiation. 

The primary beam Critical Devices for KTeV are the same as used in 

previous runs for the NMUON beam line. These are MULAM and MUBD 

located in the AD Switchyard beam transport system. These elements will 

continue to have typical Research Division Critical Device interlocks fitted, as 

well as a Failure Mode Backup circuit, which reverts to disabling upstream 

Switchyard devices to ensure further redundancy in safety protection. 

All enclosures associated with the KTeV beamline will have standard 

Research Division enclosure interlocks which will monitor all access points. 

Each Interlock Section will have a Radiation Detector Chassis incorporated 

into the Summation Chassis to permit the use of interlocked detectors if the 

need arises. 

Monitoring of target hall magnet temperatures and flow of RAW 

cooling water can also be sensed by the interlock system. 

As for previous running of the NMUON beamline, shared tunnel 

geometry imposes a strong coupling between KTeV beam operation and 

interlock status of the Neutrino Area upstream enclosures. The Neutrino 

Primary run condition must be satisfied to operate KTeV beam. 
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3.2 Secondary Beam 

3.2.1 Critical Devices 

A required feature, due to the location of the KTeV experimental area 

in the upstream NMUON beam area, is that disabling of the primary beam to 

NM2 will be needed to ensure radiation protection for the NM3 secondary 

beam enclosure and the KTeV experimental hall. 

This is due to the intense muon fluxes present in these enclosures 

from primary beam dumping in the NM2 target hall. Projected muon rates 

in the decay enclosure and experimental hall are shown in Figures 4.4.10 and 

4.4.11. These rates could be reduced somewhat by requiring the primary target 

to move to an “out” position as part of disabling the secondary beam. 

However, even then they would still be well above the 2.5 mr/hr limit for 

access into the enclosures.21 

Hence, the same critical devices MULAM and MUBD are projected for 

the KTeV secondary beam. A fast activated beam stop is planned to be 

installed in NM2 downstream of the beam dump system, which will 

selectively stop the neutral hadron beam from exiting NM2. The function of 

this device is very useful for aiding in selective radiation and particle rate 

measurements in the downstream enclosures. However, it is not adequate as 

a Critical Device element due to the beam dump muon fluxes. 

3.2.2 Experimental Hall Interlocks 

The decay enclosure and the experimental hall will also have standard 

Research Division enclosure interlocks and a Radiation Detector Chassis 

incorporated into the Summation Chassis in order to monitor and/or control 

prompt radiation rates. 

*l W. S. Freeman, et al., “Radiation Shielding Requirements for the KTeV Facility,” 
January 13, 1993. 
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Access interlock doors between the counting room area and the 

experimental hall will be positioned in the passage ways to the experimental 

hall, allowing unlimited access in the counting room areas outside of these 

doors. The results of calculations addressing radiation levels in these 

passages are presented in Section 6. 

3.3 Access Issues 

3.3.1 Access Requirements 

The capability to separately and efficiently access each Fixed Target 

experimental hall with minimal impact to other experiments has been very 

important for the operational efficiency of the external areas Fixed Target 

program. The detector system redundancies built of necessity into the large 

collider detectors, due to their limited access options, are extremely expensive 

and not a realistic option for the Fixed target detectors. 

Timely access into the experimental hall is especially important for the 

KTeV experiments due to the precision measurements involved. This has 

been reaffirmed in the Oct.‘93 Director’s Review of KTeV, and was 

recommended by that Review Committee as an Action Item to be 

accomplished for KTeV. 

3.3.2 Options Considered 

There are three currently accepted methods of controlling Fixed Target 

experimental hall radiation levels during access conditions. Each has been 

evaluated for possible KTeV application. 

The first method is to utilize enough shielding between the targeting 

enclosure and the experimental hall to sufficiently range out the bulk of 

muons produced in the target pile. This method, suitable for long secondary 

beam lines, allows access into the experimental hall with the least disruption 

in overall program stability. By use of standard Research Division Access 

Device Controllers the secondary beam created from normal targeting is 

blocked with the use of redundant beam stops located downstream of the 
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target pile. This approach can be used when a prompt dose rate less than 2.5 

mr/hr can be maintained during the access with continued primary beam 

targeting. As indicated in Section 3.2, beam dump muon fluxes preclude this 

method for KTeV with it’s short secondary beam length. 

A second method is to utilize a separate RAW cooled dump system at a 

location upstream of the targeting enclosure. Size of the dump and it’s cost is 

driven by the intensity and duration projected for dumping the beam. Two 

factors which must be considered are groundwater activation and radiation 

rates, both prompt and residual. This was the method available in previous 

running in the Meson Area, where the pre-Tev II target piles remained 

available for use during either current targeting enclosure or experimental 

hall accesses. 

For KTeV , the installation of an upstream RAW cooled beam dump 

could possibly be located in the downstream end of the AD/Switchyard 

Enclosure G2, if this were the method chosen. Other location options 

between G2 and NM1 would require new civil construction. 

The third access method is to take away the KTeV primary beam using 

the upstream electrostatic septa splitting station, and redistribute it as feasible 

to other beamlines. Historically, this is the least preferable method due to the 

considerable disruption to other beam users. If this were the method chosen 

for KTeV, practical application difficulties should make as a priority task an 

effort to automate and improve the efficiency with which the various 

Switchyard primary beam intensities can be controlled. Significant 

prototyping efforts including beam tests have previously taken place toward 

this end, as there would be significant improvement in operational efficiency 

for all fixed target users. The location of the Switch Yard electrostatic septa 

splitting station for KTeV, downstream of other area septa splits, also makes 

this a more challenging task to accomplish quickly for this beam without 

beam splitting control upgrades. This is due to beam tails from other splits 

effectively expanding the size of the beam to KTeV. 
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Resolution of a practical and reasonable access method to the KTeV 

experimental hall remains a major unresolved issue, needing approval and 

effort from both the lab Research and Accelerator Divisions. 
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4. BEAM DUMP / MUON SWEEPING 

The Beam Dump System is made up of the Primary Beam Dump and 

its associated shielding, the Muon Sweeping System and the Radioactive 

Water (RAW) Cooling System. 

4.1 Beam Dump System-Overview 

4.1.1 System Function and Location 

The Beam Dump System: 

. stops the primary beam 

. sweeps charged particles out of the neutral secondary channel 

. sweeps muons away from the detector and personnel 

. keeps muons below grade level, eliminating the issue of 

muons at the site boundary 

+ provides shielding to control residual radiation levels and 

. provides ground water protection. 

The components of the Beam Dump System are: 

. Target Sweeping Magnet - NM2Sl 

+ Primary Beam Dump - NM2BD 

e E8/Hyperon Magnet - NM2S2 

. Mu-Sweep II - NM2S3 

. Target Pile Shielding 

. Radioactive Water Cooling System-RAW water system 

With the exception of steel to provide muon “ranging” buried between 

the NM2 and NM3 enclosures, the Beam Dump System is entirely in NM2. 

The NM2 enclosure is made up of 3 principle sections: an upstream 

section which houses the components of the Primary Beam, a larger, “hall- 

like” section which houses the components of the Beam Dump System, and a 

downstream section which houses components of the Secondary Beam. The 

hall is referred to as the KTeV Target Hall. See Section 2 for a description of 
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the Primary Beam and Section 5 for a description of the Secondary Beam. 

Plan and elevation views of the KTeV Target Hall and its associated 

components are found in Figures 4.1.1 and 4.1.2, respectively. 

Not all beamline components in the KTeV Target Hall are addressed in 

this section. The target, the lead and beryllium absorbers, and the primary 

collimator are described in the section on the Secondary Beam. 

4.1.2 Component Function and Location 

Target Sweenine Maenet-NM2Sl 

The Target Sweeping Magnet is the first element following the target, 

and like the target, is located inside the steel shielding of the Target Pile. The 

label NM2Sl indicates that it is the first sweeping magnet in the NM2 

enclosure. This magnet provides early horizontal sweeping and early 

absorption of charged secondaries. 

NM2Sl also fulfills a limited radiation safety role as a fixed-hole or 

“shadow” collimator. The magnet steel geometrically shadows the aperture 

of the beam dump, eliminating any primary beam “line-of-sight” through the 

dump aperture. This is independent of beam displacement at the target. 

Because NM2Sl sweeps horizontally, the desired vertical placement of 

the primary beam spot on the beam dump depends only on the vertical angle 

of the beam at the target. Therefore no current interlock is required for 

NM2Sl. 

Primarv Beam Dumn 

The Primary Beam Dump is also in the Target Pile and is downstream 

of the Target Sweeping Magnet (see Figure 4.1.1). The beam dump stops the 

primary beam. Under normal operating conditions the primary beam 

interacts in the front face of the dump below the aperture . However under 
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certain conditions it is possible for the beam to dump inside the aperture. 

This issue is addressed in Section 3. 

Secondary Beam CL. 

Lower Edge of 

Dump Aperture 

Primary Beam C.L. 

-7 
I 362” 

:I 

0.606” 

Figure 4.1.3 
Primary Beam Position at Upstream Face of Primary Beam Dump 

(Minimum incoming beam angle of -4 mradians is assumed for calculation.) 
(Units are inches.) 

EB/Hvueron Magnet-NM2S2 

This magnet has been used elsewhere at Fermilab and is often referred 

to as the E8 Magnet or the Hyperon Magnet. Its correct designation for KTeV 

is NM2S2, indicating that it is the second sweeping magnet in the NM2 

enclosure. NM2S2 is located immediately downstream of the Target Pile after 

the Primary Beam Dump. 

NM2S2 separates prompt and decay muons from the target and dump 

into two muon “plumes” horizontally separated by sign. These plumes are 

directed to either side of the neutral centerline resulting in a lower muon rate 

at the detector. The complete Muon Sweeping System is described in Section 

4.4. 

In addition, because of the large cross-section of NM2S2, few muons see 

a magnetic field component that sweeps them above grade level. As a result, 

the muon plumes remain below grade and muon rates above grade and at the 

site boundary are well below limits (see Section 4.4.1). 
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NM2S2 is also part of the radiation safety system providing backup 

sweeping and bulk shielding should the primary beam be lost within the 

aperture of the beam dump. 

Mu-Sweep II-NM2S3 

Mu-Sweep II is the third and most downstream magnet in the Beam 

Dump System. During design the “II” identified it as the second conceptual 

design iteration of the magnet. The current, correct designation, NM2S3, 

identifies it as the third sweeping magnet in NM2. All three sweeping 

magnets in NM2 have the same sign magnetic field, sweeping positives to the 

west. 

NM2S3 has two principle functions. First, it contributes to the 

horizontal separation of the muon plumes away from the detector. See 

Section 4.4 for expected muon rates. Secondly, it provides cleanup sweeping 

in the neutral channel due to its location downstream of the lead and 

beryllium absorbers and the primary collimator. 

Target Pile Shielding 

The Target, the Target Sweeping Magnet, and the Beam Dump must 

have sufficient radiation shielding to allow beam-off access into NM2 for 

routine maintenance, repairs or measurements after primary beam has been 

delivered to the area. Also sufficient shielding must be present to provide 

radiation protection for groundwater during beam-on operation. 

The required radiation protection is provided by approximately 900 

tons of steel shielding which surrounds the elements of the target pile. The 

radial thickness of the steel is set by satisfying the groundwater requirements 

(see Section 6.8.2). The resulting steel thickness more then satisfies the 100 

mr/hr at 1 foot residual activity limit at any accessible part of the Target Pile 

(see Section 6.9). 
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Cooling 

A closed loop, water system is used to provide cooling for the Target 

Sweeping Magnet, its collimator inserts and the dump. This closed loop 

system is referred to as the RAW (Radioactive Water) cooling system. 

The standard Research Division, LCW (Low Conductivity Water) 

system is used to provide cooling for components in the Target Hall that will 

not be activated with primary beam. The target (see Section 5) does not 

require water cooling. 

4.1.3 Apertures 

The apertures through the Target Sweeping Magnet, the Primary Beam 

Dump and the Hyperon Magnet were sized, where possible, to be 0.250 inches 

greater then the exclusion line limits proposed in the memo “Design 

Considerations for the KTeV Target Pile”, January 24, 1993. This exclusion 

line (shown in the following figure) is designed so there is no direct line of 

sight through the collimator to material upstream of the primary collimator. 

This insures scattering from the apertures upstream of the primary collimator 

do not enter the apparatus. The dimensions of the exclusion area decrease 

vertically and increase horizontally with increasing distance downstream of 

the target. 

The following figures show the aperture size, the exclusion lines 

(which define the “exclusion area”), and the size of the neutral beam 

envelope for the Beam Dump System elements that are upstream of the 

primary collimator. The apertures of these elements were sized in each 

plane according to the largest dimension of the exclusion area in each 

element. 
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Figure 4.1.4 
Apertures with Exclusion Lines through the KTeV Target Hall Elevation 

View 
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Exclusion Region 

Reference: Neutral Beam 
Elevation = 733.924 
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Horizontal: +I- 0.025” 
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Figure 4.1.5 
NM2Sl Aperture, Exclusion Area and Installation Tolerance 

(Units are inches) 

Reference: Neutral Beam F 
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Figire 4.1.6 

Primary Beam Dump Aperture, Exclusion Area and Installation 
(Units are inches) 

Tolerance 
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Reference: Neutral Beam - 
Elevation = 733.924 

Envelope of Accepted 

Secondary beam 

Exclusion Region 

Lower Edge of 

Magnet Aperture 

Alignment Tolerances 

Vertical: +/- 0.025” 

Horizontal: +/- 0.025” 

Figure 4.1.7 
Hyperon Magnet Aperture, Exclusion Area and Installation Tolerance 

(Units are inches) 

4.2 Design and Installation 

A list of common design requirements incorporated into the Beam 

Dump System follows: 

. Provide vertical adjustment to account for settling. 

. Provide access to all elements to permit alignment measurements. 

. Design to use the Target Hall crane. 

. No secondary beamline collimation will occur inside the target pile or 
elements that cannot be remotely adjusted. 

. Where possible, apertures will be 0.25 inches larger than the 
exclusion line limits defined. 

. Design should allow straightforward replacement with available 
spares. 
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4.2.1 Target Sweeping Magnet-NM2Sl 

NM2Sl is a modified version of the standard, Research Division, 

Target Dump Magnet, also referred to as an Eartly Dump Magnet. To 

accommodate the possible range of primary beam angles, positions and sizes, 

the “nominal” vertical aperture of the magnet is increased from 1.125 inches 

to 2.500 inches. This reduces the maximum magnetic field of the magnet 

from 20 kG to 9 kG. The expected operating field of NM2Sl is 5 kG. 

To provide early absorption of pions, high density spacers made of 

brass or copper are inserted in the horizontal plane of the magnet aperture. 

These spacers define the horizontal aperture width of 1.850 inches and are 

pinned into place against the pole tips. The spacers are cooled with water 

from the RAW system. Figure 4.2.1 shows an engineering drawing of the 

modified magnet. 

NM2Sl and its support structure will be pre-assembled and pre-aligned 

in the shop. This assembly will then be installed on the centerline of the 

neutral beam in the open Target Pile. Self-centering pins in the magnet 

support allow the alignment to be preserved should there be any need to 

exchange the magnet in the future. 

Standard alignment fixtures are permanently attached to the east side 

of the magnet and are fiducialized to the aperture centerline both 

horizontally and vertically. These fixtures and the adjustable jacks that 

support the magnet are accessible through “ports” in the east side of the 

shield pile. The jacks will allow +l inch height adjustments to the magnet 

after installation. 

Because the magnet position will be stable in the horizontal direction 

and the magnet aperture has been oversized 0.5” (f0.25”) in the horizontal 

(and vertical) plane (with respect to the exclusion lines), no remote, external 

“post-installation” horizontal adjustment has been provided. Any further 

horizontal adjustment after installation will require opening the target pile. 
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4.2.2 Primary Beam Dump-NM2BD 

The primary beam dump is a water cooled copper block, 15 feet long x 8 

inches wide x 10 inches high, clad in two bands of steel, each 3 inches thick. 

The “inner” steel band runs the entire 15 foot length of the copper dump and 

the “outer” band is 7.5 feet long centered lengthwise on the dump. The 

resulting “stagger” in the steel bands is mirrored by an equivalent “stagger” in 

the steel shielding of the target pile dump cavity. This eliminates any 

“straight through” line-of-sight to the upstream end of the dump. Centering 

the outer band keeps the loading symmetric when handling the dump. 

Figure 4.1.1 shows how this package fits in the Target Pile steel shielding. 

Figure 4.2.2 shows the dump design in more detail. There are 4 

independent water loops through the copper. These water loops use a 

common manifold connected to the RAW water supply. The water manifold 

will be on the downstream end of the dump where it will be accessible for 

service. 

Alignment fixturing is permanently attached to the east side and the 

downstream face of the dump. The alignment fixtures are fiducialized to the 

centerline of the aperture. A port is available through the Target Pile to access 

the upstream alignment fixture. The downstream fixtures are visible at the 

downstream face of the Target Pile. 

Like the target sweeping magnet, the dump is supported on jack stands 

that are accessible through ports in the east side of the Target Pile. These 

stands allow a fl inch vertical adjustment in the height of the dump to 

correct for any settling in the Target Pile that may occur. 

The dump is installed and aligned in the same way as the Target 

Sweeping Magnet. That is, the dump and its support structure will be pre- 

assembled and pre-aligned in the shop and installed as a single assembly. 

Because the beam dump position will be stable in the horizontal 

direction and the dump aperture has been oversized 0.5” (+0.25”) in the 

horizontal plane (with respect to the exclusion lines), no remote, external 
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“post-installation” horizontal adjustment has been provided. Any further 

horizontal adjustment after installation will require opening the target pile. 

4.2.3 EWHyperon Magnet-NM2S2 

The Channel 

Studies using POISSON22 and CASIMU23 (see Section 4.4.2) led to the 

pole tip and channel design shown below. Steel is used to extend the NM2S2 

pole tips and copper spacers define the aperture in the horizontal bend plane. 

The copper provides mechanical support and becomes part of an extended 

beam dump should the primary beam be dumped inside the Primary Beam 

Dump aperture as described in Section 3.1.1. 

Reference Neutral Beam 
Elevation = 733.924 

Figure 4.2.3 
Hyperon Magnet Channel 

Because beam could be dumped at the end of the Primary Beam Dump 

(Section 3.1.1), water cooling is provided for the Hyperon Magnet Channel 

(which is immediately downstream of the dump). (These water cooling 

paths are not shown in Figure 4.2.3). Cooling water is supplied by the RAW 

water system. The magnet coils are cooled with LCW. At full current, the 

field across the pole tips is expected to be 23 kG. 

**POISSON is a generic name for a set of codes that solve the generalized Poisson 
Equation for magnets; see Los Alamos Accelerator Code Group, Reference Manual for 
the POISSON/SUPERFlSH Group of Codes, LA-UR-87-126 (January, 1987) 

23CASIMU is a modified versino of the hadronic cascade program CASIM; see A. Van 
Ginneken, Fermilab Report FN-272 (1975) 
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Sunport Structure 

The support stand for NM2S2 is designed to allow position 

adjustments horizontally and vertically as small as 1 mil. Vertical 

adjustments are made by temporarily lifting the I-beam (and magnet) on 

jacks, installing or removing shim stock of the right thickness between the 

vertical columns and the supporting I-beam, then replacing the I-beam on the 

shimmed column. 

The support columns sit on brass plates that allow horizontal 

adjustments to be made by jacking against fixed stops. See Figure 4.2.4 for a 

conceptual engineering drawing of NM2S2 and its support structure. 

The Hyperon Magnet steel and coils are available for NM2S2. The steel 

requires some clean-up from long outdoor exposure as well as preparatory 

work to accept the support structure. 

The magnet and its supports will be pre-assembled in the Meson 

Assembly Building, partially dismantled for shipping, then re-assembled in 

the NM2 Hall (after completion of the Target Pile). 

4.2.4 Mu-sweep II-NM2S3 

NM2S3 is a new magnet, not yet constructed. See Figure 4.2.5 for a 

conceptual engineering design. The coils are designed. Most of the required 

steel is available on-site including Maryland Cyclotron Steel left over from 

the spectrometer magnet construction. The magnet will be assembled in the 

KTeV Target Hall on a support structure that will permit both vertical and 

horizontal adjustment. 

This is a “C-Type” magnet with the return yoke displaced to the west, 

outside of the westward going muon plume. The magnet poles give an 

additional kick to the muon plumes, further separating them horizontally 

away from the detector. The magnet is 19 feet long with a magnetic field of 

19.3 kG. The coils will be water cooled with LCW. 
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To accommodate the installation of Mu-Sweep II, the cable tray and 

LCW on the west wall of the downstream end of the Target Hall will need to 

be either modified or raised. The cable tray will need to be temporarily 

removed during the magnet installation. 

4.2.5 Target Pile Shielding 

The Target Pile houses in beam order, the Target and Target Drive, the 

Target Sweeping Magnet and the Primary Beam Dump. 

The steel shielding of the target pile, starts 8.2 feet downstream of the 

beginning of the KTeV Target Hall and extends 41.3 feet to the end of the 

Primary Beam Dump. See Figure 4.1.1. 

Requirements for groundwater radiation protection set the outer 

dimensions of the steel shield. These dimensions require approximately 44 

inches of steel below the beam centerline and 60 inches radially to the sides 

and top. See Figure 4.2.6. The program CASIM24 was used to establish the 

amount of steel necessary for groundwater protection. This analysis is 

described in Section 4.3.2. 

The target is recessed 3.0 feet downstream of the beginning of the 

Target Pile in an re-entrant cavity. Cabling for the target mover, 

instrumentation cabling (e.g., SWIC and klixons) and the RAW water cooling 

loop for the target magnet inserts are routed through the upstream, re-entrant 

cavity of the Target Pile. Klixon cabling for the dump is routed through the 

downstream face of the target pile. 

The bus that provides power and RAW cooling for NM2Sl are brought 

through vertical ports in the top of the steel shielding that are located at the 

west, downstream end of the magnet. Access “ports” are also provided 

horizontally through the steel for alignment and jack adjustment. These 

ports are normally plugged and are opened only when alignment 

24A. Van Ginnekin, CASIM, Program to Simulate Transport of Hadronic Cascades in Bulk 
Matter, Fermilab Report FN-272 (1975) 
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measurements or vertical adjustments to the target magnet or the dump need 

to be made. The alignment and adjustment ports are made of 2” diameter 

tubing that fits through rectangular flame cut holes in the steel plates. The 

gaps between the tubing and the steel plates are filled with steel stock. 

The new target pile has been designed using steel pieces from the 

existing MC6 and NM2 target piles. The residual activity and contamination 

levels within these piles will determine the success of this plan. Handling, 

grinding, and flame cutting limitations on radioactive steel will determine 

whether and how any given piece from MC or NM is used in the new pile. 

An attempt to identify alternative sources of steel is underway. 

As currently configured, the NM2 target pile does not match KTeV’s 

requirements and will be entirely removed. And although pieces of the 

current pile are intended to be re-used for KteV, there is insufficient space in 

the NM2 enclosure to allow simultaneous staging and construction. 

Staging areas will be developed in the Meson Area and as close to NM2 

as the KTeV Experimental Hall construction will allow, to handle the the 

removal of the MC6 and NM2 target piles. Radiation and dimensional 

measurements of each piece will be made to determine the disposition of 

each piece as it is removed from its existing target pile. Cutting will be done 

either in the staging areas or the Target Service Building depending on the 

radiation class of the steel. Unused steel will be sent to the railhead. 

A steel stacking plan, referencing MC6 and NM2 Target Pile design 

drawings has been developed. Figure 4.2.7 shows two views of the new KTeV 

Target Pile steel plate stacking plan. Additional drawings, not included here, 

show each of the steel layers in detail. Each steel plate has a number painted 

on it which identifies its original source and its location in the original pile. 

Five digit numbers identify the steel as coming from MC, two digit numbers 

identify the steel as coming from the old NM2 Target Pile. 
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Both the KTeV Target Hall and the MC6 target piles have existing 20 

ton crane coverage. This, along with “drop hatch” access limitations in NM2 

determine the maximum size of any piece to be handled in NM2. 

Because space is not available in the upstream section of NM2 to store 

spare magnets, a wedge shaped piece of the target pile may be removed to 

allow the passage of a 20 foot B2 magnet (See Figure 4.1.1). This wedge shaped 

piece is normally in place and can be removed by the crane if necessary. See 

Figure 4.1.1. 

4.2.6 Cooling 

Radioactive Water Cooling Svstem (RAW) 

The RAW cooling system will provide cooling for the NM2S1, its 

inserts and the Beam Dump. It will be located downstream of NM2S3 and the 

absorbers, against the west wall (see Figure 4.1.1). This area is under crane 

coverage and personnel access will be by ladder over NM2S3. 

These elements represent a total thermal load of approximately 55 kW, 

which is slightly below the 60 kW capability of the existing system in NM2. 

ICW (Industrial cooling water) can be supplied to add another 20 to 30 kW of 

cooling to the RAW system if necessary. RAW piping along the west wall of 

the Target Hall is available to be used with minimal modifications. 

Low Conductivitv Water (LCW) 

In the KTeV Target Hall, LCW is required by NM2S2 and NM2S3. 

While these elements and the components of the primary beam can be 

supplied at the limit of the existing LCW system, the addition of the 

secondary beam LCW requirements exceeds the 300 gpm flow rate of the 

current 4” header. The header size will be increased to 6” enabling the 570 

gpm flow rate required by KTeV however the existing piping within NM2 

will not require any significant modification. See Table 7.2 for flow 

requirements. 
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4.3 Installation 

The NM2 components will be installed in the following order: 

. Primary beam magnets and beam pipe in the NM2 upstream 
extension 
. Secondary beam elements and beam pipe in the NM2 
downstream extension 
. The Target Pile Steel and 

. The Target Sweeping Magnet 

. The Primary Beam Dump 
. The Hyperon Magnet 
. Mu-Sweep II 
. RAW cooling system 
. Target, SWICs, Absorbers and Primary Collimator. 

Since NM2S2 effectively blocks the access way to large pieces, pre- 

staging of the NM2S3 steel in NM2 after the target pile installation but before 

the NM2S2 installation will be required. Space is available in the 

downstream NM2 section for pre-staging NM2S3. 

Handling and staging plans are being developed to account for post- 

installation staging that might be required during repairs or access to the 

target pile. Sufficient space is available in the NM2 enclosure to 

accommodate this. Figure 4.2.8 shows an open Target Pile and indicates 

which steel plates (dashed lines) must be removed to replace the Target 

Sweeping Magnet. The fixture which helps to preserve alignment by guiding 

the magnet onto its already aligned stand can also be seen. 

Figure numbers mentioned in this section follow next. 
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4.4 Muon Sweeping System 

4.3.1 Design Criteria 

Table 4.4.1. summarizes the design criteria for muons: 

Detector 
Counting House 
Site Boundarv 

Table 4.4.1. 
Summary of Design Criteria 

100 kHz 
0.25 mrem/hr 
10 mrem/vr 

(See footnote 25 ) 
(See footnote 26) 
(See footnote 27 ) 

In this section, 900GeV/c protons are always assumed. An incident rate 

of 5.0~1012 protons per pulse (ppp) with a 20s spill time is assumed for 

detector-rate calculations. For hourly dose rates, 5.0X1012 ppp and 60 pulses 

per hour are assumed. For yearly rates, an annual integrated rate of 2.0X1018 

protons is assumed. 

For the purpose of this section, the detector is taken to be a 4m high by 

4m wide area, centered on the neutral beam, located 185m downstream of the 

target center. This is slightly larger than the size of the muon veto 

NM4MU3.2s 

The counting house is taken to extend from 21.8m east of neutral beam 

center to 10.8m east of neutral beam center. The floor is 5m above neutral 

beam center and the ceiling is 9m above neutral beam center. Refer to Figure 

4.4.1. 

The site boundary is located 3.6km from the target. Since the neutral 

beam remains approximately 15 feet below grade level for l.Bkm-an adequate 

25 G. Bock, et al., Technical Requirements for the KTeV Experimental Facility, Version 
2.0, Page 13 

26 Fermi Lab Radiological Control Manual 

27 Ibid 

28 G. hock, et al., Technical Requirements for the KTeV Experimental Facility, Version 
2.0, Page 13. 
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distance to range-out a majority of the muons-the earth’s curvature is not 

explicitly included. 

4.3.2 Quality Assurance 

The program CASIMU29 was used to predict dose/rates due to muons 

produced from interactions with the target and dump. “Physics sources” of 

muons, e.g. KL decays, are not accounted for in this model. CASIMU allows 

the user to specify an arbitrary geometry and incident beam. Muon 

production and transport is then simulated. Materials are described by their 

atomic number, atomic mass, density, interaction length, radiation length, 

elastic cross-section, and ionization potential. Material geometry is specified 

via the subroutine HITOR. Magnetic fields may also be incorporated into the 

code via the subroutine FIELD. 

CASIMU is a weighted monte-carlo which simulates muon production 

and transport. Muons are produced by simulating charged pion decay, 

charged kaon decay, electromagnetic cascades, and prompt production. The 

muons are then transported through matter where energy loss and scattering 

are modeled. 

CASIMU Benchmarks 

The production spectrum used in CASIMU was compared to data from 

E595 taken from the thesis of Jack L. Ritchie. E595 was an instrumented iron 

beam dump designed to measure muon production from 350 GeV protons, 

278 GeV pions incident. Figure 4.4.2. compares CASIMU predictions to the 

E595 data. As can be seen, the two are in excellent agreement. 

The spatial distribution and absolute rate from CASIMU was 

benchmarked by Selcuk Cihangir against muon fluxes measured in the E613 

2g Op. Cit., CASIMU, A. Van Ginnekin 
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beam dump experiment. The results, shown in the KAMI Conceptual Design 

Report, indicate good agreement within a factor of two. 30 

Geometrv Validation 

Several programs have been written to validate the geometry and 

magnetic fields used to model the muon sweeping system. Two programs, 

GVAL and OUTLINE, are used to validate the geometry used in CASIMU. 

Both programs call the geometry subroutine HITOR. These programs 

validate the geometry in complimentary manners. 

.In GVAL, cross-sections of the geometry are specified and the user 

indicates the material in which he is interested. GVAL searches the area of 

interest and produces a figure with the pertinent material indicated by dots. 

Refer to Figure 4.4.3. Note that the location of boundaries is limited by the 

granularity of the picture. 

OUTLINE reads the input deck and draws the outline of each object. 

Refer to Figure 4.4.4. The principle difference between GVAL and OUTLINE 

is that OUTLINE draws the object boundaries regardless of material, whereas 

GVAL indicates the location of one material at a time. 

By checking the same cross-sections with both GVAL and OUTLINE, 

both the material types and boundaries may be checked. 

Magnetic Field 

The program BVAL is used to validate the magnetic fields. BVAL 

allows the user to plot the magnetic field components along any axis by 

calling the CASIMU subroutine FIELD for the appropriate coordinates. Figure 

4.4.5. illustrates the Y (vertical) component of the magnetic field as a function 

of lateral displacement through NM2S2. 

3o K. Arisaka, et. al., Conceptual Design Report: Kaons at the Main Injector, Fermilab 
Report FN-568, (June 1991) 
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The magnetic fields used in the model were generated using the CERN 

package POISSON which consists of programs to calculate magnetic fields 

(POISCR), to plot isocontours (TRIPCR) and determine forces. POISCR allows 

the user to generate a field map of the magnet modeled. This field map may 

be dumped as raw data for further use (for example, by the program TRIPCR). 

The CASIMU subroutine FIELD was modified to read POISSON 

generated field maps. This allowed subroutines to be called which could 

interpolate the magnetic field at any point. These subroutines were lifted 

directly from POISCR. Thus the same program which did the initial field 

calculation also did the field interpolation. 

Because POISCR is a two dimensional program, Z (parallel to neutral 

beam) components of the magnetic field are not accounted for. However, 

fringe fields are expected to be small compared to the total field. 

4.3.3 System geometry 

Because of the short secondary beam length (-86m from target to 

defining collimator), the muon sweeping system is designed as an integral 

part of the target pile. 
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Sweening: Svstem 

The sweeping system consists of three magnets as listed in Table 4.4.2. 

Refer to figure 4.4.4 for layout. 

Table 4.4.2. 
Muon Sweeping System 

Length [m] Field [kG] 
3.81 5 
5.49 24 
5.79 21 

15.5 NA 

Name 
NM2Sl 
NM2S2 
NM2S3 
TOTAL: 

Field Integral [kGm] 
19 

131 
122 
273 

NM2Sl imparts a lateral kick to prompt muons and pions which may 

decay before reaching the dump. NM2S2 (located after the beam dump) is a 

wide pole-tip magnet (91.4cm) which imparts a large (4.25GeV/c) lateral kick 

to the remaining muons. Furthermore, the field density in the return yoke is 

about one half that of the pole-tip, lessening problems of wrong direction 

sweeping. NM2S3 (Figure 4.4.6.) is a new magnet with a large pole-tip (40cm) 

and a single wide (60cm) return leg located far (1lOcm) from the center of the 

pole. This combination provides for small wrong direction sweeping and 

large transverse kick (3.8GeV/c). 

Although the return yokes of the sweeping magnets are far from 

neutral beam center and the field densities are low compared to the central 

field, low energy muons can reach the return yokes and be swept back toward 

the detector. This source may be minimized by the addition of passive 

shielding. 

Passive Shielding 

A careful analysis of the model shows that the muons with a 

momentum of approximately 10 GeV/c or less are being swept back toward 

the detector.31 Because low energy (10 GeV) muons lose energy at about 1 

31 T. Kobilarcik and S. Childress, Muon Shielding Requirements for KTeV, KTeV Internal 
Note, April 2, 1993. 
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GeV per meter of iron, a 10m long block of iron will reduce the rate from 

these “return-yoke” muons. When an 8’ high by 8’ wide by 10m long block of 

iron, located between NM2 and NM3, was added to the model, the muon 

rates decreased significantly. (This decrease is addressed quantitatively in 

Section 4.4.4). 

4.3.4 Rate projections 

The program CASIMU was used to calculate muon rates at the detector, 

counting house, and site boundary. 

Experimental Rates 

Figure 4.4.7. summarizes the projected muon rate at the detector for six 

runs of CASIMU. Each run used a different random number seed, and used 

10,000 primaries on target. Averaging the six runs yields a rate of 99f23 kHz. 

Recall that for the purpose of this calculation, the detector is taken to be a four 

meter by four meter area centered on the neutral beam, located 185m 

downstream of the target. 

Figure 4.4.8. shows the muon distribution in the detector plane (note 

this is plotted on a logarithmic scale). Each bin is 50cm wide and four meters 

tall. Each bin is centered vertically on the neutral beam. The distribution is 

uniform within the detector, and rises sharply beyond it. 

Passive Iron Filter 

Without this shielding, the rate in the detector is 330+85 kHz. This is 

the result of 5 runs, with 50,000 primaries on target. 

Sweeper Efficiencv 

Figure 4.4.9. shows the muon distribution with NM2S3 off. Although 

very close to beam center the rate is comparable to that with NM2S3 on, the 
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distribution rises much more sharply. The rate in the detector is 1044+53 

kHz-the rate increases by an order of magnitude. 

Environmental Rates 

Figure 4.4.10. shows the muon dose at 146m from the target. Figure 

4.4.11. shows the muon dose 185m from the target. This region is of interest 

because dose in the counting house is predicted. In both figures, each bin is 3’ 

by 3’. Referring to Figure 4.4.11., the peak dose is 0.16 mrem/hr. However, 

averaging over the adjoining eight bins yields an average dose of 0.05 

mrem/hr., well below the allowed limit. This calculation is based on 12 runs 

of 10,000 primaries each, each run having a different seed. 

Figure 4.4.12. shows the dose at the site boundary. Each bin is five 

meters by five meters. Ground level is indicated. Note that with the 

exception of two spikes, the dose remains well below 1 mrem per 1018 

protons. As the two spikes are surrounded by empty bins, and their error bars 

are comparable to their magnitude, these significance of these spikes is 

negligible. 
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4.3.5 Conclusion 

In conclusion, a muon sweeping system is designed which satisfies 

both experimental constraints and environmental constraints. 

Table 4.4.3. summarizes the results. 

Table 4.4.3. 
Summary of Results 

RATE 
0.05 mrem/hr 
100 kHz 
<<lo mrem/yr 
200 kHz (E799-II) 

REGION 
Counting House 
Detector 
Site Boundary 
“Physics Sources” 

NUMBER OF PRIMARIES 
120,000 
60,000 
60,000 
(see Sect 1.3.2) 
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5. SECONDARY BEAM 

5.1 Secondary Beam Layout 

The layout of elements in the secondary beam as shown in Table 5.1.1. 

Table 5.1.1 

Half width in x and y planes refer to the inner aperature of the magnets. 
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5.2 Flux Calculations 

The KL fluxes are calculated using the Malensek parameterizations2 

assuming KL flux is the average of the charged kaon fluxes. The Malensek fit 

agrees reasonably well with the E731 momentum spectrum33 as shown in Fig. 

52.1. The KL flux calculated is about 30% higher than observed in the E731 

vacuum beam. We use the E731 KL estimate of 1 x 107 KL per 1 x 1012 incident 

protons to normalize the KTeV predictions. 34 This is reliable since the E731 

target, targetting angle, absorbers, and solid angle is essentially identical to 

KTeV. 

Fig. 5.2.1 Comparison of E731 data and 
Malensek parametrization of KL momentum spectrum 

108 

lo7 

106 

q Fit to E731 data 

l MALENSEK 

d rl 0 0 
0 

0 
P a 

P 
a 

0 
4 

50 150 200 250 

P 

The neutron fluxes are more difficult to predict. We have used 

information from previous E731 data on the rate of interactions in two 

detectors placed directly in the neutral beam (the regenerator veto counters 

32 A.J. Malensek, Fermilab FN-341. 

33 J.R. Patterson , Determination of Re (&I/E) by the Simultaneous Detection of the Four 

KL,S + xx Decay Modes, Dec.1990, U. Chicago dissertation. 

34 L. K. Gibbons, A Precise Measurement of CP-Violation and other Kaon Decay 
Parameters, August 1993, University of Chicago dissertation. 
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and back-anti photon veto) which give n/KL = 2 f 1 for the E832 vacuum 

beam. This ratio is based on subtracting the rate due to the known KL flux 

and correcting for detector efficiencies. Some of these efficiencies are 

momentum dependent due to energy thresholds in the detectors. We 

measure the KL momentum spectrum in previous experiments and use a fit 

to neutron production measurements 3s to get the shapes of the momentum 

spectra. As a check, we have used the same neutron fit and the measured KL 

to predict n/KL = 0.5 while a similar independent estimate found n/KL = 1.36 

The implications of this uncertainty are discussed more in section 5.11. 

The photon fluxes were estimated using a fit of data from an FNAL 

photon beam37. The lambda flux was calculated using fits to datass. The 

neutral particle fluxes for 1~10~~ incident 800 GeV protons on Be target with a 

4.8 mrad targetting angle is shown in Fig. 5.2.2 before any filtering. Photons 

dominate the neutral particle spectrum. To reduce the photon component 

we insert lead a filter to reduce the photon flux to an acceptable level. We 

also add Be filters to improve the n/KL ratio. In addition we target at 4.8 

mrad to improve the n/KL ratio (Fig. 5.2.3). The results below include these 

filters. Note these rates are for the “standard” beam of 0.25 msteradians per 

beam. This is a conservatively small size motivated by the E832 beam 

specifications. A larger beam might be possible, particularly for E79911. As 

discussed further in section 5.8 we plan to build collimator inserts which 

would also allow us to run with either 1.5 or 2.0 x the standard solid angle of 

0.25 msteradians per beam subject to backgrounds and radiation damage of 

the CsI. 

35 Edwards et al, Phys. Rev. D18, 76(1978) modified with a pt dependence from Engler 
et al, Nucl. Phys. B84, 70(1975). 

36 private communication, R. Bernstein. 

37 private communication, A.J. Malensek. 

38 Pondrom et al, Phy. Reports,122,67,(1985) 
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Figure 5.2.2 KTeV neutral particle fluxes at 

production before filters for 1 El2 incident 

800 GeV protons (4.8 mr targetting angle) 
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-KL 
“““- .+.” “,. Photon 

103 1 I 
0 200 400 6 

P (GeV) 

0 

Figure 5.2.3 KL flux (no filters) per lE12 incident 800 GeV 

protons and KLheutron ratio vs. vertical targetting angle 

(Note: KTeV range = 4.0 to 5.5 mr, “nominal” = 4.8 mr) 
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Table 5.1.2 
Neutral Fluxes 

Neutral fluxes at z = 90 m from the target including filters per spill (solid 
angle = 0.25 mster. per beam). The transmission includes the effect of 
absorption and scattering from the filters. 

5.3 Justifications for Beam Stability Requirements 

In order that the measurement to e’/e in E832 not be compromised by 

systematic effects, E832’s e’/e analysis requires the sizes and positions of the 

two neutral beams be stable to 0.5 mm, that the areas be equal (to l%), and 

that the kaon momentum spectra be equal (to 0.1?40).3~ In the final analysis, 

after the results from the two beams are used optimally and after the Monte 

Carlo has been appropriately tuned to fit the data, these systematic problems 

should disappear. The goal is to keep the beam-related systematic problems 

well below the level of sensitivity of the experiment. The requirements are 

based primarily on the E731 analysis.40 Additionally, there are 

analytic/numerical calculations-primarily relating to variations in the 

momentum spectrum. Finally there are various results based on a series of 

runs with a small Monte Carlo program to address specific issues such as 

beam geometry and 2n acceptances. The sensitivity of e’/e to neutral beam 

motion was estimated by comparison of different E731 data sets and the 

corresponding Monte Carlo correction sets. Because of the target and 

collimator alignment instabilities, the beam areas varied from about 2% to 

10%. For each data set the Monte Carlo collimator positions are adjusted to 

match the beam shape for that data set. Therefore, by analyzing different data 

sets with non-corresponding Monte Carlo corrections for the e’/e analysis, we 

3g private communication, B. Hsiung. 

4o Ibid, B. Hsiung. 
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are able to estimate the change in e’/e induced by a changed in beam position 

at the regenerator. The result is 

dmc’ 
/ & =3x10-4/em 

dX,q 
where Xreg is the neutral beam position at the regenerator in the plane of the 
two beams.41 

A similar analysis was done with regard to the momentum equality of 

the two beams. The result is 

d&’ 
/ & -c 3x10-3/GeV. 

d < Psec ’ 

Using the variation of the momentum spectrum with production angle of 0.7 
d&’ 

GeV/mrad, this corresponds to / A<2x10-3/mrad. 
de, 

One may also 

estimate42 this dependence with a Monte Carlo with the KTeV geometry and 

using the Malensek momentum dependence. From these, one may estimate 

the sensitivity of e’/e to the production angle as it is effected through the 

momentum spectrum. The spectrometer acceptance averaged over z and p is 

R. 

The result is 

d@) _ 4’,) 4AQ/Q) d(*<Psec ‘/<Pscc ‘) -- 

d% dtAQ/$ d(* < ~sec >/< ~sec ‘1 d% 

= (l/6) (0.34) (O.OB/mrad) 
=1x10-3/mrad. 

which is not in disagreement with the E731 limit quoted above. 

The E832 goal is to measure e’/e to at least 1 part in 104. In order to 

keep errors due to the beam small, our goal is 0.2 parts in 104. To keep the 

two beam fluxes equal to 1% the horizontal targetting angle must be stable to 

0.28 mrad. To keep the mean momentum equal of the two beams equal to 

0.1% the horizontal targetting angle must be stable to 28 mrad. To keep the 

beam momentum equal to 0.1% due to the vertical targetting angle is more 

41 Ibid, B. Hsiung. 

42 D. Jensen, On the Sensitivity of E’/E to Primary Beam Parameters, Feb. 2, 1994, 
KTeV memo. 
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stringent and is about 20 mrad. This is due to the 4.8 mrad vertical targetting 

angle compared to the 0.8 mrad horizontal angle. These results are obtained 

from the Monte Carlo using the Malensek momentum dependence. There 

are geometric tolerances also if the fluxes are to be equal (areas of two beams 

must be equal). These constraints are discussed in section 5.8.6. 

The sensitivity of e’/e to the beam parameters has been propagated by 

standard error analysis. The term must be added in quadrature and be less 

than 0.2 x 10-a. 

d(Ex) d < Psec ’ ~0 + d(Eki) d xre8 kbeam < 0 2 x 10-4 -~ 
d < Psec ’ de, ’ d xreg dXbenm 

The primary beam position on target is the Xbeam term. For our lmm x lmm 
target, the position correlation term is negligible, so only the A8, term 
contributes. 

The result is (1 x10-3/GeV)(0.7 GeV/mrad)( Ae,) ~0.2 x 10-4 or A6, ~28 

mrad. Ignoring angle changes, the 2nd term above can be interpreted as 

target motion. d&R The correlation term - 
dXtXW”, 

is 1.5 so the target stability due to 

this concern is 0.043 cm. However for good targetting efficiency on the 1 mm 

x lmm target we require 0.020 cm positional stability of the primary beam and 

target. 

5.4 Target Design 

The KTeV target requirements are discussed in the Design Report43. 

The material of choice is Be0 and the length is 30 cm or about 1 interaction 

length. Two different cross section size Be0 targets are planned, lmm and 

3mm. A thin target is included to use with the collimator alignment scheme 

discussed in section 5.9. Finally, we will also mount the Be target used in the 

previous Meson Center experiments for comparison with BeO. These targets 

will all be mounted in a remotely controlled target holder with a target-out 

position. A layout of the targets and target holder is shown in Fig. 5.4.1. 

43 KTeV Design Report, January 22, 1992, FN-580. 
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The targets must be aligned with respect to the neutral beam line precisely 

(200 microns). 

The heating issues associated with a 1 mm square target are summarized 

in Table 5.4.1. The heating calculations were done for 1 El3 incident 900 GeV 

protons per pulse with a 20 second spill length and a 60 second cycle time. 

Beryllium was evaluated as well as Beryllium Oxide. 

Table 5.4.1 
Summary of Heating Calculations 

Cooling Method Beryllium Beryllium Oxide 
T(min) T(max) T(min) T(max) 

Forced Convection 310 K 360 K 310 K 420 K 
Natural Convection 320 K 560 K 320 K 880 K 
Radiation Only 700 K 1000 K 720 K 1350 K 

lmm target diameter, beam sigma= 0.22 mm 

Forced convection is helium gas flowing at 4 meters/set. and 

maintaining a temperature no higher than 100 F (310 K). Natural convection 

is air at a temperature no higher than 100 F. An enclosed target cave will 

probably have higher temperatures because the air will be “stagnant”. T(min) 

is the temperature just before the beam spill; T(max) is the temperature at the 

end of the spill. T(min) and T(max) are given after reaching steady state. 

Beryllium: 

Emissivity = 0.25 
Density = 1.85 g/cc 
Specific Heat = 0.436 Cal/g-C 
Melting Temperature = 1550 K 

Beryllium Oxide: 

Emissivity = 0.25 
Density = 2.85 g/cc 
Specific Heat = 0.24 Cal/g-C 
Melting Temperature = 2840 K 
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The results for a slightly larger beam size and a 3 mm target size are 

given in Table 5.4.2. 

Table 5.4.2 
Summarv of Heating Calculations 

Cooling Method 

Forced Convection 
Natural Convection 
Radiation Only 

” 

Beryllium Beryllium Oxide 
T(min) T(max) T(min) T(max) 
310 K 350 K 310 K 440 K 
420 K 510 K 560 K 820 K 
710 K 780 K 860 K 1080 K 

3 mm target diameter, beam sigma= 0.35 mm 

5.5 Primary Beam Dump Background Elimination 

For reference the E731 dump is shown in Fig. 5.5.1; the radial 

separation was R = 4.86 cm for the neutral channel to the proton beam dump 

center. The spot size of the primary beam at the dump face was about 1 cm 

full-width for 99% containment. The dump face was located at z=8.98 m from 

the target center. The horizontal target angle of 4.8 mrad gives 4.32 cm 

separation at the dump. The target sweepers gave an additional 2.23 cm 

vertical separation at the dump face. 

The background from the dump can be estimated from target-out data. 

From E731 the 27~ target-out trigger rates for charged and neutral are 0.006 of 

target-in, the ET (total lead-glass energy above 28 GeV) target-out rate is 0.03 of 

the target-in rate. 

The KTeV version with the dump face at z= 7.1 m and an 4.8 mrad 

vertical targetting angle is shown in Fig. 4.1.4. The radial separation and the 

spot size are similar to E731 [R=3.4 cm and spot size of 99% containment for < 

0.6 (1.5) cm vertical (horizontal) full-width]. The radial separation of the 

projected proton beam at the face of the hyperon magnet is R = 8.1 cm. The 

length of the dump is much longer for KTeV and the downstream portion 

(hyperon magnet) is magnetized so we do not anticipate significant 

backgrounds from the dumping of the primary beam in the neutral channel. 
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Fig. 5.5.1 E-731 Proton Dump R=4.86cm 



5.6 Elimination of Charged Particles from the Neutrai Channel 

Fig 5.6.1 and 5.6.2 show the magnetic field vs distance from the target 

along the beam for MC and KTeV (not including the final dweeper at 90 m). 

Experience from sweeper studies in the MC beamline (E731) shows only small 

trigger rate effects in varying sweeper currents. For example reducing the 

most upstream MC sweeper by 2/3 increased the muon rate by 40% while two 

track trigger (with muon veto) and ET (total lead-glass above 28 GeV) rates 

only increased by about 5%. Switching off the MC sweeper at z=30 m 

increased the two track trigger rate by 12%. Switching off the MC sweeper at 

z=57 m increased the two track trigger rate by 2%. For the KTeV beamline we 

will have additional magnetic sweeping relative to the MC beamline (1.7 

times more field integral) due to the enhanced muon sweeping system. Even 

a 800 GeV charged particle leaving the target initially parallel to the neutral 

channel will strike the inner walls of the hyperon magnet almost 2 m from 

the downstream end of the 5.5 m long magnet. 

125 

-- 1 



Fig. 5.6.1 E731 magnetic sweeping 

integral B*dl = 203 kg-m 
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Fig. 5.6.2 KTeV magnetic sweeping 
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5.7 Filter System- Photon Elimination and KJn Enhancement 

In all of the past experiments using the MC beamline a lead filter was 

inserted to reduce the photon flux in the neutral beam. Fig. 5.7.1 shows data 

from E731 logbooks; the charged two track trigger rate with a “veto-on-hits” in 

the muon detector versus thickness of lead in the neutral beam. We have 

chosen 3” as the optimal thickness for the lead photon filter. 

Fig. 5.7.1 E731 two-track trigger rate 

versus thickness of lead filter 

8 

6 

inches of lead 
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For E7991 the only filter used was the lead discussed above. For E731 a 

“common” absorber of 20” of Be was placed in both neutral beams and a 

“movable-shadow” absorber of 18” of Be was placed in the same neutral beam 

as the regenerator. The various filter transmissions are given in Table 5.1.2. 

For example, the n/KL in the E731 regenerator beam is reduced by 2.5 relative 

to using no Be filters (E7991), while the KL flux is reduced by 5.1. The 

interaction length for high energy neutrons (KL’s) in Be is 40 (55) cm. The 

interation length for neutrons (KL’s) in lead is 16.8 (14.8) cm.** Fig. 5.7.2 

shows the engineering design of absorber trays and movers. 

44 A. Gsponer et al, Phys. Rev. Lett. 2, 9 (1979) and T. J. Roberts et al., Nucl. Phys. 

B159, 56 (1979). 
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5.8 Collimator System 

5.8.1 Design goals 

It is crucial that the collimator system prevent beam halo from causing 

radiation damage to the CsI or introducing background triggers. Simulations 

indicate that the scattering of beam particles in filters combined with 

collimator misalignments was a source of beam halo (see section 5.11). The 

collimator scheme involves a primary collimator (z=19.5 to 21.5 m) and a 

defining collimator (z=85 to 88 m). The defining collimator provides the 

principle definition of the edges of the beam. To obtain sharp edges, it is 

located as far downstream as possible. Experience in the MC beamline shows 

that a collimator at z=85 to 88 m does not introduce a dominant background 

source for the experiment. GEANT studies are consistent with this 

observation. The primary collimator is located as close as possible to the 

target. There is a filter just upstream of the primary collimator. The function 

of the primary collimator is to limit the lateral size of the beam at the 

scattering source. The combination of the primary and defining collimators 

then defines the maximum deviation of a scattered neutral particle from the 

beam axis at the z position of the CsI calorimeter. The goal is to constrain all 

such scattered tracks to lie within the beam holes, missing the calorimeter. 

The holes in the CsI are 15.0 cm square separated by 30 cm (center to center) in 

the horizontal plane. The criteria we have adopted is that all scattered rays 

fall a minimum of 1 cm inside the holes. 

The finite target size also has implications on the collimator design. 

The walls of the collimator are tapered to point to an apex downstream of the 

target (Fig. 5.8.1), so that no neutral track from the target can strike the inner 

walls of the collimator. In practice, the difference in taper is significant only 

for the primary collimator. These design considerations are discussed in 

more detail KTeV Design Report 45. The results are listed below. Additional 

collimator inserts allow for beams with larger solid angle 1.5 and 2.0x the 

“standard” beam of 0.25 msteradians per beam. 

45 KTeV Design Report, January 22, 1992. 
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collimator ref. line T 

production target 

J 

Figure 5.8.1 The walls of the collimator lie on lines that, projected forward, 
cross at a point called the coZ!imator apex. If the target lies 
entirely upstream of the apex within the cone defined by these 
lines, then no neutral track emanating from the target can strike 
the inner walls of the collimator aperture. 

The following are used to specify the “standard” beam: 
‘Target’ size lmm x lmm x 30cm 
Beam separation & 15 cm at CsI (z=186m) center to center 
X angular divergence f 0.250 mrad 
Y angular divergence & 0.250 mrad 

Neutral Beam Solid Angle = 4 x ( 0.250 mrad )2 = 0.250 psteradians per 
beam 

In addition to the primary and defining collimators there are two other 

types of collimation; a slab and a pair of variable jaw collimators. The 

purpose of the slab collimator is to prevent scattered tracks out of one beam 

from crossing over to the other beam in the plan view. Fig. 5.8.2 illustrates 
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the principle which is discussed in more detail in the KTeV Design Repor+. 

The variable jaw collimators will be used, if needed, to reduce the flux on the 

defining collimator. Finally, we will have a fast acting beam stop to close 

completely to block the neutral beam for special studies and radiation safety 

measurements. We have existing jaw collimators and a beam stop which can 

be reused with some refurbishments. The slab is a new device. The primary 

and defining collimator are discussed in more detail in section 5.8.4 and 5.8.5. 

5.8.2 System Layout 

System layout and apertures for standard beam, aperature sizes are 

shown below in Table 5.8.2. 

Table 5.8.2 
System Layout 

downstream hole 
Beam size at CsI 9.30 9.30 186.0 
Beam hole size 15.0 15.0 186.0 
at CsI 
System layout and aperatures for standard beam. 

46 Ibid, page 74. 

132 



Fig. 5.8.2 KTeV Beam Envelope and 
Collimator Locations 
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5.8.3 General Considerations of Collimator Outer Dimensions 

The outer dimensions of the collimator must be large enough to 

contain the showers from neutral beam interactions. The neutral flux (n + 

KL) passing through the CsI beam holes in the highest intensity running for 

E79911 (both beams) is 0.8 to 2.1x10 9. The range quoted reflects the uncertainty 

in the n/KL ratio. Under these conditions the primary collimator (z=20.5 m) 

will be struck with a neutral flux of 0.8 to 2.1~1010 and the defining collimator 

(z=86.5 m) will see 0.3-0.7x10 9. This is for an incident proton intensity of 

5x10=. 

The collimators used in MC were formed of a pair of variable jaw 

collimators, one horizontally-defining and the other vertical. The total 

length of both was 10 to 12 ft. Each jaw was a rectangular piece of iron 

approximately 4”x8” transversely. Fig. 5.8.3 shows a CASIM calculation*7 for 

30 GeV and 300 Gev protons on iron cylinders of different sizes. We have 

compared the CASIM shower containment predictions with GEANT. The 

GEANT predictions for a 1 m long iron cylinder is in good agreement with 

CASIM. For a length of 3 m the plateau of the GEANT curve is about 15% 

lower than the CASIM results while the shapes are similar. GEANT was also 

used to calculate similar shower containment curves for incident neutrons 

and KL which gave essentially identical results as protons in GEANT. Based 

on these predictions, we have chosen 2m for the length of the primary 

collimator and a more conservative 3 m length for the defining collimator 

because of its proximity to the detector. 

47 CASIM , A. Van Ginneken & M. Awschalom, High Energy Particle Interactions in Large 
Targets, (1975); 

A Van Ginneken, Fermilab Report FN-272 (1975). 
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5.8.4 Primary/Upstream Fixed Two-Hole Collimator 

There is an existing collimator which may match our needs. Figure 

5.8.4 shows one of these collimators. The design has a movable inner block 

with apertures to collimate the beam and a fixed outer iron shell. A great deal 

of experience with this design exists. The motion control is very accurate and 

reproducible. The radial shielding is currently about 10.5” to which we would 

add iron to bring the radial shielding to our 12” requirement. The effective 

shielding length (length of the inner block and downstream portion of the 

outer shell) is 1.9 m as is. The inner block will have two sets of holes; one for 

the standard beams and one for the optional larger solid angle beams 

(displaced from each other vertically in the inner movable block 4”x6”). 

Unfortunately, this existing collimator steel is slightly radioactive 

preventing machining which is needed to add the tungsten alignment masks 

(see section 5.9). Since this collimator is a “clean-up” collimator and not the 

defining collimator, we will eliminate the alignment masks on this 

collimator to minimize the modifications needed. 
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5.8.5 Defining/Downstream Fixed Two-hole Collimator 

The defining collimator differs from the primary collimator in that it is 

located close to the detector and is also required to be a vacuum device. 

Because of this vacuum requirement existing collimators such as being used 

for the primary are unsuitable. The general design features as discussed 

earlier are a fixed hole collimator with a neutral channel insert which can be 

manually changed to another hole size if needed. Such a change of inserts is 

expected to take approximately 8 hours. 

Making a collimator insert with a 1” tungsten liner around the neutral 

channel reduces the spray off the collimator by about 50% according to 

GEANT. The majority of this spray off the defining collimator is low energy 

photons. These studies also indicate that using the jaw collimator to reduce 

the flux on the defining collimator reduces the collimator spray as effectively 

as the W liner assuming 5-10 mils alignment and motion control accuracy on 

the jaw collimators. Given the cost tungsten we have chosen iron inserts 

rather than tungsten and will rely on the jaws to reduce backgrounds from 

the defining collimators if necessary. 

We have chosen 3 m for the length of the defining collimator because 

of its proximity to the detector. Again we have used CASIM calculations (fig. 

5.8.3) as well as our own GEANT studies to select this length. 

Following this defining collimator is a magnetic sweeper which also 

provides additional hadronic shielding. We could, if necessary, also place 

approximately 1 m more of shielding between the defining collimator and the 

sweeper. The location of this collimator is the same as our most downstream 

collimator in MC. Previous studies of the effect of varying the MC sweeper 

just downstream of this collimator indicated very small charged particle 

contributions to the trigger (<5-10X). In fact we may choose in KTeV to run 

with this sweeper off as in the past. However the sweeper may be helpful in 

slightly reducing collimator spray; but it reduces the acceptance for lambda 

triggers in E79911 by a factor of two. Fig. 5.8.5 shows the engineering design for 
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the defining collimator. It includes remote adjustment transverse to the 

beam on each end as well as small rotation about the beam axis. 

5.8.6 Alignment and Mechanical Tolerances 

The criteria for setting the defining collimator tolerances are: 

a) The beam size and position at the CsI affected by no more than 0.5 

mm from the sizes and alignment of the various collimator 

apertures. 

b) The areas of the two beams must be equal to within 1%. 

These criteria impose a horizontal and vertical tolerance of k 200 microns. 

The criteria for setting the primary collimator tolerances come from : 

The size of the beam at the CsI, including scattered rays must be less than 13 

cm to provide a minimum of 1 cm clearance between the beam and the CsI 

edges (see Fig. 5.8.6). In order not to have the primary collimator define the 

beam, we have a clearance of 2500 (1000) microns in the horizontal (vertical). 

The mechanical and positioning error is approximately +150 microns. 

Therefore, an alignment tolerance of f200 microns is sufficient allowing 

some margin for positional instability. The alignment of the slab collimator is 

less critical; using the same criteria as for the primary collimator, a tolerance 

of f1.3 mm is obtained. 

5.9 Beam Instrumentation/Monitoring 

Monitoring the alignment of the neutral beam elements to the 

required tolerances is critical to the KTeV program. The alignment section of 

this report discusses the procedures planned by the FNAL alignment 

department. We also plan to monitor the alignment using the beam itself. A 
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system to do this is outlined in the Design Report.48 The defining collimator 

has tungsten masks (0.50” of tungsten) on both the upstream and 

downstream ends which flip in and out of the beam with a pattern of holes or 

slits which can be detected by a beam alignment monitor just downstream of 

the CsI beam holes. This scheme requires the insertion of masks, removal of 

the filters, and possibly a reduction in primary beam intensity to make a 

photon beam. Even a crudely segmented detector can be used to monitor 
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Figure 5.8.6 Elevation view of the collimator system showing the 

downstream most filter location and illustrating the clearance 
between the calorimeter and the scattered rays. 

the alignment quite accurately (f50 microns). For example, Fig. 5.9.1 shows a 

mask pattern which could be detected by 5 scintillator counters. In addition 

we would require a single veto trigger plane scintillator upstream of a 

tungsten convertor (0.10”) followed by additional planes (2 or 3) of scintillator 

48 KTeV Design Report, January 22, 1992 and private communication , M. Crisler. 
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which could be used to select events with pulse height consistent with an 

e+e- pair. This profile detector will be followed by the back-anti which could 

provide a threshold cut on the converted pair. The mask patterns, 

backgrounds, scattering as well as the required detector are being optimized 

using GEANT. Preliminary results indicate background levels are small (Fig. 

5.9.2). Backgrounds from hadrons are approximately 10-S of the hadron flux. 

We are also planning to build a profile monitor which could have sufficient 

segmentation to take a snapshot without the above requirements. To obtain 

the segmentation we will build a horizontal and a 

Fig.5.9.1 Signal pattern from perfectly aligned pair of masks (shown in shaded 
area). Dotted line represents one mask while heavy line represents the 
other mask. The detected signal D represents perfectly aligned holes in 
both masks while the others represent holes of the same area aligned 
pefectly but offset by 0.5 x area. For example, a vertical translation 
down of the dotted mask would produce a larger signal A compared to 
B indicating the misalignment. 
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Fig.5.9.2 Pattern of detected electron pairs in alignment/profile monitor from 
20,000 incident photons simulated using GEANT. Selection criteria is 
two charged tracks originating in convertor with total electromagnetic 
energy > 2.5 GeV. 

pair of vertical scanning scintillators (2 mm wide) to sweep across both beam 

holes which will be placed downstream of the tungsten convertor. Both the 

alignment monitor and the profile monitor should be placed in a single unit 

which can be accurately placed and have an out position for normal data 

taking. 

5.10 The Lambda Polarized Beam and Spin Rotations vs Sweepers 

One of the considerations that enters especially into the magnets 

needed in the neutral beam is that of lambda production and polarization. In 

the following discussion, we ignore the finite targeting angle in the 

horizontal and assume that there is targeting at 4.8 mrad in the vertical 

direction. The polarization is rotated if the lambda travels through a field 

perpendicular to the polarization direction of the lambda. The polarization is 

unaffected by a field along the direction of the polarization. In the KTeV 

configuration, the production is vertical, so the polarization will be along the 

x axis of the spectrometer. 

The first 3 magnets in the beamline have vertical fields and thus cause 

a rotation of the polarization. The angle is 11.2 degrees/(Telsa-meter). The 
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rotation by the target sweeping magnet, Eg/Hyperon, and Mu-Sweep II is 21, 

142, and 117 degrees respectively, for a total of 280 degrees. The plan is to 

reduce this by lowering the current slightly in the sweepers to give 270 

degrees so that the initial polarization along the x axis is rotated to lie along 

the z axis. Then the next magnet in the beamline (spin rotator magnet- 

modified 20’ long B2 with 4” x 4” aperture) will rotate the polarization into 

the &y axis depending on the spin rotator magnet polarity. The field required 

is 8.04 Telsa-m while the spin rotator can provide up to about 9.0 Telsa-m. 

5.11 Secondary Beam Simulations of Radiation 
Damage/Backgrounds 

Two beams were simulated. In normalizing to particle fluxes through 

the calorimeter beam holes, for E731/E832 the regenerator beam was ignored 

compared with the more intense vacuum beam. For E7991/11 intensity is 

taken to mean two beams. A week is taken to be 1~10~ pulses. GEANT 

version 3.16 with the FLUKA hadronic shower generator comprised the 

software platform. The simulations of E7991/11 were rerun with the 

GHEISHA generator to compare predictions. Differences in calorimeter 

radiation damage between the two generators are about 10%. 

5.11.1 Comparison of Data and Simulations with E731 and E799-I 

E731 

The E731 collimator positions are shown in Fig. 5.11.1. Even on this 

crude scale some misalignments can be seen: most fundamental is that the 

two-hole collimator did not precisely aim at the calorimeter beam holes. It is 

apparent after tracing a few rays that the upper collimator hole passes slightly 

more of the entering beam (the simulation gives about lo’/,). Fig. 5.11.2 

shows the actual data for the E731 beams 49. 

4g J.R. Patterson , Determination of Re (&I/E) by the Simultaneous Detection of the 
Four K~,s+xx Decay Modes, Dec.1990, U. Chicago dissertation. 
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Beam elements in the simulation (see Figure 5.11.1) were: 

13 
2.1 
3.) 

4.) 

5.) 

6.) 

7.) 

8.) 

9.) 
10.) 

11.) 

12.) 

13.) 

14.) 

15.) 

16.) 

17.) 

Two-hole collimator 

50 cm Be filter 

7.5 cm Pb filter 

45 cm Be shadow absorber in the regenerator beam 

Fe slab at 23 meters 

Sweeping magnet at 30 meters 

Fe slab at 50 meters 

Vertical aperture jaws at 51 meters 

Horizontal aperture jaws at 53 meters 

Sweeping magnet at 57 meters 

Vertical aperture jaws at 83 meters 

Horizontal aperture jaws at 84 meters 

Sweeper magnet yoke at 119 m (no field) 

Regenerator 

Trigger counters (TC) 

Collar anti (CA) 

lead glass and beamholes 
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Material of all the elements was simulated in GEANT, except for some 

of the sweeping magnets iron ( items 6 and 10) which were simulated by 

discarding any charged tracks that passed through them. In addition, particles 

that originated upstream of the last jaw pair (item 12) were not followed 

unless their energy exceeded 1 GeV. Downstream of 84 meters all tracks with 

E>20 MeV were followed. The simulations also included a vacuum window, 

helium , and the drift chamber materials. Runs were made with this material 

replaced by vacuum and also air . In addition, runs were made with and 

without the TC. 

The upstream aperture of the two-hole collimator was randomly filled 

with track-starting points and the target was randomly filled with the 

corresponding particle origins. The direction so defined was assigned to a 

momentum selected from the Malensek distributions. Encounters with the 

walls of the two-hole collimator were simulated, and a few cases were found 

in which hadronic elastic scatters in the collimator eventually led to 

calorimeter activity. After having done several simulations where it was 

apparent that inelastic scatters in the Be, Pb, and two-hole collimator 

consumed a large fraction of CPU time but did not lead to activity in the lead 

glass, events were dropped in the remaining simulations if the beam particle 

interacted inelastically in any of these elements. 

Figure 5.11.3 shows some results of a neutron and a KL run with all 

parameters nominal, set to what was measured for the experiment. The run 

statistics generally give lo4 or more beam particles through the lead glass 

holes. Figure 5.11.3 shows an attrition of 30-50 between starting particles 

(Figure 5.11.3a, c) and those that get past the calorimeter (Figure 5.11.3b, d); 

momentum of the survivors is not much different from the starters except 

for the decay loss of low energy KL due to their small Lorentz factor. Figures 

5.11.3 e and f show energy absorbed in the lead glass as a function of x, y 

position of the individual ionization deposits. The cell contents are weighted 

by the absorbed energy and therefore give the simulated radiation damage. 

Figures 5.11.3 g and h show the central region enlarged. Damage due to 

neutrons is more centered than for the KL’s. 
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E799-I 

Collimator positions are much closer to perfect alignment than for 

E731. The simulation runs were done essentially the same as for E731 except 

(1) regenerator and shadow absorber were absent, (2) there was no Be filter, 

and (3) TRD material, 2(%X0 of polypropylene, was added. The other TRD 

components were ignored. The kaon flux increased from 107 to 8.5~10~. 

Figure 5.11.7 show energy absorbed in the lead glass due to KL, n. The 

simulation was repeated without the TC’s and TRD’s; these detectors 

contribute about l/3 of the KL-induced background and “3/4 of the neutron- 

induced background. Figures 5.11.8-9 show the results again with several 

assumptions on the neutron flux. This comparison matches best if n/KL=4 

for E799 or n/KL=2.8 (E731 vacuum beam). 
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Figure 5.11.10 shows the origin of particles that enter the lead glass for 

the KL runs. It is organized into four quarters, split vertically by weighting: 

(top six plots) equal weights for all hits, or (bottom six) hits weighted by 

energy of the particles that enter the lead glass. The horizontal split depends 

on whether the B and C banks and the TRD’s are in or out. Figure 5.11.10a 

shows the vertex z for each particle that enters the upstream face of the lead 

glass. There are spikes near z “900 centimeters where tracking starts at the 

entrance to the two-hole collimator, at z “1600 (the Pb filter), in a region at z 

“5000 where the last slab and upstream jaws are located, at z “8000 at the 

downstream jaws, and near z a18OOO at the TRD and B, C counter banks. The 

final spike lies in the bin 18050 < z < 18100 which contains the collar anti 

counter. Beneath each major plot, the upstream (9 < z < 16 meters) and 

downstream (176 < z < 185 meters) regions are expanded. 

The number of hits that can be traced back to the two-hole collimator 

entrance and the Pb filter is relatively small (-900), due to TC (-40,000) and 

due to TRD (-10,000). On the other hand, the energy-weighted plots, 

Figures 5.11.10~ (with B, C, TRD) and 5.11.10d (without B, C, TRD) show that 

these are on a par for radiation damage with the material right in front of the 

lead glass. The detailed z-cut plots allow the particular collimator or filter 

element to be isolated. The area under the broad-z distribution (decays) 

between the spikes is a40% of the total area, comparable to that under the 

spikes. 

Figure 5.11.11 shows the same set of plots for a neutron beam. The 

main difference is the near absence of decays. The GEANT prediction is about 

half of the pipe block energy or damage is correlated with interactions in 
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either the TRD or TC. A recent study of E7991 accidental data50 finds 44% of 

the pipe block energy is correlated with TRD and TC interactions in good 

agreement with the Monte Carlo. This same study also measured the rate on 

the hottest drift chamber wire in the most upstream chamber in E7991 after 

subtracting out the muons from our upstream target and beam dump gives 26 

kHz for the hottest wire. While our GEANT model of the secondary beam 

charged particle flux indicates about 17 kHz for E7991 from KL decays only. 

5o private communication, R. Tschirhart. 
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The points labeled “normal” in Figure 5.11.4 give our best estimate of 

the total radiation absorbed in the lead glass. Interactions in the regenerator 

are the main source for the neutron beam. When the regenerator and 

shadow absorber materials are both changed to vacuum, the radiation 

decreases by about 50% at the center and from a factor of two beyond 20 

centimeters to an order of magnitude at the edges. The regenerator is 

comparatively less significant for the KL beam. All decays were turned off for 

the run labeled “no decays” in Figure 5.11.4a. The difference between these 

points and the “normal” points marks a level which cannot be reduced. 

Since the points fall by a factor of 5 everywhere, decays must account for 

-80% of the damage due to the KL beam. Both the regenerator and the TC’s 

were simulated for the “no decays” run. 

The TC material (2 cm of scintillator plus wrapping plus air) is a source 

of damage mainly inside a 40 centimeter radius. For neutrons the TC’s were 

the source of l/3 to l/2 the damage. For KL, they did not contribute 

significantly compared to the other sources. 

Under the assumption that a week of running contains 104 pulses at 

the Tevatron, the points can be converted to rads/week. Figure 5.11.5 has the 

Monte Carlo results for several assumptions on the n/KL ratio. The pair of 

curves for each condition represents the statistical difference in two different 

runs. Figure 5.11.6 has the prediction superimposed on the data, and the 

agreement is reasonable using the n/KL= 2 (for the E731 vacuum beam); the 

value that best matches other data from E731 as discussed in section 5.2. 
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Findines 

Given the overall good fits to E731 and E799-I for the simulation 

model, we believe that the main sources of damage are identified. In E731, 

background from both KL and neutron interactions in the regenerator 

dominates everywhere except within the blocks between the beams. Even 

there it contributes approximately 20% of the damage. These statements are 

based on Figures 5.11.4. The TC’s explain about half the damage from 

neutrons near the center, but much less for r > 40 cm. A high energy neutron 

interaction in scintillator can make up to 50 secondary particles, mostly pions, 

that do not deposit a lot of energy in the thin TC’s, but which are largely 

absorbed in the calorimeter that follows within a2 meters. For KL, the 

counters were not a major contributor because KL decays are a more prolific 

source. Much of our confidence in this simulation is due to the fact that it 

not only gets about the right magnitude of the damage for both E731 and E799 

but also reproduces the observation that the lead glass radiation damage falls 

off with increasing radius much more steeply when the regenerator is absent. 

5.11.2 Projections for KTeV-E79911 and E832 

In KTeV, the neutral beam will be more effectively collimated than in 

the earlier experiments. Figure 5.11.12 shows the plan and elevation views. 
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E799-II 

The KL flux will be 2.9~108 for the sum of two beams. The elements in 

the E799-II simulation are: 

1.) Pb filter 

2.) Cu primary two-hole collimator (PC) 

3.) Fe vertical slab separating the beams horizontally 

4.) Fe x-defining vertical jaws 

5.) Fe y-defining horizontal jaws 

6.) Sweeping magnet from 23-29 m, 25 kg, 40cm(x), 4cm(y) 

7.) Cu downstream two-hole collimator (DC) 

8.) DC Insert 

9.) Sweeping magnet 

10.) Trigger counters (TC) 

11.) CsI calorimeter 

Material in the vacuum window, helium, and drift chambers was 

included. Figure 5.11.13 shows the origins of CsI hits. Four cases are shown: 

n and KL with and without TC beamholes. Each run gave approximately 

3x104 beam particles through the CsI holes. The individual numbers (nthru) 

are printed on the plots. Compared with the expected flux of 2.9~108 this tiny 

sampling (6x105) is a potential weakness of the Monte Carlo. It is possible that 

tails of distributions unsampled in this simulation could change the picture. 

The z-coordinate of the vertex of any particle entering the CsI is 

enough to identify where the background comes from. KL’S decay over the 

whole path from 80 to 200 meters so the distribution is continuous from the 

downstream collimator to the CsI with a spike at the TC plane. The runs with 

TC beamholes show smaller spikes at the TC where some of the kaon 

daughters interact. (The main beams of course pass through.) A few cases 

where neutrons lead to CsI hits nearly all originate in the DC at z “88 meters. 

Figure 5.11.13a(b) shows KL(n) if the TC’s are solid across the beam, and 

Figure 5.11.13c(d) if the TC’s have beamholes. CsI hits go up a factor of “25 

(7000/300, from the Figure 5.11.13a,c spike at z ‘186 meters) due to particles 

starting at the trigger plane. 
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To cite numbers for radiation damage as a function of position, the 

calorimeter is divided into square cells of width 15 cm. The numeration is 

shown in table below. The energy deposits in the CsI are plotted in Figure 

5.11.14a (b)for KL(neutrons). The damage from the kaons is not increased 

much above that from decays by the TC material However, damage from 

neutrons in the pulse goes from negligible to near equality with the KL 

including the TC material. Also shown are the effects of rotating the slab 

collimator by 2 mrad creating a horizontal tilt and of rotating the DC 2 mrad 

to create a vertical tilt. Even though this 2 mrad rotation is more than an 

order of magnitude larger than expected alignment tolerances, the radiation 

damage does not significantly increase. 

Table of numbering of CsI Cells 
55555555555 
54444444444 
54333333333 
54322222223 
54321111123 
5 4 3 2 1 0 1 2 3 
54321111123 
54322222223 
54333333333 
54444444444 
55555555555 

5 5 
4 5 
4 5 
4 5 
4 5 
4 5 
4 5 
4 5 
4 5 
4 5 
5 5 

How serious this TC material is depends on the n/K ratio. Figure 

5.11.14~ predicts 500 rads/week for a worst case. This damage would be less by 

a factor of two if the neutral beam can pass through holes in the TC. 

Repeating this analysis for the double solid angle option (.50 mster.), gives 

radiation damage which increases only slightly more than for the kaon flux. 

This work will be documented in’a future KTeV memo. 

The predicted beam profiles at the CsI for the case with TC beamholes 

are shown in Figure 5.11.15. 
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Fig. 5.11.15 a) The flux df df ali .particles hitting a plane just of the CsI 
predicted for E799lI. 

b) The flux .weighted by particle energy. 
c) The flux of KL’s. 
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E832 

In addition to the beam elements listed above, ES32 adds: 

13.) Be shadow absorber 

14.) Regenerator 

The KL flux for E832 will be about 3.5 x 107 for the vacuum beam. The 

CsI background picture is different from that of E79911. The regenerator 

dominates; Figure 5.11.16 shows the z-origin of particles that enter the front 

face of the CsI; the regenerator at 120 meters is prominent, especially in the 

neutron runs. Figure 5.11.17 summarizes the energy dumped in the CsI. The 

TC damage adds about 25% to that from the regenerator for both n and KL. 

The beam profiles are shown in Figure 5.11.18 for the case with TC 

beamholes. 

Conclusion 

The main features of radial dependence of measured radiation damage 

to the lead glass calorimeter in E731 and E799 are reproduced with a GEANT 

simulation. The level of damage is reproduced to a factor closer to two, and 

the shape is better than that. The contrast between E731 and E799 and the r- 

dependence is reproduced. A simulation to predict damage in CsI gives a 

level that almost surely will approach 200-300 rads/week at the center of the 

calorimeter in E799-II. The level may go as high as 500 rads/week depending 

on the neutron to kaon ratio of the beam. The damage will be reduced by 

about a factor of two by having holes in the trigger counters. In E832, 

regenerator-induced background is so high that the trigger counter material is 

almost of no incremental effect. Studies of the acceptance for KI&p+p- with 

beam holes in the trigger counters51 indicate a small loss in acceptance. 

Therefore, we plan to run both E832 and E79911 with the same trigger 

hodoscope which has beam holes. 

51 Belz, J., et al., KTeV 0200, Modified KTeV Trigger Bank Layout, 5/5/94. 

169 



C 

c”. s I 

1 

:r r Jz 

- 

..: ” : ‘.’ 

i 

I’ ‘. 

:j 
0 

z 
2Ln 

: 1 

z - ... .. - 
1 :- j0.J : IZ T 0 - m 

s: d- . 

T 

0 

,* PO 

IL .Y= I 

‘. .rd z ,-z 
0 
m 

. 
_ 

5 

_= 
w 
C 

5 
L 
c, 
3 

z 
- 

F;; 

. . 

5 5 
L L 
L L 
% % 
C 

C 
0 
c 
i, 
3 
a 
C 

0 

t I I I I I 

lo - 
ti 

C 

v c: ill c 
c 0 c2 2 3 
c( & c - c- 

v 0 m 
% Oo c 0 c - 

c CI - C 

.-y-AX 
l 

T= 

s 

,! 

z 

.�� 

I z 

c 

t 

J 

g .i 
5 ” ‘: 1 

,sj : i 

9, 1.. _:. i 
1 1 

s; . - 

L 
0 

I: I 
.z 
: : -3 

ZO 

. . .sg 

3lf-Y 
.m 

a 

yl !-.... .’ ‘0 

[..a, # _______ 1 m ‘cc 
Q m m -o 0 
0 0 0 - 2 
c1 c - 

v r) m 
> 

0 
0 0 0 c1 0 
c M c 



0 

KLONG 
l’~“I~“‘I’~~‘l”~~I”~‘. l’~“I~“‘I’~~‘l”~~I”~‘. 
I I I I 

I I 
I I I I 

X no TR G beamholes 

,*003- -I- -I- -1 -1 - - I I - - L L -I- -I- - - 

I I 0 1 TRIG @amho@ I 

x I I I I I 

I I I I I 
0.002 1 o-l- 1 - t - t -I- 

I I I I I 1 

I 1 x 1 I I I 1 
I 0 I I I I 

0.001 -I- -l - T - i- -I- 
i 

0.000 

GROUP 

REGENERATOR BUT NO BEAMHOL REGENERATOR & BEAMHGLES 

100 
50 

ES 

il~~‘l’~~‘l’~‘~ll’l~l’~” 

9 I I I + 1 n/K-41 

50 “- 
1 x ” 

olxI;I I 1 

I lol+l I i 

I”1 - 
--4 

T -XEi;/K-01 1 

I O I 101 I 
10 -I- -l 25 T + +,- 

5 

I i 

_I_ 1 -g 1 _ - J-0 Xl0 + 
I I I lX10 

I I I01 IX 

I I I I O I 

I 

Ii 
I + I 1 1 

0 1 “IfI I 
1 

I 1 I 
I I 

Iii I 

10 --LIXT -q 
b r;-I ‘i 

5 -I-&---A I x I O I 1 

.I I I x I 0 7 

I . , I , . , . I .s! . I 
lo 12 34 5 

GROUP 

NEUTRON 
I”“I”“I”“I”“I”“ 

I I 
I 

I I 
X. no TR G beamholes 

()*003-)+I- -1 - I - L -I- 
1 

I 0 1 TRIG beamhoAes I 

I I I I #I 

E -01 I I I I 

d 0.002- -I- 1 - I- - I- -I- ! 
a \ 

: 
1 x I 

2 
I 0 I 
I I 

0.001 - -I- -l 

I 181 I I 

I I I ls I L( I 
,s. 

o.ooo-~~~~‘...~‘~~~~‘~.~.‘~~.~ ..’ 
0 123 4 5 

GROUP 

EFFECT OF TRIGGER COUNTER MATERIAL 

I I I I O I I xi 

I I l lol 1 

l/....I....I....I 
0 123 4 5 

GROUP 

Flqure 5.11.17 E832 Radlatlon damaqe vs CsI group 



Fie. 5.11.18 a) The flux of all particles hitting a plane the CsI for ES32 
” 

(showing both-vacuum and regenerator beams). 

b) The flux weighted by particle energy. 
c) The flux of KL’s. 
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6. RADIATION SAFETY 

6.1 Method 

Hadron shielding requirements for the KTEV and KAMI experimental 

program have been specified according to the requirements of the Fermilab 

Radiological Control Manual using the methodology of the 1991 Research 

Division Shielding assessment52.. The “Cossairt Criteria”, appropriately 

scaled to other energies, intensities, repetition rates, and distances were used 

to determine beam shielding requirements. The dose rate was assumed to 

vary 

. linearly with the incident beam intensity and repetition rate 
l with the beam energy to the 0.8 power 
0 such that each additional 2.6 feet of earth or concrete reduced the 

radiation dose by a factor of 10 transverse to the beam direction 
. inversely with the square of the distance from the source to the 

start of the shield 
The resulting expression used for the dose rate is 

H = I*(10e3 star/cm3 per proton)(10-2 mrem per star/cm3)(0.5/D)2(E/1000)o~8*10-(t~2~6) (Eq. 6.1) 

where 

H = dose rate (mrem per spill) 

I = beam intensity (particles per spill) 

D = distance from beam line to shield (feet) 

E = energy (GeV) 

t = shield thickness (feet of earth) 

6.2 Beam Parameters 

The assumed parameters of the primary and secondary beams are 

listed in Table 6.2.1. The effective secondary beam energy was derived from 

neutron momentum spectra calculated by Coleman using Malensek’s 

standard parametrization of Atherton’s data53. Differences in the average 

52 Research Division Shielding Assessment - Methodology- 1991 

53 A. Malensek, Fermilab Report FN-341 (1981), 
Edwards et al., Phys Rev m, 76 (1981). 
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clergy of the neutron and kaon spectra were ignored, but the intensity of 

neutrals in the secondary beam was assumed to be the sum of the calculated 

intensities for kaons and neutrons. 

The secondary intensity was calculated based on an assumed primary 

proton energy of 900 GeV, a 45 cm long Be target, a targeting angle of 3.5 milli- 

radians (vertical) and 0.8 milli-radians (horizontal), a solid angle of 0.4 micro- 

steradians and two secondary beams. A 3 inch thick Pb photon filter was 

included in the secondary intensity calculations but Be absorbers were not 

included after the target since that was considered to be the worst case. 

Table 6.2.1 

Energy Intensity Repetition Rate 

[GeVl [PPP] [ hr-1 ] 
Primary Beam 900 3x10’3 60 

(5xlOl2) 
Secondary Beam 80.5 1.4x1010 60 
(two beams) (2.3~10~) 

KTeV primary and secondary beam parameters for worst-case accident. 
Intensities in parentheses indicate assumed intensities for normal running. 

Note that the shielding requirements listed below for various areas are 

applicable only to KTeV operations. KAMI operations will require different 

amounts of shielding in some locations that are discussed later. 

6.3 Primary Beam Line Shielding 

Primary beam line shielding has been specified assuming the worst- 

case accident scenario in which the full Tevatron intensity of 3x1013 protons 

per spill at 60 spills per hour at 900 GeV is lost in a beam line enclosure or in a 

buried beam pipe. The design goal was a worst-case accident dose rate of no 

more than 10 mrem per hour and no use of interlocked radiation detectors. 

Areas outside this shielding would then require only minimal occupancy and 

no radiation signs according to the current Radiological Control Manual 

criteria. To meet this goal at least 19.5 feet of earth-equivalent shielding is 

required over regions that contain a magnet inside a beam line enclosure, 

provided the magnet or other loss point is at least one meter from the 
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enclosure wall (Cossairt criteria 2A). For regions containing a buried pipe, at 

least 21.5 feet of earth-equivalent shielding is required (Cossairt criteria 2C). 

A review of shielding assessment drawings for the existing NM2 

enclosure shows that 17 feet of shielding currently exist over most of that 

enclosure decreasing to 15.5 feet toward the north end. This is also sufficient 

for KTeV primary beam operations provided that four foot fences and high 

radiation area signs are present. Cossairt category 4A is the relevant one in 

this case, which has a minimum required thickness of 15.5 feet with a 

maximum allowed accident rate of 500 mrem per hour and no required use of 

interlocked detectors. 

6.4 Secondary Beam Line Shielding 

The amount of shielding required for the secondary beam line was 

calculated by scaling the Cossairt criteria to the secondary beam effective 

energy (80.5 GeV) and worst-case accident intensity (1.4~1010 neutrals per 

3x lOI protons). The design goal was a worst-case accident dose rate of no 

more than 10 mrem per hour and no use of interlocked radiation detectors. 

Areas outside this shielding would then require only minimal occupancy and 

no radiation signs according to the current Radiological Control Manual 

criteria. To meet this design goal at least -8.5 feet of earth-equivalent 

shielding is required for secondary beam line enclosures that contain beam 

line magnets or other similar loss points located at least one meter from the 

enclosure wall, and at least 10.5 feet is required for parts of the secondary 

beam line that consist only of buried pipe. 

6.5 Experiment Hall Shielding 

Beam-on hadron dose rates that have been estimated for the KTeV 

experiment hall design are discussed in this section. 
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6.5.1 Dose Rates and Shielding Requirements-Transverse Direction 

A separate document- 54 addresses general KTeV shielding requirements 

in detail. The design for the KTeV experiment hall most closely resembles 

the Type I design of the shielding document, a below-grade beam line with 

an unshielded hall over it and a counting room separated from that hall by a 

shielding wall sufficient in thickness to allow unlimited occupancy times. 

The design does not preclude the possible conversion at a later date to a hall 

more closely resembling the Type II design of the shielding document for 

KAMI operation. This provision would include the installation of shielding 

blocks over the entire experiment. One difference in the final design and the 

Type I hall is that the width of the experiment hall is somewhat smaller than 

the Type I hall, resulting in higher dose rates at grade level adjacent to the 

west wall of the hall. 

Figure 6.5.1 shows dose rates for KTeV operation calculated at several 

locations in the experimental hall. The interior of the counting room is 

adequately shielded for the worst-case accident with dose rates well below 1 

mrem per hour. The roof of the counting room adjacent to the east wall of 

the experiment hall can be divided into two regions, one that is shadowed by 

the six-foot-thick deck that forms the loading dock inside the experiment hall, 

and the other that is not. The shadowed region (about one third of the total 

length of the east wall) has dose rates well below 1 mrem per hour and would 

allow unlimited occupancy. However, the other two-thirds is not shielded 

and the calculated worst-case accident dose rates are 159 mrem per hour or 2.6 

mrem per spill. If no interlocked detectors are used, the roof of the counting 

room would require posting as a “High Radiation Area” and fences with 

locked gates and access by authorized personnel only. If interlocked detectors 

are used then the calculated dose rate would require posting as a “Radiation 

Area” and chains or fencing. (Note: The cut-off for the posting requirement is 

2.5 mrem per spill, and the calculated number of 2.6 mrem per spill is only 

slightly greater than this. So small changes in the assumed distance 

essentially make the whole roof of the counting room less than 2.5 mrem per 

54 W. S. Freeman, et al., “Radiation Shielding Requirements for the KTeV Facility, 
(l/13/93). 
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spill and require only minimal occupancy with no posting requirement, 

provided dose rates due to normal operation are also acceptable.) 

The roof of the experiment hall is slightly farther away from the beam 

line than the roof of the counting room and so the accident dose rates are 

slightly less-138 mrem per hour or 2.3 mrem per spill. Without interlocked 

detectors, the roof would require posting as a “High Radiation Area” and 

fences with locked gates-access by authorized personnel only. With 

interlocked detectors, the area would require minimal occupancy and no 

posting provided dose rates due to normal operations were acceptable. The 

preferred alternative is to use interlocked detectors and not require posting of 

the rooftop areas. 

The exterior of the building adjacent to the west wall is the place closest 

to the beam line and subject to the highest accident rates. The worst case 

accident rates are 398 mrem per hour or 6.6 mrem per spill. If interlocked 

detectors are not used, then the area adjacent to the west wall would require 

“High Radiation Area” signs, fences with locked gates, and access by 

authorized personnel only. If interlocked detectors are used, then the area 

would require posting as a “Radiation Area” with fencing and minimal 

occupancy. 

The upstream region over the decay enclosure is designed to 

accomodate future KAMI running involving the transport and targeting of 

KAMI primary beam in the KTeV decay enclosure. This determines the 

amount of shielding ultimately required and drives the structural 

requirements of the decay enclosure. However for consistency, the 

minimum shielding requirements considering only KTeV running are 

included here (See Section 6.10.2 for KAMI operations). Neglecting the 

possibility of future KAMI operations and assuming 12 feet from the beam 

line to the roof of the enclosure as shown in the design, six feet of earth- 

equivalent shielding is required to give a calculated accident dose rate of 9.6 

mrem per hour, which would require only that the berm area be minimally 

occupied. The 11 feet minimum thickness indicated in the design would 
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allow unlimited occupancy on that part of the berm during KTeV running 

since the accident dose rate would be about 0.1 mrem per hour. 

6.5.2 Dose Rates and Shielding Requirements-Forward Direction 

Dose rates at grade level in the forward direction, due both to normal 

running and accident conditions, were also assessed for the case where no 

additional shielding is in place over the beam line. 

Rates from the Back-Anti (BA) 

The dose rates adjacent to the north wall of the experiment hall were 

calculated with CASIM for normal and accident conditions by modeling the 

back-anti (BA) neutral beam dump and muon steel downstream using 

cylindrical approximations to the real geometry. Figure 6.5.2 shows the 

modeled geometry. An incident neutron beam was assumed. The star 

density in the downstream soil at a radius corresponding to grade level height 

(5 meters above the beam) was used to estimate the dose rate using the 

standard star density-to-dose conversion factor of 10-Z mrem/star-cmm3. The 

results are that the worst-case accident intensity dose rate due to a loss on the 

BA is 2.6 + 1.3 mrem per hour and the dose rate at normal operating intensity 

is 0.4 & 0.2 mrem per hour. 
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Rates from Accidental Losses Unstream of the BA 

The dose rates from accidental beam losses on an object placed in the 

beam line at three locations were also estimated from CASIM calculations. 

These rates were calculated to determine the need for any additional forward 

shielding. The assumed geometry is shown in Figure 6.5.3. Three loss point 

locations were considered: 

i> 2.5 meters upstream of the BA, a distance just sufficient for a 

line-of-sight to exist directly from the loss point to grade level 

without passing through any of the muon steel downstream of 

the BA. 

ii) 13.3 meters upstream of the BA, a location corresponding to the 

center of the most downstream helium bag. 

iii) 30.8 meters upstream of the BA, a location at the downstream 

end of the vacuum decay pipe. 

Separate CASIM calculations were done for a hypothetical 30 cm long 

by 2 cm diameter iron rod placed at each of the three loss points. The 

maximum star densities in the soil downstream of the hall at grade level 

were converted to dose equivalents and the results are shown in Table 6.5.1. 

Table 6.5.1 

Location Dose Rate1 Dose Rate1 Shielding Req’d.- Shielding Req’d.- 

10 mrem per trip 2.5 mrem per trip 
(mrem/hour) (mrem/spill) (feet) (feet) 

i 856 (1500) 14.3 (25) 1.5 3.8 
ii 758 (1320) 12.6 (22) 3.6 8 
iii 580 (1020) 9.7 (17) 3 8.5 

1 - No forward shielding is included in these dose rate calculations. 
KTeV accident dose rates at grade level in the forward direction for beam 
losses of 1.4~1010 and 80.5 GeV and 60 spills per hour at three loss points in 
the experiment hall. Assumed loss is on a 30 cm long x 2 cm diameter iron 
rod. Numbers in parentheses indicate estimated worst case doses based on a 
100 cm long rod, as discussed in the text. 
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The effect of changes to the dimensions of the loss point object were 

also studied at one location (location ii). The effect of an increase in the iron 

rod length from 30 cm to 100 cm was to increase the calculated dose rate from 

12.6 mrem per spill to 22 mrem per spill. An increase in the radius of the 100 

cm long rod from 1 cm to 15 cm resulted in a decrease from 22 mrem per spill 

to 9 mrem per spill. Therefore, the 100 cm long by 2 cm diameter rod was 

assumed to be the worst case and the calculated dose rates for the 30 cm long 

rod at locations (i) and (iii) were scaled upward by the factor 22/12.6 and used 

as worst-case dose estimates. These results are also shown in Table 6.5.1. 

Hourly worst-case accident dose rates exceed 1000 mrem per hour, thus 

interlocked detectors are required. Without additional shielding in the 

forward direction, the area downstream of the hall would require fences with 

locked gates and posting as a high radiation area, with fences at the 2.5 mrem 

per trip boundary. This would interfere with the parking area and HVAC 

equipment. Thus additional shielding is required in the forward direction to 

reduce accident dose rates to acceptable values at grade level. 

The amount of shielding necessary to attenuate the calculated accident 

dose rates to an acceptable level was determined from CASIM calculations by 

looking at the fall off of the star density in the downstream soil. Since this is 

in the forward direction, the usual factor of ten attenuation for every 2.6 feet 

of concrete does not apply. A typical attenuation curve in the forward 

direction obtained from CASIM is shown in Figure 6.5.4. This is taken from 

the calculation that assumed a loss point at the location of the last helium 

bag. The figure shows the star density at a fixed radius of 500 cm from the 

beam line (corresponding to grade level) as a function of the depth into the 

soil downstream of the hall. To reduce the calculated dose from 22 mrem per 

trip to 10 mrem per trip requires an attenuation factor of 2.2 which can be 

achieved with 110 cm (3.6 feet) of soil. To reduce the dose from 22 mrem per 

trip to 2.5 mrem per trip requires an attenuation factor of 8.8 which can be 

achieved with 245 cm ( 8 feet) of soil. A similar analysis was done by looking 

at the attenuation curves for the other two loss locations to determine the 

necessary shielding. The results are listed in the last two columns of Table 

6.5.1. They show that 8.5 feet of soil (or concrete) in the forward direction, and 
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interlocked detectors, would be sufficient to reduce the accident dose rate 

from losses at the three locations to 2.5 mrem per trip. The downstream area 

outside the hall would then require only minimal occupancy with no 

requirements for signs and ropes/fences. This amount of shielding will be 

provided by the installation of a six foot thick layer of shielding blocks over 

the two most downstream bays of the experiment hall. 

Rates from the Regenerator 

Losses on the active regenerator, located 68 meters upstream of the BA, 

must also be considered for both the accident case of 3x1013 and for normal 

running at 5~10~~ protons on target. In the normal running situation, the 

regenerator only intercepts one of the two neutral beams at a time. Thus the 

dose rate will be reduced by a factor of twelve, not six, relative to the accident 

case. 

In the absence of additional shielding, a line-of-sight will exist from the 

regenerator to a point four feet above grade level at the downstream end of 

the hall. This line passes over the spectrometer magnet steel and also over 

the concrete blocks that will be installed over the two downstream bays, so 

they do not provide any additional shielding in a region from four feet to 

eight feet above grade level at the north end of the hall. 

The dose rates at the downstream end of the hall were calculated using 

CASIM. The modeled geometry is shown in Figure 6.5.5. It is a cylindrically 

symmetric geometry, centered on the beam line with the appropriate radial 

and longitudinal dimensions taken from the hall design. The regenerator 

loss point was modeled as a two interaction length (76 cm) carbon cylinder 3.8 

cm in diameter. (Th e actual regenerator will be two interaction lengths of 

plastic scintillator 10 cm on a side). Two CASIM calculations were done. The 

first was for the case where no additional shielding is provided along the line- 

of-sight from the regenerator to the downstream end of the hall. The second 

was for the case where an additional concrete “regenerator forward shield” 

was inserted in a region along the line-of-sight to the downstream end. This 

shield was three meters in length. 
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To determine dose rates at the end of the hall, the star density was 

calculated in five hypothetical soil bins parallel to the beam direction at a 

radius from the beam line of 6.5 meters, corresponding to a distance of four 

feet above grade level. Each bin was 50 cm long and 10 cm in radial width. 

The star density results are shown in Figure 6.5.6 for both forward shielding 

cases. The addition of the regenerator forward shield reduced the maximum 

star density by about a factor of 27. The maximum values of star density were 

converted to dose rates using the standard conversion factor. The results are 

shown in Table 6.5.2. 

TABLE 6.5.2 

No forward shield 
3 m. thick forward 
shield 

Accident Case Normal Running 
(mrem/hr) (mrem/spill) (mrem/hr) (mrem/spill) 

460 8 38 0.6 
17 0.3 1.4 0.02 

Rates at the downstream end of the experiment hall due to interactions in 
the regenerator. Accident case is 1.4~10~0 per 3x1013; normal running is 
1.2~10~ per 5~10~~. 

If the regenerator forward shielding is not present, then a normal 

running dose rate of about 38 mrem per hour could exist about four feet 

above grade level at the downstream end of the experiment hall due to 

interactions in the regenerator. This would require that the area downstream 

of the hall be fenced at the 2.5 mrem per hour boundary which would be at a 

considerable distance from the end wall and interfere with access to the 

parking area and HVAC equipment. With a 3 meter thick concrete shield, the 

dose rate from normal running is reduced to 1.4 mrem per hour, and the 

accident rate is reduced to 0.3 mrem per spill. The normal running rate 

would only require minimal occupancy downstream of the hall. The accident 

rate of 0.3 mrem per spill would only require minimal occupancy provided 

an interlocked detector is installed. 
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Forward Shielding Solution 

The combined requirements for shielding in the forward direction can 

be satisfied by the following steps. 

1) Provide at least ten feet of concrete-equivalent along the lines-of-sight 
from the regenerator to the points between four feet and eight feet above 
grade at the downstream end of the hall. The width of this regenerator 
forward shield should be wide enough to shield the entire north wall of 
the hall with the required ten feet of shielding. 

2) Cover the two most downstream bays of the experiment hall with concrete 
shielding to provide at least the required 8.5 feet along all the lines of sight 
downstream of the north end of the decay pipe. A six foot layer of shield 
blocks over the downstream two bays should be sufficient. 

3) “Red tag” the decay pipe for configuration control purposes. 
4) Install an interlocked detector over the beam line at the downstream end 

of the hall near grade level to only require minimal occupancy for areas 
north of the hall. 

6.6 Neutron Skyshine 

Dose rates due to neutron skyshine have been roughly estimated using 

an empirical expression for the neutron fluence and simple assumptions 

about the source strength and effective energy of the skyshine neutrons. 

The neutron fluence due to skyshine at a distance, r, from the source is 

given by 

@(r) = 2.8Q/(4 &‘)[l-exp(-r/56)]exp(-r/184.4) (eq. 6.2) 

where Q is the source strength and r is in meters. This expression is thought 

to be valid for distances greater than 50 meters from the sourcess. 

To estimate the source strength, it is assumed that one skyshine 

neutron is emitted per incident particle per GeV of beam energy into 4n: solid 

angle. This is then divided by 2 to get the number emitted into the upper 

hemisphere. 

55 A.J. Elwyn and J. D. Cossairt, Helth Physics Vol. 51 No. 6 (1986). I-1 
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The estimated dose rates due to skyshine assuming effective skyshine 

neutron energies of 1 MeV and 0.2 MeV are given in Table 6.6.1. 

Beam Source 

Table 6.6.1 

Fluence, 0 Dose Dose 
intensity 
(per spill) 

strength,Q 
(n/spill) 

@ 50m. 
(n/cm2/spill) (mrem/spill) (mrem/hr) 

1.4x1010 5.6~10~ 2.2x103 0.073 (0.0036) 4.4 (0.22) 

Parameters and dose estimates for skyshine dose rates due to worst case 
KTeV accidents. Numbers in parentheses are dose rates assuming 
effective neutron energy of 0.2 MeV 

Note that there can be large differences in the estimated rates 

depending on the effective neutron energy and its corresponding fluence-to- 

dose conversion factor. These rates are applicable to an unshielded hall. If 

shielding is present over the loss point then the source strength, Q will have 

to be reduced by the appropriate amount. For example, with six feet of 

concrete shielding present over the BA the source strength could be expected 

to decrease by about a factor of 100, further reducing any dose rate due to 

skyshine. 

6.7 Labyrinths and Penetrations 

The attenuations of access labyrinths and penetrations for the KTeV 

experiment hall were calculated using the formalism of the RD shielding 

assessment and the associated FORTRAN program developed from that 

formalism. The results are summarized in Table 6.7.1. The personnel and 

equipment labyrinth designs, as well as HVAC ductwork, are acceptable for 

KTeV operation, with accident dose rates at the exits well below 1 mrem per 

hour, allowing unlimited occupancy at the exits for all but one case. The only 

exception is the large equipment hatch in NM3 which has a calculated dose 

rate below 10 mrem per hour and would only require minimal occupancy at 

the exit. There is an option to install concrete shield blocks similar to the 

NM2 equipment hatch if required. These shield blocks will be required for 

KAMI operations with primary beam in the NM3 enclosure as discussed in 

Section 6.10.6. 
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The four large-diameter supply and return HVAC ducts at the 

downstream end of the experiment hall are sufficient in size for a person to 

enter. Administrative controls will have to be applied to prevent personnel 

entry (e.g. for maintenance and or repair) while beam is on. 

The attenuations of two-legged and single-legged cable penetrations 

between the experiment hall and the counting room were also calculated and 

found to be acceptable. Existing cable penetrations associated with the NM 

beam line enclosures have not yet been re-evaluated for the higher 3~10~3 

worst case accident condition, but this is only a modest increase from the 

2x1013 ac ‘d t cl en intensity of the previous run so it should not have a big 

impact. They currently are being evaluated as part of a general shielding 

reassessment for the entire neutrino area. 

Labyrinth 
Location 

Table 6.7.1 

Number Total 
of Legs Attenuation 

Dose 
at Exit 
(mrem/ hr) 

NM3 upstream stairwell 4 1.8x10-8 
NM3 equipment hatch 2 2.6x10-3 
Expt Hall - West side stairwell 2 2.5x10-5 
Expt Hall - SE stairwell 3 3.9x10-6 
Expt Hall - NE stairwell 3 6.0~10-~ 
Cable penetrations 2 1.1x10-7 
Cable penetrations 1 1.5x10-3 
HVAC duct - West supply§ 2 1.2x10-4 
HVAC duct - West return 4 1.7x10-9 
HVAC duct - East supply§ 2 3.8x10-4 
HVAC duct - East returns 2 6.5x10-5 
CSI Supply 4 2.0x10-18 
CsI Return 4 7.4x10-13 

1.4x10-5 
2.1 
4.1x10-3 
5.9x10-4 
8.9x10-4 
1.3x10-5 
0.19 
2.7x10-3 
2.9x10-7 
8.3x10-3 
0.015 
0.0 
0.0 

§- neglect attenuation of first leg of duct and treat as two- 
legged duct; but assume off-axis source with distance to mouth 
equal to length of first duct leg. 
KTeV experiment hall labyrinth and penetration attenuations and 
doses at exits based on worst-case accident loss on-axis of 1.4~1010 
particles per spill at 80.5 GeV and 60 spills per hour. 
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6.8 Ground Water Protection 

The KTeV target station located in the NM2 enclosure has been 

modeled in CASIM and the levels of ground water activation have be 

calculated using the single resident well model (SRW). 

6.8.1 Description of Modeled Geometry 

The modeled target station design included the following components: 

a> beryllium target - 40 cm long x 1 cm diameter - similar 

interaction length to 30 cm long Be0 

b) target sweeping magnet (NM2Sl) - 381 cm long x 60.8 cm high x 

77.4 cm wide with a hole 5 cm high x 4 cm wide on the beam axis 

4 copper dump - 452.7 cm long x 20.4 cm wide x 25.4 cm high, with 

no holes 

4 E8/Hyperon magnet (NM2S2) - 548.6 cm long x 181.6 cm high x 

291 cm wide, with a hole 0.5 cm high x 3 cm wide on axis 

4 steel shielding surrounding the target, sweeping magnet, and 

copper dump to reduce ground water activation and residual 

activity 
minimum steel thicknesses used: 

117.5 cm - east and west sides of target and NM2Sl 

124.5 cm - above target and NM2Sl 

83.9 cm - below target and NM2Sl 

154.9 cm - east and west of dump 

151.1 cm - above dump 

106.7 cm - below dump 

Magnetic fields were not included in the calculations. For simplicity, 

the targeting angle was assumed to be zero degrees, and no holes were 

included in the copper dump. The magnets were modeled as simple 

rectangular blocks of iron with the dimensions given above. The beam 

height above the floor of the enclosure was 119.4 cm, which determined the 

maximum amount of shielding that could be added below the beam line. 

More room existed on the top and sides of the target station components. The 
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southeast corner of the target station iron shielding was beveled to allow a 

wider passageway into the upstream end of the NM2 enclosure. 

The NM2 enclosure was modeled as a concrete-walled enclosure 

surrounded by dirt out to a radius of 750 cm. The dimensions of the 

enclosure were taken from the existing construction drawings. The geometry 

of the modeled target station and enclosure is illustrated in figures 6.8.1 

through 6.8.5. 

6.8.2 Method and Results 

Radioactivity concentrations in ground water must not exceed 

Environmental Protection Agency (EPA) limits. The EPA limits are derived 

from the requirement that the concentrations of radioactivity in community 

drinking water supplies must not result in doses of more than 4 mrem per 

year to individuals who use that supply as their sole source of drinking water. 

When only one isotope is present in the water then the 4 mrem per year 

requirement may be converted into a permissible concentration for that 

isotope. When more than one isotope is present then the appropriately 

weighted sum of concentrations must not result in more than 4 mrem per 

year. Using this criteria, the permissible individual concentrations are 0.4 pCi 

per ml for Na22 and 80 pCi per ml for tritium. However, there exists in 

addition an explicit regulatory limit of 20 pCi per ml for tritium. So the limits 

on ground water radioactivity for the case where both Na22 and tritium are 

present can be expressed as two conditions, both of which must be satisfied: 

cl.g+ cfr422J 51 (condition 1) 

and 

(condition 2) 

The single resident well model (SRW) was used to calculate the ground 

water concentrations of tritium and Na 22, the principal isotopes of concern. 

This model assumes that all the radioactivity produced in unprotected soil 

outside an enclosure in one year is transported to the underlying aquifer and 

then diluted by 14,600 gallons of water (equal to 40 gallons per day times 365 

days). In the SRW model credit is taken for radioactive decay en route to the 
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aquifer using standard parameters for the rate of movement of tritium and 

Na22 through the soil. 

Because of the poor statistics and long execution time, ten CASIM runs 

for the same geometry were done with different starting seeds. The weighted 

average of the results from the ten runs was then used to calculate the tritium 

and Na22 activation levels produced in the ground water. See Figure 6.8.6 for 

the total stars produced for each CASIM run. The average of the ten runs was 

1.62x10-2 stars per incident proton. The distance to the aquifer was assumed 

to be 37 feet. The results are shown in Table 6.8.1. Both the ground water 

radioactivity criteria listed above are satisfied with a safety margin. If the 

distance to the aquifer is assumed to be zero, (for example if a short circuit 

pathway to the aquifer existed that negated the possibility of radioactive decay 

en route) then the criteria are just satisfied. 

Table 6.8.1 

Stars per incident proton 1.62x10-2 
Protons per year 2x1018 
Distance to aquifer (feet) 37 

Mean lifetime (years) 
Migration rate (feet per 
year) 
Allowed concentrations 
(pCi per ml) 
Leachable atoms per star 
Calculated concentration 
(pCi per ml) 
Ratio to allowed 
concentrations 
Condition 1 value <l ? 
Condition 2 value <l ? 

H3 Na22 
17.7 3.74 
7.5 3.2 

20 0.4 

0.075 0.003 
1.61 0.02 

0.08 0.05 

0.07 - OK 
0.08 - OK 

Parameters and results for KTEV 
primary beam dump ground water 
activation calculation, assuming no 
short-circuit pathway to the aquifer. 
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6.9 Residual Activation of Target Station 

Design criteria for dose rates at the external surface of the shielded 

target station due to residual activation are similar to those used for TeV II 

target station designs, along with additional constraints imposed by tunnel 

access issues into NM2. The TeV II criterium is that the worst case dose rate 

should not exceed 100 mrads per hour at the surface of the shield. This rate 

was decided upon based on the need for personnel to occasionally access 

enclosures containing primary target stations without receiving an excessive 

radiation dose. Of course residual rates for components within the target 

station shielding will be considerably higher and special precautions will 

have to be taken for any work involving disassembly of the target station 

itself. 

For an infinite irradiation time followed by no decay time, the dose 

rate, D, at the surface of a solid iron shield is given by? 

D= n/41r * w (w,O)*S*I 
where o (-,O) is the conversion factor, for infinite irradiation and zero 
cooling, that converts star density at the surface of the shield to dose rate. S is 
the star density calculated with CASIM, R is the solid angle subtended by the 
source at the measurement location, and I is the beam intensity in protons 
per second. 

Solving for S with 

D 

w( -,O) : 

100 mrads per hour 

(9x10-3 mrads/hr) per (star/cm3/sec) 

n = 27r 

I = 5~10~~ per 60 seconds 

gives S=2.7xlO-7 stars/cm3. 

Star densities less than this value give rates less than 100 mrads per 

hour for an infinite irradiation and zero cool-off time. 

56 Fermilab Radiological Control Manual, Chapter 13. 
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An additional issue in NM2 is that the normal access into the 

enclosure, including the upstream and downstream beam transport tunnels, 

requires close passage to the primary target station. For this reason, a more 

substantial target station shield is needed. 

The CASIM calculations used for estimating ground water activation 

can also be used to estimate residual activation levels in the steel shielding. 

The results are that the dose rate at the bottom of the shield is estimated to be 

about 128 mrads per hour, the dose rates at the east and west sides are 

estimated to be about 3.3 mrads per hour and the dose rate on the top surface 

of the shield is estimated to be about 4.5 mrads per hour. These calculated 

rates do not consider cool-off time, but also do not consider thin spots in the 

shield, which are difficult to eliminate. The maximum dose rate is expected 

to be in the region of the target station that is about 1.6 meters downstream of 

the start of the copper part of the beam dump, near the maximum in the 

hadronic cascade in the dump and shielding. Since the bottom of the target 

station is not accessible to workers entering the enclosure, the dose rate 

greater than 100 mrads per hour on that surface is acceptable. Residual dose 

rates to the side and top of the target station should allow viable access 

without excessive personnel radiation exposure. 

6.10 KAMI Operations 

Beam parameters for KAMI operatior?, are given in Table 6.10.1. 

Primary Beam 

Secondary beam 

Table 6.10.1 

Energy Intensity Repetition Rate 

WW (PPP) (hr-1) 
120 3x10’3 1200 

(3x1013) 
52.8 1.1x10l0 1200 

(single beam) (1.1x10~0) 

KAMI primary and secondary beam parameters for worst- 
case accident.. Intensities in parentheses indicate assumed 
intensities for normal running. 

57 W. S. Freeman, et al., “Radiation Shielding Requirements for the KTeV Facility 
(l/13/93). 
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6.10.1 KAMI Primary Beam Shielding 

Scaling the Cossairt criteria to KAMI beam energies and intensities 

results in the requirement of at least 21 feet of earth-equivalent shielding 

over a primary beam enclosure in order to have a worst case accident rate of 

less than 10 mrem per hour. This would result in the area being classified as 

minimal occupancy, but would not require fences or interlocked radiation 

detectors (Cossairt criteria 2A). Enclosures with as little as 17 feet of earth- 

equivalent shielding, posted with high radiation area signs, and protected by 

four foot fences with locked gates are also acceptable. (Cossairt criteria 4A, 

accident dose rate less than 500 mrem per hour). The shielding regions over 

NM2 that currently exist with 15.5 feet and are acceptable for KTeV operation 

would have to be increased to 17 feet everywhere for KAMI operations. 

6.102 “Decay Enclosure” (NM3) 

During KAMI operations, Main Injector primary beam will be targeted 

within the NM3 “decay enclosure”. This operating mode drives the shielding 

and structural requirements for the enclosure. KTeV-only running would 

require substantially less shielding in this area, since only secondary beam 

will be present for KTeV (see section 6.5.1). The KAMI requirements for this 

area are the same as those in the previous section, 21 feet of earth equivalent 

shielding (Cossairt criteria 2A). Note that the actual distance from the beam 

line to the ceiling is 12 feet rather than the 3 feet assumed in the calculations 

of the Cossairt criteria, so the dose rate due to an accidental loss on a magnet 

in this enclosure will be further reduced from the 10 mrem per hour upper 

limit of category 2A. 

6.10.3 KAMI Secondary Beam Shielding 

Scaling to KAMI secondary beam energies and intensities, 11.5 feet of 

earth-equivalent shielding is required to have a worst-case accident of no 

more than 10 mrem per hour. This would require only minimal occupancy 

but not require fences or interlocked detectors. (Cossairt Criteria 2A). 

Enclosures with as little as 7.5 feet of earth-equivalent shielding would be 
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permitted if posted with high radiation area signs and surrounded by 4 foot 

fences with locked gates (Cossairt criteria 4A). 

6.10.4 KAMI Experiment Hall Shielding 

Figure 6.13 shows the calculated worst-case accident dose rates at 

several locations around the experiment hall for the upstream regions of the 

hall where no shielding is added over the beam line. The counting room is 

adequately shielded, with dose rates well below the allowed 1 mrem per hour 

without interlocked detectors. On the roof of the counting room the worst- 

case accident dose rates are 1780 mrem per hour or 1.5 mrem per spill for the 

region not shadowed by the six-foot-thick loading dock deck. These rates will 

require the use of interlocked detectors to protect this region, since accident 

rates above 1000 mrem per hour are not permitted by the Radiological 

Control Manual. With interlocked detectors the accident dose per spill will 

require only that the area be minimally occupied, but no other precautions 

would be necessary. The accident rates are 1 mrem per hour or 0.0008 mrem 

per spill for the region that is shadowed by the deck, which will be acceptable 

for a minimal occupancy area with no further precautions even without 

interlocked detectors, provided dose rates due to normal operations are 

acceptable. 
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The roof of the experiment hall has calculated accident dose rates of 

1550 mrem per hour or 1.3 mrem per spill. This region also will require that 

interlock detectors be used because the dose rate exceeds 1000 mrem per hour. 

With interlocked detectors, the roof will be required to be minimal 

occupancy, with no further restrictions, provided dose rates due to normal 

operations were acceptable. 

The area outside the west wall has calculated accident rates of 4470 

mrem per hour or 3.7 mrem per spill. This will also require the use of 

interlocked detectors. Because the dose per spill is between 2.5 and 10 mrem 

the area will have to be posted as a “Radiation Area” with fencing used to 

define the boundary, and it will have to be minimally occupied. 

Very small fractions of beam loss during normal operations could 

result in elevated levels of radiation on the roofs of the counting room and 

experiment hall. For example, a point loss of 1.6x10-5 of the normal 

secondary beam intensity could result in a rate of 0.025 mrem per hour on the 

roof of the experiment hall. According to the Radiological Control Manual 

areas with dose rates above 0.025 

mrem per hour from normal operations require posting as “Radiologically 

Controlled Areas”, but there is no other restrictions provided the dose rates 

from normal operations in these minimally occupied areas do not exceed 2.5 

mrem per hour and force them into the “Radiation Area” category. 

Figure 6.14 shows the calculated worst-case accident dose rates at 

several locations around the downstream two bays of the hall where six feet 

of concrete shielding will be added over the experiment. The counting room 

is adequately shielded, with accident dose rates of 0.1 mrem per hour, well 

below the allowed 1 mrem per hour without interlocked detectors. On the 

roof of the counting room the worst-case accident dose rates are 1 mrem per 

hour or 0.0008 mrem per spill which are acceptable for a minimal occupancy 

area with no further precautions and do not require interlocked detectors. 

The roof of the experiment hall has calculated accident dose rates of 

10.2 mrem per hour or 0.0085 mrem per spill. This rate is on the boundary 

between requiring only minimal occupancy and requiring chains or fencing 

and posting as a “Radiation Area”. In either case interlocked detectors will 

not be required to protect this area of the roof. 
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The area outside the west wall of the experiment hall has calculated 
accident rates of 1.6 mrem per hour or 0.0014 mrem per spill. This region will 
require only minimal occupancy and not require interlocked detectors. 

6.10.5 Forward Shielding-KAMI 

Since the dose per accident spill for KAMI secondary beam is slightly 

less than that for KTeV, the hadron shielding requirements in the forward 

direction should also be slightly less. This should be verified by CASIM 

calculations, which have not yet been done for KAMI secondary beam energy. 

These calculations should include a study of normal operating rates due to 

interactions in the neutral beam dump. The forward shielding issue for 

KAMI may also be affected by the amount of shielding installed downstream 

of the primary beam dump in the decay enclosure since this may contribute to 

the downstream dose as well. 

6.10.6 Labyrinths and Penetrations 

The attenuations of access labyrinths and penetrations in the 

experiment hall were calculated using the formalism of the RD shielding 

assessment and the associated FORTRAN program developed from that 

formalism. The results are summarized in Table 6.10.2. 
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Labvrinth 

Table 6.10.2 

Number Total Dose 
Locition of Legs Attenuation at Exit 

(mrem / hr) 

NM3 upstream stairwell1 4 1.8x10-8 0.8 
NM3 equipment hatch1 2 2.6~10-~ 1.2x105 
Expt Hall - West side stairwell 2 2.5~10-~ 0.05 
Expt Hall - SE stairwell 3 3.9x10-6 6.6x10-3 
Expt Hall - NE stairwell 3 6.0~10-~ 0.01 
Cable penetrations 2 1.1x10-7 1.5x10-4 
Cable penetrations 1 1.5x10-3 2.1 

HVAC duct - West supply2 2 1.2x10-3 0.03 
HVAC duct - West return 4 1.7x10-9 3.3x10-6 
HVAC duct - East supply2 2 3.8x10-4 0.09 
HVAC duct - East return2 2 6.5~10-~ 0.17 
CSI Supply 4 2.0x10-18 0 
CsI Return 4 7.4x10-13 0 

1 - primary beam source 
2 - neglect attenuation of first leg of duct and treat as two-legged 
duct; but assume off-axis source with distance to mouth equal to 
length of first duct leg. 
KAMI access labyrinth and penetration attenuations and doses at 
exits based on worst-case accident loss on-axis of 3x1013 protons 
per spill at 120 GeV for primary beam and 1.1~10~~ particles per 
spill at 52.8 GeV and 1200 spills per hour for secondary beam. 

Note that the large NM3 equipment hatch will require the installation 

of shielding blocks for KAMI running. To reduce the accident dose from 

1.2~105 mrem per hour to 10 mrem per hour requires an additional 

attenuation factor of 8.3x10 5. This will be provided by a minimum of 11 feet 

of concrete shielding installed in the hatch. Also, the NM3 upstream 

personnel labyrinth will have its interlocked door at the top of the stairwell 

rather than at the bottom as is currently the case for the existing similar 

labyrinth in NM2. The midstream NM2 interlocked door will also have to be 

relocated to the top of the stairs to the NS7 Service Building for KAMI 

operations. 

The attenuations and doses at the exits of two-legged and single-legged 

cable penetrations between the experiment hall and the counting room were 
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also computed for KAMI secondary beam parameters. The results are also 

given in Table 6.10.2. The two-legged penetration has adequate attenuation 

for KAMI operations. If a one-legged 10 foot long straight-through 

penetration design was adopted, the attenuation would be insufficient for a 

continually occupied space like the counting room, unless interlocked 

detectors were employed, since the accident dose rate would be 2.1 mrem per 

hour. 

The attenuation and doses at the exits of the four HVAC ducts at the 

downstream end of the experiment hall and the two CsI house HVAC ducts 

at the west side of the hall were calculated for KAMI beam parameters. The 

results are also given in Table 6.10.2. These ducts also provide acceptable 

attenuations for KAMI operations. 
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7. SITE AND UTILITY REQUIREMENTS 

Modifications to Existing Facilities, Power. and Cooline Reauirements 

The utility requirements for the magnets in the beamline are listed in 

Tables 7.1 and 7.2 located in this section. 

Modifications to the existing facility to accomodate the listed magnets 

are minimal. All of the beamline magnets can be supplied water and power 

from the existing utilities. However, power supplies for the two magnets 

located in the new construction area will be located in NS7. As part of the 

new construction package, additional conduit is being installed between NM2 

and the new construction to accomodate these power leads. Consequently, 

there is insufficient conduit capacity for bus work to bring magnet power 

from NS7 into NM2. Therefore, one additional set of penetrations are 

required between NS7 and NM2. Specifically, the penetrations are for 6 pair 

of watercooled bus from NS7 north to the access hatch, coring through the 

hatch and running the bus down the west wall of the hatch, then along the 

corridor ceiling into NM2 high bay where 3 pair will go upstream and 3 pair 

will go down stream. Of the 3 pair of Bus that go down stream, one pair stops 

in NM2, one pair goes to NM3 and the third pair goes to NM4. 

Radiation safety personnel are looking at that routing to see if the gap 

the bus would create where it comes down the hatch is a problem. If not, we 

would not need any additional penetrations. If so, we will need to install 

penetrations for all 6 pair of bus plus a couple spares. These penetrations are 

5” by 7” structural steel. 

The existing LCW capacity in NS7 is sufficient to accomodate all of the 

power supplies located in that building for KTeV. Additionally, the LCW in 

NM2 is sufficient to serve all of the beamline magnets in NM2. LCW for the 

magnets in the experimental hall is going to be fed via new LCW supply and 

return piping from NS2 as part of the new construction. This same new 

supply and return completes the LCW loop which services NS7. 
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Alignment and survey techniques used to achieve the necessary 

precision will require some modifications to the existing NM2 facility for 

alignment site risers and monuments. These requirements are specified in 

Chapter 9. 
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Table 7.1 
KTeV Maznet Power Reauirements 

!tem Description 
” 

Pretarget 

\IMIBPMI Horizontal beam pocition monitor 

VMIBPM’ Vertical heam position monitor 

VMIWCI Vacuum bayonet SWIG Imm 

%MlU-I Vertical bend EPB 5-1.5-120 

KMIU-2 Vertical bend EPB 5- 1.5-I 20 
‘IMIH Trim Horiz.. 4-4-30 

VMZBPM 1 Horizontal beam position monttor 

VM2BPM2 Vertical beam posttion munitor 
VM2WCI Vacuum bayonet SWIG 1 mm 

VMZSEM Removeable intensity monttor 

VMZEU- 1 Main Ring B2 1-2-240 
KMZEU-2 Main Ring B2 1-2-230 

L’IMZV Trim Vert. 1-4-30 

V?42Ql-1 Focus 4Q 120 
Ubl2QI-7 Focus 4Q 120 

NM2Ql-3 Focus IQ I20 

VM2Q2- 1 Defocus 4Q IX 
WlZQ2-2 Defocus 4QlX 

UM2Q?-3 Defocus 4Q 120 

SMZQ2-1 Defocus IQ1 20 
NM2Dl-I AVB 1 - B2 4-2-240 

‘GMZDI-2 AVB 2 B2 1-2-240 

NMMZDZ AVB 3 - B2 J-2-210 

Nkl2H Trim Horir. 4-J-30 
KMZWC2 Taqrt SWIG 

N,M2WC3 Target SWIC 

Target PilelSec. I 

NMZWALL 
S.MZTGT 

NMZSI 

NMZBD 

NM2S2 

NMZAB I 

NM2AB’ 

SMZTCOL 

NM7S3 

NM2SR 

NM2CVI 

NM2BS 

&MZCH 

NM2CV2 

NMZBP 

NM3CVH 

N.L13S 
NM3BPI 

NM3BP2 

NM3BP3 
NM4AN 

# Nominal = 1919 A. 

:am 1c 

, 

I 

5. 

Upstream end of target hall 
30 cm Be0 target 

Eartly SH ceper 

Dump 

E8 hyperon magnet - psweepl ‘i 

Common absorber 

Moveable absorber 

Primary collimator 
Muon spoiler psweep2 

Modified B2 4-4-240 

Slab Collimator 

Beamstop 

2-jaw collimator 

2-jaw collimator 

beam pipe(s) 

Defining collimator 

Argonne 1 O-4-72 

18” beam pipe 

30” beam pipe 

18” beam pipe 

Spectrometer magnet# 

37 kW. 150 ?dleV/c 

* DC only. f Rou,oh est. Estimated Nomina 

[ax. Curreit 

(DC amps) 

NA 

NA 

NA 

168X 

1688 

I x0 

NA 

NA 
KA 

NA 

4750 
4750 

I 80 

1175 
1175 

1175 

I175 
1175 

1175 

1375 
1750 

4750 

1750 

180 
NA 

NA 

SA 

1500* 

NA 
1500’ 

NA 

NA 

NA 
1200” 

1750 

NA 
NA 

NA 

!iA 

NA 

NA 

3Gixl 

NA 

ISA 

NA 

b’oltage 

SA 
SA 

NA 

29.’ 

29.5 

5o.c 

NA 

.M 
NA 

NA 

31.c 
31.f 

5O.r 

12.t 
42.8 

17.) 

12.t 
17.> 

12.r 

-12.) 
i4.C 

31.f 

34.r 

j0.C 
s,.j 

NA 

NA 

29.f 

SP 

SP 

S.A 

NS 

1 I6.c 

31.1 

N? 

u 

NP 

N/! 

NP 

i\;> 

115.f 
NF 

s,! 

NP 

B Field 

itlopauss 

)r kc/in) 

Power 

kilowatt\) 

NA NA 

NA NA 

NA NA 

IS.0 50 

15.0 50 

1.0 9 

NA NA 

SA NA 
NA KA 

NA NA 

17.9 167 

17.Y 162 

1.0 9 

5.5 50 
5.5 50 

5.S 5(1 

5.5 50 
5.5 50 

5.5 5(1 

5.5 5c 
17.Y 162 

17.Y 162 

17.Y 162 

4.0 Y 
NA NA 

NA NA 

NA 

20.C 

NA 

NA 

NA 

NA 

IX.5 

12.c 

NA 

NA 

NA 

NA 

NA 

NA 

20.t 

NA 

Fir4 

NA 
550MeV/c 

- 

NA 

-1-l 

NA 
5oc 

NA 

NA 

NA 

13’; 

162 

NA 
NA 

NA 

NA 

NA 

NA 

435 

NA 

NA 

NA 
x0: 

3371 

1895 

Power 

Supply 

SA 
SA 

NA 

TRSl)I) 

TR500 

PEI 20 

NA 

NA 
NA 

NA 

TR500 
TR500 

PEI 20 

TR’IO 
-1 ,, II 

,, II ,, 

TR-‘IO 
.t ,, ,, 

II ,, 1. 
,I ,, ,, 

TR500 
,I ,, ,. 

II ,, II 

PEI 20 
s+ 

Sd 

.SA 

PEISIK) 

TR5OO 

NP 

s> 

NS 

TR’IO 

TR500 

N;I 

s: 

s: 

S/! 

Nc! 

N,A 

TR500 
Ii: 

N/ 

5; 
2-PEl51JO 
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Table 7.2 
KTeV LCW Reauirements 

Item 

Pretarget 

NM 1 RPM I 

NMIBPM2 
N.MIWCI 

NMIU-1 

NM I U-2 

NMIH 
NM2BPM I 

NM2BPM2 

NM2WCl 
NMZSEM 

NMZEU- I 
N.M2EU-2 

NMlV 

NM2QI-I 
NM2Q I-2 
NMZQI -3 

NM2Q2-I 

NM2Q2-2 
NM2Q?-3 

NM2Q2-4 

NMZDI-I 
NM2Dl-2 
NM2D2 

NM2H 

NM2WC2 
NM2WC3 

Target PilelSec. Be, 

NM2WALL 

NM2TGT 

NM2Sl 

NM2BD 
NM2S2 

NM2AB 1 

NM2AB2 

NM2TCOL 

NM2S3 

NMZSR 

NMZCV I 

NM2BS 
NMZCH 

NM2CV2 

NMZBP 

NM3C 

NM3S 

NM3BPI 

NM3BP2 

NM3BP3 

NM-IAN 

Description 

Horizontal beam position monitor NA NA 

Vertical beam poition monitor NA NA 

Vacuum bayonet SWIG Imm NA NA 

Vertical bend EPB 5-l .5- I20 1.7 80 

Vertical bend EPB 5-I S- I20 4.7 80 

Trim Horiz.. 4-4-30 6.-t 50 
Horizontal beam posnion monitor NA NA 

Vertical beam position monitor NA NA 

Vacuum bayonet SWIG Imm NA IVA 

Removeable intenstty monitor NA NA 

Matn Ring B2 4-2-240 16.1 65 
Maln Rln,o 82 4-2-210 16.4 65 
Trim Vert. J-4-30 6.4 50 

Focus IQ I20 8.0 45 

Focus IQ 120 8.0 15 
Focus -IQ I 20 8.0 45 

Defocus 4Q I20 8.0 15 

Defocus IQ I20 8.0 45 
Defocus IQ 120 8.0 15 

Defocus 4Q I20 8.0 45 

AVB 1 - B2 J-2-240 16.4 65 
AVB 7 - B2 1-2-210 16.1 65 
AVB 3 - B2 1-2-240 16.1 65 

Trim Horll. J-4-30 6.4 50 

Target SWIG NA NA 
Target S WIC VA NA 

n 

Upstream end of target hall 

30 cm Be0 target 

Eartly rueeper - RAW water 

Dump RAW water 
E8 hyperon magnet - psweepl 

Common absorber 
Moveahle absorber 

Primary collimator 

Muon spoiler - psueep2 

.Llodified B7 4-4-240 

Slab Colhmator 

Beamstop 
Z-jaw collimator 
2-ja\r collrmator 

heam pipe(s) 

Defining collimator 

Argonne I O-4-72 

IS” beam pope 

30” beam pipe 

48” beam pipe 

Spectrometer magnet# 

Est. Total LCW Flov 

CiV Flow 

(gpm) 

NA 

9.0 

60.0 
50.0 

NA 
NA 

NA 

19.0 

16.4 

NA 

NA 
NA 

NA 

NA 

NA 

45.0 

NA 

NA 
NA 

172.G 

538 

‘emp. Rise 

(degrees F) 

SA 

33 

NA 
NA 

NA 

4s 

6: 

h-A 

NA 
NP 
NP 

NA 

NA 

6( 
NA 

NP 

NP 

35 

%essure 

Drop 

(p\l) 

NA 

NA 
NA 

100 

loo 

IiA 

NA 

NA 
NA 

200 

xc 

100 
lot 
100 

100 

IOC 
IOC 
1OiZ 

2oc 
xc 

2oc 

NA 
Iv‘4 

NA 

9c 

NA 

NP 
NA 

l5( 

20( 

VP 

NP 

NP 
NP 

NP 

NP 

182 

NA 

NP 
NP 

20( 

3lax. DC Loac 

# Nominal = 1919 A. 537 kW. 450 MeV/c Est. Nominal Operating Load (with ramping 
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Load 

i\ilowatts) 

NA 

NA 
NA 

50 

50 
9 

NA 

NA 
NA 

NA 

I62 

162 
9 

50 

50 
50 

50 

50 
50 
50 

162 
I62 
I62 

9 

NA 
NA 

NA 

44 

22 
500 

NA 
NA 

NA 

l3Y 

I62 

NA 

NA 

NA 
NA 

NA 

NA 

435 

NA 

NA 

NA 

80: 

3393 

1917 

Power 

Supply 

NA 

NA 
SA 

TR500 

TR500 

PEf 20 
NA 

N? 

N? 
N.P 

TR500 

TR500 
PEI 20 

TR’IO 
,, ,* ,, 

TR240 
,, I, 

,, ,. ,, 

TR500 

TR500 
II 1, 

PEI 20 

Ni 
‘x‘! 

N: 

PEI500 

TR500 

N.2 

x: 

INi 

TR240 

TR500 
‘Xi 

w 
xi 
I\;; 

N.j 

XL 

TR500 

,v/: 

N; 
Ni 

2-PE150( 



8. INSTALLATION 

Constraints impacting the beamline component installation include 

the 20 ton capacity of the existing NM2 crane, the lo’-6” crane maximum 

hook height, the size of the NM2 equipment hatch, and clearence between the 

installed components and the NM2 building walls. All of the above 

constraints have been understood during the design efforts for each 

individual component. 

Specific installation sequencing requirements are: 

1. 

2. 

3. 

4. 

5. 

Existing NM2 target pile must be completely removed because of 

insufficient staging space in the Target Hall. 

The steel for Mu-Sweep II [NM2S3] must be placed in the 

downstream end of NM2 prior to installing the Target Pile and 

E-8 magnet. 

It is preferred that the beamline elements upstream of the Target 

Pile be installed prior to the Target Pile installation. 

Target pile steel selection for steel used in the new NM2 target 

pile requires an area for staging the old NM2 target pile steel plus 

the additional steel required. Steel selection criteria include both 

geometrical considerations and minimal residual activity. 

The coils for the E-8 magnet must be placed in the downstream 

end of NM2 prior to stacking the target pile steel. 
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9. ALIGNMENT AND STABILITY 

Section 9 represents a summary of the understanding to date of the 

alignment and stability issues associated with the KTeV beam and 

spectrometer. A plan for building an alignment network for the KTeV 

project is presented. 

Progress has been made on understanding the details associated with 

alignment and monitoring of each component. This is a status report on that 

subject. A comprehensive plan will be produced by July ‘94 in preparation for 

the installation of KTeV. 

The alignment of the beam and spectrometer elements plays an 

important role in KTeV. Precise alignment of the neutral beam brings some 

of the systematic errors in the physics measurements under control. The 

measurement of the spectrometer location provides a primary reference for 

the absolute energy calibration of the CsI detector. 

A substantial improvement is required in the precision of the physics 

measurements in this next generation of kaon experiments. The geometry of 

the experiment must be more precisely determined. The error contributions 

related to positional uncertainties of hardware must not contribute to the 

overall errors. 

The Fermilab Survey, Alignment, and Geodesy group (SAG) has made 

substantial progress in upgrading their capabilities. Simulations indicate, a 

standard level of 3 dimensional relative measurement accuracy for any 

component within the KTeV internal network of +0.25 mm at the 95% 

confidence level can be provided. Errors in machining, fiducialization, or 

adjustment are not included. 

Accuracies less than 0.25 mm requires special procedures and/or 

technology. Work is proceeding on understanding the crucial alignment 

parameters of each component. There have been continuing iterations trying 
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to balance the needs and wants of the experiment and the capabilities of the 

SAG group. 

Alignment tolerances for individual beamline and detector 

components are presented in Tables 9.1.1 and 9.1.2. Shown are the 

installation and measurement tolerances for installation purposes, not 

necessarily the alignment attainable with data from the experiment. Unless 

specified otherwise, it should be assumed that the device needs to be stable 

within the measurement tolerance. All specifications and capabilities are at 

the 95% confidence level. It is important to note that the most stringent 

tolerances are only relative tolerances. The absolute (DUSAF) tolerances are 

of order 3 mm. 

Overview 

Alignment issues are driven by the physics requirements. The 

geometry of the CsI must be precisely known as well as its location with 

respect to the rest of the apparatus. The charged particle spectrometer (drift 

chambers and magnet) must be internally aligned since it is the basis for 

locating many other elements using the data. Its position relative to the CsI 

must be understood in order to cross-calibrate (in energy) the array. Chamber 

alignment is also important for proper operation of the trigger. (Ultimate 

understanding of the “as is” positions of the chambers will be determined 

from the data.) 

The definition of the secondary beams depends on the alignment of the 

beam-target-collimator system. The axis of the beam must coincide with the 

axis of the spectrometer. The beam axis (see below) will be the primary 

reference frame for the KTeV Beam/Spectrometer system. 

It is also necessary that the primary beam impinge on the target. 

Though the exact value of the vertical targeting angle is not critical, it must be 

stable. The horizontal targeting angle must be set properly in order to keep 

the intensities and momentum spectra of the two beams equal. 
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As the goals of the experiment, and the alignment issues in particular, 

are centered first on the neutral beam, the discussion starts there. The 

primary beam will be discussed after the secondary beam followed by the 

spectrometer. The overall methods by which the KTeV geometry will be 

established and implemented are addressed in Sections 9.2 and 9.3. 

Stabilitv Issues 

If the locations of elements are not stable within the specified accuracy, 

they must be monitored and corrected. This is a serious issue, for example, 

with the neutral beam elements. It is for these elements that the alignment is 

most critical and where monitoring the alignment is a particularly 

challenging problem. 

As in past experiments, the motion of the target or collimators, hence 

the beam relative to the charged spectrometer can be determined using the 

drift chambers. However, it is difficult to tell which component actually 

moved. In order to keep the level of off-line corrections palatable and to 

safeguard against gross movements which could endanger the calorimeter, 

two independent stability monitoring schemes are being studied by the KTeV 

beams group. The first involves using the beam itself (See Section 5.9) and 

the second uses a completely beam independent approach dependent on 

gravity and/or lines of sight (See Section 9.3.2). 

The primary beam must be stable on target (see Section 1.2.). The 

method planned is to use an active feedback automatic beam control system 

(See Section 2.5). This system is similar to that developed in other external 

beam lines except for beam roll correction which must be developed. It will 

eliminate most of the problems associated with magnet fluctuations. In order 

for this system to work within the tolerances specified, a beam monitor must 

be employed which is more precise than the standard SWICs. Prototypes are 

currently being developed. These beam monitors must also remain stable 

relative to the target for the system to be effective. 

The spectrometer magnet and CsI must also be kept in alignment. The 

distance between the downstream face of the regenerator and z-calibrator to 
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the upstream face of the CsI array must be well known at all times. Also, 

temperature variations must be monitored. It is also important to know how 

the floor may differentially sink/rise as this will determine the motion of the 

spectrometer elements. 

Once the geometry has been established, it is necessary to understand 

issues of stability and resurvey. Significant shifts in the height of various 

elements may occur (See Section 9.3.2). The MCenter target pile continued to 

sink at the rate of a fraction of a millimeter per month even some years after 

installation (See Figure 9.1.1). However, soil borings indicate a better bearing 

capacity for KTeV by almost a factor of two and a settlement Monte Carloss 

predicts only modest motion (See Section 9.3.2) 
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Elevation history of the MCenter target pile and the MEast SM12 magnet. 

58 STS Consultants, Geotechnical Evaluation of Proposed KTeV Project, 
Northbrook, IL, 1993 
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9.1. Alignment and Stability Requirements 

This section addresses the alignment and stability requirements of each 

KTeV component or subsystem . They are divided into three major 

subsections: the neutral beam, primary beam, and detector. The primary and 

secondary beam element tolerances are summarized in Table 9.1.1 and 

detector element tolerances in Table 9.1.2 

Table 9.1.1 

C KTeV Beamline Alignment Requirements Summary 

Item Description 

ALL All regular beamline elements 
Target SWIG(s) Target beam position monttors 

Tare;et Pile/Set. Beam 

NM2TGT 30 cm Be0 target 

NMZS I Eartly sweeper 
NM’BD Dump 
NM2S2 E8 hyperon magnet vsweepl 

NMZAB I Common absorber 
NM2AB2 Moveable absorber 

NMZTCOL Primary colltmator 
NM2S3 Muon spoiler - wsweep? 

NM2SR Modified BZ I-t-210 

NMZCV I Slab Collimator 
NlMZBS Beamstop 
NMMZCH Z-jaw collimator 

NM2CV2 2.ja\v collimator 

NM2BP beam pipe(s) 

NM3CVH Defining collimator 

NM3S Argonne I O---72 

NMSBPI 18” beam pipe 
NM3BP2 30” beam pipe 
NM3BP3 18” beam pipe 

* Measurement tolerances are for in 

nstallatio 
=transverae 

(mm) 

0.5 
0.2 

0.2 

0.6 
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0.6 
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3 
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’ (mm) 
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0.2 

0.6 
0.6 
0.6 

05 
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0.5 
0.5 
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0.5 
7 
7 
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e 
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Ni 
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NP 
NP 
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-7 0.5 0.5 
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(mm) 

5 

5 

5 

5 
5 

5 

5 

5 
5 

5 
5 

5 
5 
5 

5 
NA 

5 

5 

NA 
NA 
x.4 

Alignment tolerance requirements for KTeV beamline components. 
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9.1.1 The Neutral Beam System 

The need for precise alignment of the neutral beam derives from the 

requirement for a clean and well defined neutral beam. Each beam must be 

well contained (no halo outside the defined beam area) in order that excessive 

physics backgrounds not be generated. The beam must also be well contained 

so as not to generate excessive energy deposition in the CsI. 

The secondary beam starts with the target. It must be accurately located 

with respect to the primary and defining collimators. Other elements in the 

neutral beam (sweeping magnets, dump, and so on) must be clear of the 

neutral beam. Additional elements of the neutral beam (for example, the 

various absorbers and the slab collimator) must be aligned with respect to the 

neutral beam in order that their function not be compromised. 

Alignment and stability requirements for the neutral beam are 

discussed in Section 53.6. These requirements are based on the criteria for 

beam stability in Section 1.2. There are a number of contributions to the error 

in the position of the collimators and target: 

Mechanical Tolerances 

Alignment Tolerances-this includes network, measurement, 

and fiducialization errors. 

Uncertainties in primary beam location (see below) 

Long term stability 

Section 5 states the alignment allocation of the error budget for the 

primary and defining collimators is 0.2 mm transversely. 

221 

-- --- 



The primary target system will consist of several individual targets. At 

least three targets will be used: 

1 mm square 30 cm Be0 

3 mm square 30 cm Be0 

a short calibration/alignment target 

An ‘empty’ target will also be available. They will be located on a 

remotely controlled mover which must be reproducible to less than the 

alignment tolerance. The target must be aligned and stable relative to the 

collimators and primary beam to 0.2 mm (See Section 5.3) and must be stable 

relative to the target beam position instrumentation to within 0.1 mm (See 

Section 2.5.4). It will be located inside a reentrant shielding cave allowing no 

direct line of sight between it and the collimators. 

The common absorber will be selectable between varying lengths of I’b 

and Be. The motion must be very reliable so that the material covers all of 

both beams. The moveable absorber covers one beam only but alternates 

between spills. The motion must be very reproducible and reliable for about 

lo6 cycles. 

The primary collimator transverse alignment tolerance is 0.2 mm (see 

Section 5.6). It is important that there be rigid precision mechanical points 

attached to the collimator surface which can be measured from the aisle way. 

This requirement is the same for the defining collimator. Both collimators 

will be remotely adjustable in X and Y on each end. 

The slab collimator will be constrained to travel in the vertical 

direction only with essentially two possible positions; in and out of the beam. 

The alignment portion of the slab collimator error budget is 0.5 mm in X and 

Y. The current plan is to drill 4 precision holes into each flange which will 

hold the fiducials. 

The upstream vacuum decay region consists of vacuum pipes. These 

pipes must not present apertures to any parts of the detector. They are well 
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oversized. The installation and measurement tolerances for these elements 

will be no more stringent than 3 mm in horizontal and vertical. The 

longitudinal tolerances are 5 cm for installation and 5 mm measured after 

installation. 

The vacuum vessels after the regenerator tank will be discussed in 

Section 9.1.3. 

Target Pile Elements 

The tolerances on the target pile elements (excluding the target) are 0.6 

mm. To avoid the problems of MCenter, there will be portholes into the pile 

for viewing the fiducials on the dump and sweeper magnet. This implies 

that these objects must remain rigid after they are fiducialized. In addition, 

there will be remote mechanical adjustment in the vertical plane. The 

portholes will be plugged when not being used. The apertures in the 

horizontal plane on the Eartly sweeper and on the beam dump will be +6.35 

mm larger than necessary so that no horizontal adjustment will be needed 

after initial installation. The vertical apertures also have a clearance +6.35 

mm except for the bottom surface of the dump which is only 2.54 mm. 

Therefore, these items do not have to be stable to the measurement tolerances 

in Table 9.1.1. 

Both NM2S2 and NM2S3 have transverse installation and 

measurement requirements of 0.6 mm. They will have the capability of 

horizontal and vertical adjustments. The current plan is to use shims, jacks, 

and rollers. The stability allowance is +6.35 mm . 

9.1.2 The Primary Beam 

The primary beam is initially defined in Switchyard. The beam is 

transported to the KTeV primary target through the elements as detailed in 

Section 2. The beam is brought onto the production target with a downward 

vertical targeting angle and a zero horizontal targeting angle. The vertical 

targeting angle is variable using the AVB (Angle Varying Bend) system. Only 

small adjustments are possible in the horizontal using the trim system. 
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The tolerance to which the primary and secondary beams must be 

aligned in the horizontal plane is determined by the requirement that the 

intensity of the two neutral beams be equal to 1 “/o and that the momentum 

spectra be equal to 0.1% (See Section 5.3). The primary and secondary beams 

be aligned and stable to Dqx = Dqy = 20 prad. This assumes a small (1 mm) 

target; and a beam size less than the target size. This is an issue particularly 

with respect to E832. 

Primarv Beam Element Tolerances 

The primary beam elements are installed to the standard beam line 

tolerances of 0.5 mm in the horizontal and vertical. The only element(s) with 

special requirements is the targeting beam instrumentation (See Section 

2.5.4). These will be used to control the beam position and angle on target and 

must be stable relative to the target within 0.1 mm. This requirement along 

with the target tolerances poses constraints on the engineering design in this 

area. It should also be noted that the Case 3 scenario (See Section 2.5.6) which 

mentions instrumentation stable to 250 pm at a distance of 1200’ has not yet 

been addressed. 

9.1.3 Detector Element Tolerances 

Here we discuss installation and measurement tolerances for each of 

the detector elements starting from upstream. This section is summarized in 

Table 9.1.2. The detector is assumed to start with the Mask-Anti. 

Two spectrometer issues are central to alignment considerations. The 

first is that of aligning the charged particle spectrometer. The chambers must 

be well aligned with respect to one another and to the magnet. This assures 

proper operation of the trigger and cross-calibration of the CsI Calorimeter. 

Second, the locations in Z of the CsI, downstream face of the regenerator, the 

Z-Calibrator and the charged particle spectrometer play a fundamental role in 

setting the absolute energy calibration of the CsI calorimeter. 
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Table 9.1.2 

KTeV Detector Alignment Requirements Summary I 

tern 

Zxperiment 

\;M4MASK 

VMJREG 
‘l!GTANKFU6 

‘iMIRC6 

VMITANK6/7 

VMJRC7 
V,MITANK7/8 
VMIRC8 

VMlZCAL 

VMlTANK8/9 

VM4RC9 
VM4TANK9IlO 
VMIRCIO 

NhllTANKIOMI 

NhZ4WIND 
NM4SHlELD 
NMJDC 1 

NM-tHEI 

NM-ISA2 
NMJDC3 

NM4HE2 
NM-&AN 

NM-ISA3 
NMJDC3 

NMJHW 

NM4SA-t 
NM-IDCI 

NMaTRDl-8 
NMlHODO 
NMJCIA 

NMJCA 
N.MJEMCAL 

NMlMUO 

NMlPB 
NMJMUI 

NMlFE 

NMJBTRD 

NM-IBA 
NM-IBD I 
NMSMU’ 

NMlBD2 

NMJblU3 

Description nstallatio 
=transverse 

Toleral 

Mask-anti 
Active regenerator 

Vacuum decay tank 
Ring veto counter- vacuum 

Vacuum decay tank 

Rine veto counter- vacuum 
Vacuum decay tank 
Ring veto counter- vacuum 
Z-calibrator tPb glass in vacuum) 

Vacuum decay tank 

Ring veto counter- \ acuum 
Vacuum decay tank 
Ring veto counter- vacuum 

Vacuum decay tank 

Sailcloth vacuum window 
Thin Vat. wmdow shield 
Drift chamber 

Helium Bag 

Spectrometer veto counter 
Drift chnmher 

Helium Bag 
Spectrometer magnet 

Spectrometer veto counter 

Drift chamber 
Helium Bay 

Spectrometer veto counter 

Drift chamber 
Wire chambers 

Trigger hodoscopes (H & V) 
Spectrometer veto Csl anti 

Collar-anti# 

CsI Calorimeter 

Cosmic ray cahbratton telescope 
Lead wall% 
Muon counter/hadron veto 

Muon filter% 

Beam TRD 
Back-anti. beam veto 
Neutral hadron dump/muon hltet 

Muon veto 

Neutral hadron dump/muon filter 

Muon veto 

* hleasurement tolerances are for iI 

(mm) (mm) 

I 
I 

NA 

3 

NA 

3 
NA 

3 
IO 

NA 

3 
NA 

3 

NA 

I 
NA 

0.25 

NA 

3 
0.25 

NA 
0.5 

3 
0.25 

NA 

3 
0.25 

1 

I 
1 

0.1 

I 

NA 

5 
I 

NA 
I 

I 
I 

NA 
3 

NA 
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NA 

3 

IO 
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NA 
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NA 

I 

NA 
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NA 
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NA 
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SA 

5 

NA 
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5 
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NA 
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52% 
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3 

Alignment tolerance requirements for KTeV detector components. 
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Mask Anti (E832 onlv) 

The Mask Anti defines the start of the decay region for the KL beam. In 

E731’9, the acceptance was largely governed by several limiting apertures. 

Those defined by the Active Mask and the Collar Anti were the most 

sensitive. A 650 pm error in the measurement of the size of the mask would 

bias e’/e by -0.5x10-4. The size and location was ultimately understood with 

an uncertainty of 70 urn ( I ARe(e’/e) I = 0.02 x 10-h) using Ke3’s in the off-line 

analysis. This was driven by the systematic uncertainty in track projection 

from the drift chambers. 

The KTeV drift chambers are the same ones used in E731 with 

improved electronics and wires. The resolution will be equal to or better than 

before. Therefore, the final, most precise understanding of both the size and 

the transverse position of the Mask Anti will be done using Ke3’s found in 

the data. The installation tolerance is 1 mm in X and Y. 

The tolerance for the Z installation is 5 mm but should be known to 

0.5 mm with respect to the regenerator. The z distance between the Mask 

Anti and the regenerator can be measured prior to installation. The current 

engineering specification is that the distance cannot change by more than 0.5 

mm. If that method proves impractical, a fiducial must be brought out of the 

vacuum so that it can be measured using one of the methods for z-calibration 

proposed in Section 9.3.2. This will be decided after additional engineering 

input is obtained from the FNAL Mechanical Support Dept. 

The edges of the beam hole in each lead plate must vary by less than 

100 pm.60 The measurement of the plate to plate variation after assembly will 

tentatively be done by UCLA using a special measurement jig which has not 

yet been designed. However, should this proposal prove impractical, the 

measurement must be made by a survey crew. Similar measurements using 

standard alignment techniques done on RC7 resulted in an error of s 0 250 

59 L.K. Gibbons et al, A Precise Measurement of the CP-Violation Parameter 
Re(e’/e) and Other Kaon Decay Parameters, 1993, pp. 305-309. 

6o J. Jennings, Mask Anti Conceptual Design, KTeV Collab. Meeting, 1994 

226 



pm. Therefore another method may need to be developed in order to meet 

this specification. 

Regenerator (ES32 onlv) 

The regenerator is an important element in E832. It is housed entirely 

under vacuum. It is essential that it covers one of the two beams entirely 

without encroaching onto the other beam. The regenerator must also change 

beams every spill. The installation and measurement tolerances are 1 mm in 

both horizontal and vertical. 

The downstream face of the regenerator determines the start of the 

decay region for the KS beam. It is also a calibration point for the 

determination of the absolute energy scale. The position of the downstream 

face of the regenerator must be known to 1 mm with respect to the front face 

of the CsI array. The regenerator must move so that the front face remains in 

a plane parallel to the CsI array and which is also perpendicular to the beam 

line. 

The tolerances in z measurement of the CsI, Regenerator, and Z- 

Calibrator are important, as an error here contributes directly to the error in 

e’/e. A z error of 1 mm will contribute minimally to the total final error. 

Note that the f4 “F temperature tolerance for the experimental hall leads to 

worst case changes in the distance between the regenerator and CsI due to 

floor expansion of about 3.2 mm, which is larger than the 1 mm tolerance. 

There is a proposal to monitor this distance using an EDM (Electronic 

Distance Meter). See Section 9.3.2. 

In order to measure the position of the regenerator, there will be 

viewing ports in the regenerator vessel. It will be possible to measure the 

position of the front face of the regenerator as a function of its position using 

conventional survey techniques. The plane of the front face of the 

regenerator will be referenced along a line that can then be referenced to the 

CsI array. 
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Other methods are being considered for monitoring the position of the 

regenerator with respect to fiducials outside the regenerator tank. 

Vacuum Vetoes 

The alignment requirements of the Vacuum Vetoes are discussed in 

the Vacuum/Veto design report61. The vetoes must be installed to an 

accuracy of +3 mm in X and Y (and rotation). They should be measured after 

installation to 0.5 mm. The Ring Counters are not in general defining 

apertures for K + 2~ decays in E832, though they may be for some of the E799- 

II modes. The absolute z location of the regenerator and its associated vessel 

will be chosen, and the location of the vetoes will be fixed by construction of 

the vacuum vessels. The z locations should then be measured to 1 mm. 

The ring veto counters have each been provided with tooling balls. 

The internal geometry of the counters will be referenced to the external 

tooling balls and then alignment will be relative to those tooling balls. RC7 

has been measured in detail. The inside edges are defined and understood to 

0.25 mm. 

Z-Calibrator 

The design of the Z-Calibrator is in progress. It flips up into the beam 

for special runs. There will be viewing windows for alignment access. The 

purpose is to provide a z reference point to confirm the understanding of the 

z scale in the neutral mode analysis. The horizontal and verticaI position is 

not critical (to 10 mm) as it is larger than the area it is required to cover. It 

must however be installed very accurately perpendicular to the beam-to 0.5 

mrad. The z location of the Z-Calibrator must then be determined relative to 

the front face of the CsI (and of course the regenerator) to 1 mm. Monitoring 

this position is discussed in Section 9.3 

61 D. Jensen et al, Vacuum Veto Design Report, 1993 
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Snectrometer Mapnet 

In discussing the spectrometer magnet, it must be noted that 

assumptions regarding survey accuracy and a number of other considerations 

have gone into the design specification for the magnet. Assumed in the 

design of the magnet was that it would be possible to determine the 

relationship between a track and the field to 1.0 mm. This is the total error 

budget allowed in the process of locating the field measuring equipment 

relative to the magnet, and then locating the chambers relative to those same 

fiducials. Also included in the error budget are errors associated with the 

magnet measuring facility 62. The contribution to this error budget from the 

survey location of chambers relative to the magnet is 0.25 mm. 

The installation of the magnet is to conventional tolerances. It is 

required that the pole pieces be in a horizontal plane. The location of the 

magnet must then be surveyed so that its position relative to the chambers is 

known to 0.25 mm transversely and 0.25 mm in longitudinal position. 

The magnet will be extensively fiducialized. Seats for laser tracker 

corner reflectors will be epoxied to four places on each of the coils, as well as 

to the sides of the yoke of the magnet. The temperature of the yoke will also 

be monitored in order to develop predictors for motion that might be 

detected. 

Drift Chambers 

Due to their excellent resolution and efficiency, the drift chambers are 

the cornerstone by which most of the positional and stability information of 

the experiment is understood. Ultimately, the drift chamber locations must 

be known to a fraction of the resolution, which is approximately 80 microns. 

Figure 9.1.2 shows the level of motion experienced in E731b3. Apparent 

motion of the target is amplified because of the long lever arm from the first 

62 D. Jensen et al, Spectrometer Magnet Design Report, 1993 

63 L.K. Gibbons et al, A Precise Measurement of the CP-Violation Parameter 
Re(e’/e) and Other Kaon Decay Parameters, 1993, p. 84. 
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chamber to the target. A 1 mm shift in the target position corresponds to only 

a 0.12 mm shift in the first chamber. 

Special muon calibration runs are used to determine Ax, Ay, and Aq 

relative to one another. This method had a reproducibility of about 5 pm for 

offsets and -10 prad in roll in E73164. Two-track events were used to 

determine the corkscrew rotations. Once the relative positions are 

determined, the chambers can be treated as a rigid body and the locations of 

other elements in the spectrometer relative to the drift chamber magnet 

system can be determined using track reconstruction. 

The location of the target relative to the drift chamber system will be 

determined using A -> pn events. The high momentum protons reduce the 

multiple scattering contributions to the error in finding the target location. 

This gave a single event sensitivity of 3 mm in E73165, so 5Ok to 1OOk A decays 

should give us ample statistics to be in the 10 pm range. This is better than 

can be done with a survey crew. 

While the alignment group cannot measure transverse and roll as well 

as can be done with the beam, there are certain quantities to which the 

chambers are insensitive. Z positions need to be measured as well as possible. 

In MCenter, this measurement suffered from systematic problems. The z- 

measurement tolerance is currently 0.25 mm. However, it should be noted 

that the floor could expand/contract as much as 1 mm over the 20 m span of 

the drift chamber system with a building tolerance of f4”F. This needs 

further study. Pitch and yaw cannot be measured directly, so it is important 

that the chambers be initially aligned to within 0.2 mrad of perpendicular66. 

Non-orthogonalities in the drift chamber wires can cause difficulty in 

measuring rotations. This must be measured during fiducialization with a 

tolerance of 0.15 mrad. 

64 Ibid. pp. 74-76. 

65 L.K. Gibbons et al, A Precise Measurement of the CP-Violation Parameter 
Re(e’/e) and Other Kaon Decay Parameters, 1993, p. 81. 

66 S. Somalwar, Private communication, 1993 
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Even though the transverse positions of the chambers will be 

determined with the beam, they should be aligned and measured to a 

tolerance of 0.25 mm with respect to the beam and spectrometer magnet. This 

will keep the level of corrections to a minimum and satisfy the geometry 

requirements of the trigger. 

Laser Tracker sphere mounts (4) will be mounted to each chamber. 

Before installation, the locations of the sense wires will be determined 

relative to the corner reflector locations. There will be some redundancy in 

order to be able to fully align the chambers and readily resurvey them. 

Hodoscones 

The hodoscopes are to be installed conventionally. The installation 

accuracy is 1 mm. The counters should be set horizontally or vertically to that 

same 1 mm over their full lengths. The z location is not critical. The final z 

location should be measured to 3 mm. The final understanding of the 

positions of the hodoscopes will be determined from the data. The edges of 

the holes in the trigger hodoscopes must be known to 0.25 mm, but will be 

measured using tracks 67. The locations of the holes should be located to +l 

mm so that there is no chance of beam scraping on the inner edge of the 

holes. 

Snectrometer and CsI Antis (SA’s, CIA) 

The same criteria applied to the RC counters apply to the SA’s. The 

installation tolerances are the same. Measurement of the locations of these 

veto counters is important as it is difficult to study the counters with 

reconstructed tracks. Since three of the drift chambers are currently planned 

to be mounted on the SA stands, their overall stability needs to be the same as 

the drift chambers. Their z positions should be known to lmm. 

There is still some discussion within KTeV as to how well the CIA 

needs to be known. It is believed to not be a limiting aperture in E832. In 

67 G. Thomson, Private Communication 
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E73168, mismeasurement of the size and location of outer apertures such as 

this contributed little to the error of e’/e because it is located on the outer edge 

where the illumination is low. The tightest number being considered for 

E832 is 100 pm (aperture with respect to the CsI array), which can be studied 

using reconstructed tracks. 

It is important that the CIA be installed and measured accurately. It 

should be installed to 1 mm transversely and measured to at least 0.5 mm. 

Cesium Iodide Arrav 

Several measurements must be made on the CsI array. However, 

measuring the array with a survey crew will be difficult since it is located in a 

hermetically sealed house in tight quarters. The current plan is to measure as 

much as possible using other means such as large micrometer calipers. As 

the position resolution of reconstructed clusters will be 1 mm, the crystal 

locations must be known to a small fraction of a millimeter. A precision 

measurement at this level would require a line of sight from experimental 

hall network monuments to the laser tracker then to at least three fiducials 

on the array using the same setup. Accomplishing this would consume 

precious space in the blockhouse and require additional resources and time 

during installation when other solutions exist. The current solutions hinge 

on four major assumptions: 

68 L.K. Gibbons et al, A Precise Measurement of the CP-Violation Parameter 
Re(e’/e) and Other Kaon Decay Parameters, 1993, pp. 305309. 
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1. 

2. 

3. 

4. 

Precise knowledge of the transverse locations of the crystals, 

Collar Anti, and CIA locations can be determined by the data. 

Stacking can be done without the aid of a survey crew. 

The supporting plates for the array will remain rigid, with 

deflections less than 125 pm. 

The Collar-Anti will be positioned through precision machining 

of its reference surfaces and the cans onto which it is placed. 

The precise transverse location of the array will be determined using 

Ke3’s found in the data@. E73170 had enough statistics to determine mean 

positions to 10 urn and rotation to a systematic uncertainty of 50 urad. A 

minimum of one Ke3 per block per spill will be written to tape during regular 

E832 data taking 71. Special runs will be made periodically if this illumination 

is insufficient. 

The position of the individual crystals must be measured relative to 

each other and to the reference plates at stacking time. The current plan is 

that KTeV will measure these without a survey crew by using special large 

calipers. This method has not yet been field tested to confirm its feasibility, 

but needs to be very soon. The design of the blockhouse extension would 

need to be modified to accommodate a survey crew. 

The requirements for the alignment group have been reduced to two 

sets of measurements with looser tolerances than before; but they are still 

very important. The first is setting the stand in place and measuring the 

perpendicularity of the horizontal and vertical reference plates. The 

blockhouse walls will not have been installed at this point, hence allowing 

access room. The second set of measurements is determining the three 

dimensional position of the array with respect to the rest of the spectrometer 

during the final alignment. Since precise measurement will be done with the 

data, the tolerance for this process has been loosened to 1 mm. This is driven 

by keeping any beam halo from hitting the pipe blocks. At the 1 mm level, a 

6g R. Ray, Survey Issues for the Csl Array, 1994 

70L.K. Gibbons et al, A Precise Measurement of the CP-Violation Parameter Re(e’/e) 
and Other Kaon Decay Parameters, 1993, pp. 80-81. 

71 E. Cheu, Private Communication, 1994 
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survey crew can align the calorimeter using conventional optical techniques. 

The fiducials on the array reference plates will be accessed through 4” 

portholes adjacent to each tooling ball. The portholes will remain plugged 

except during the actual reading which will take minutes to perform. This is 

not long enough to degrade the atmosphere inside the blockhouse due to the 

positive pressure72. 

Since the absolute energy scale is set by the distance from the 

downstream face of the regenerator and from the Z-calibrator to the front face 

of the CsI, this will be a crucial measurement. The tolerance for this distance 

has been set to 1 mm. The pitch, yaw, and flatness of the CsI array itself 

should be less than this so as to not dominate this error. The initial z 

measurement will be made with a survey crew. Another means must be 

developed to monitor this parameter. The data is very insensitive to it. The 

current proposal is to use an EDM (Electronic Distance Meter) to measure the 

location of extensions from the support under the CsI array. This will make it 

possible to monitor the Z and the yaw. See Section 9.3 for more details. Roll 

and pitch will be monitored with electronic levels accurate to about 50 urad. 

Collar Anti 

The Collar-Anti (CA) is located inside the CsI blockhouse. As with the 

Mask Anti, it is a limiting aperture for E832. In E73173, a mismeasurement in 

size of the CA had a noticeable effect (in terms of the ES32 error budget) on the 

observed ratio of KL/Ks in the neutral mode (-0.021% for a 70 urn error). Its 

position was not as sensitive, but the experiment was able to determine its 

size and location with a systematic uncertainty of 15 pm. 

For KTeV, the CA must be aligned to 100 l.trn7” in horizontal and 

vertical with respect to the precision holes with which the beams pass 

through the CsI calorimeter. Ultimately, the size and position will be verified 

72 R. Ray, Private Communication, 1994 

73 L.K. Gibbons et al, A Precise Measurement of the CP-Violation Parameter Re(e’/e) 
and Other Kaon Decay Parameters, 1993, pp. 305-309. 

74 T. Yamanaka, Private Communication, 1994 
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with data, but it is necessary to have an independent measurement given its 

importance. Due to space constraints, it will be difficult to align this device 

using standard survey techniques. However, since the Collar Anti will be 

mounted directly to the supports where the beam passes through the CsI, one 

can “capture” it through precision machining and the use of shims if 

necessary. It’s small size allows for direct measurements with a micrometer. 

Since the temperature inside the CsI house is strictly controlled and the CA is 

so small, there will be negligible size changes as a result of temperature effects 

(<3 pm/T). 

Particle ID ( TRD’s, muon svstem, BA ) 

The first section of the particle ID part of the detector consists of the 

Transition Radiation Detectors (TRD’s). They must be installed to a survey 

tolerance of 1 mm and measured to 0.5 mm transversely7s. They will be 

resurveyed relative to the drift chambers using tracks. They must be installed 

perpendicular to the beam within 1 mrad. 

The muon system consists of shielding and scintillation counters. The 

shielding is 6” oversize so transverse position is not critical, but it should be 

perpendicular so there is a z tolerance of 1 cm for each corner. However, the 

beam hole edges in the first muon filter (Pb Wall) should be measured to 1 

mm (2 mm)76. The counters should be installed and measured to 1 mm 

transversely. 

The back anti must be installed to 2 mm 77. Its position is not critical as 

it is not used as a part of the detector. It is rather a veto that is larger than the 

neutral beam (as it must contain the showers). 

The beam TRD is not used for position information, and hence only 

needs to be positioned within 1 mm. 

75 Y.B. Hsiung, Private Communication, 1994 

76 Ibid. 

77 Ibid. 
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9.2. Methodology 

This section addresses the procedures necessary for the installation and 

positional maintenance of the KTeV components to the specified tolerances. 

The Fermilab Survey-Alignment-Geodesy Group (SAG) has considered three 

needed categories: 

1. 

2. 

3. 

External survey control network. 

High accuracy internal survey control network. 

Maintenance of the internal network and monitoring of relative 

component positioning. 

When measurement errors are specified by the SAG group, the errors 

refer to the 95% confidence level errors. In the analyses below, these errors 

were calculated in three dimensions and then projected onto the horizontal 

and vertical planes. The 95% errors quoted correspond to 2.4 standard 

deviations in two dimensions. 

There are two methods that may be considered for establishing the 

KTeV coordinate system. The first method consists of extrapolating the 

proton beam line on through the KTeV neutral beam line and thence to the 

spectrometer. This is a point-azimuth technique. Using this method, a 

simple extrapolation through the KTeV system at, for example, laser tracker 

resolution suggests that the errors in transverse location would be of order 

one millimeter. This is unacceptably large. A more careful preanalysis by the 

SAG group suggests that the errors by this technique would in fact be several 

millimeters. 

The other method, discussed below, is based on a rectangular grid of 

monuments outside the KTeV halls tied to the KTeV system through sight 

risers. A preanalysis based on this method shows that it is several times more 

accurate. The detailed analysis by the SAG group suggests that this system is 

capable of sustaining a grid with accuracy of order 0.2 mm for the basic 

reference system. This level of accuracy can probably be improved to 0.1 mm 

or better for relative surveys in the KTeV neutral beam system. This would 

provide an adequate reference system for KTeV. The final alignment 
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accuracy of various elements of the neutral beam and spectrometer has a 

rigorous lower bound set by the references themselves! 

9.2.1 External Survey Control Network 

The External Survey Control Network will consist of eight or more 

survey monuments. To ensure a strong geometric figure, these monuments 

will be placed as near to the project site as construction will allow. This 

network will be tied to the current DUSAF site coordinate system using both 

conventional and Global Positioning System (GPS) techniques, yielding 

positional accuracies of f3 mm relative to that site system. Initially, this 

network will be used by the construction contractor for a layout reference 

system and for quality control checks of the layout work by the SAG Group. 

Internal to itself, this network will achieve relative positional 

accuracies of kO.2 mm. This network will also be used to transfer the current 

DUSAF site coordinate system into the internal control network. This 

transfer will necessitate a high precision survey of the exterior network at the 

time the transfer is made. 

9.2.2 High Accuracy Internal Control Network. 

The High Accuracy Internal Network will make it possible to establish 

relative component positioning to + 0.1 mm. It will also be the basis for a 

dynamic monitoring system for relative position checks on components. To 

achieve this, the internal network must be an independent survey, using the 

transferred points for constraint purposes. It will of course be necessary to 

reestablish the reference system from time to time because of the motion of 

the building and internal monuments (see Section 9.2.4). 

Good control (reference) points are required for a strong network. 

These are points which represent constraints on azimuth and coordinates. 

Section 9.2.3 addresses the optimization of the number and location of these 

points. 
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The configuration of the network is limited by the shape and the 

geometry of the enclosures and the experimental hall. This dictates that the 

KTeV internal network be a longitudinal network. The preanalyses 

conducted on the two basic survey framework systems is based on two chains 

of braced quadrilaterals: seven in the NM2 enclosure and nine in the 

experimental hall. A braced quadrilateral has diagonal measurements to the 

corners. This primary underground control network will consist of 36 

monuments, the positions of which must satisfy a number of criteria: 

. the points must be easily accessible 
l the density of the points has to be great enough to cover the 

objects to be surveyed 
l the network structure must be flexible enough for any future 

needs 

To improve the isotropy of the network and compensate the 

weaknesses caused by the poor ratio between the length and width of braced 

quadrilaterals, additional diagonal measurements spanning adjacent 

quadrilaterals will be made. Redundant observations will be performed to 

ensure quality and uniformity of accuracy. 

The points of this primary control network will be fixed and used as 

the basis of a denser secondary network for component alignment. This 

densification network will be developed using primarily the Laser Tracking 

Interferometer. These points will be placed strategically to minimize the 

number of observations necessary for component positioning, also allowing 

for eventual smoothing routines, while providing monuments close to the 

beam line for optical tooling setups if practical. 

The underground reference control system is represented by 

monuments permanently imbedded in the enclosure floor and monuments 

rigidly attached to wall brackets. The actual monuments are represented by 

high-precision socket type holders to support spherical reflectors whose 

centers define the monument coordinates in all three dimensions. 
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All the coordinates of the underground network will be computed 

utilizing three dimensional rigorous least square adjustments. Error 

propagation analysis indicates that this network should determine absolute 

tunnel monument positions to better than kO.2 mm (+0.4 mm) and relative 

component positions to generally better than +O.l mm (f0.2 mm) for the case 

of six (four) sight risers. 

A horizontal sight pipe is necessary for direct visibilty in between 

enclosures. This considerably increases the relative accuracy between critical 

components in NM2 and NM3,4 such as the collimators. The absence of this 

in MCenter caused severe problems with measurements between enclosures. 

9.2.3 Network Reanalysis 

In order to develop a plan for the number of monuments and sight 

risers, and to understand quantitatively the tradeoffs of various options, a 

network simulation and preanalysis was performed. In fact, two independent 

analyses were performed, using somewhat different methods, but leading to 

the same general results. In these analyses, various numbers of reference 

points were modeled. The reference points are well defined by sight risers 

tied to outside monuments and their relative error is assumed to be zero. 

The KTeV coordinate system is then built starting with and constrained by 

these reference points. 

The minimal set of reference points is two. As many as 6 reference 

points were assumed. For each case the error ellipses in longitudinal and 

transverse directions were determined. The error ellipses correspond to the 

95% confidence levels for the accuracy of that network. Results of these 

analyses are presented in Figures 9.2.1 and 9.2.2. The major axis corresponds 

with the horizontal plane and minor axis with the longitudinal. As can be 

seen in Figure 9.2.2, the longitudinal error is already well behaved in the case 

of two sight risers. However, the transverse error in Figure 9.2.1 is 

unacceptably large with only two sight risers. The errors with a larger 

number of constrained points (sight risers) are much more in line with the 

KTeV requirements. It is apparent that 4 sight risers is the minimum 
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number necessary for KTeV, i.e. at least two more are needed over what is 

specified in the current civil construction package. 

In the vertical plane, gravity provides additional constraints just as 

sight risers do in the horizontal. Using spirit levels alone, relative elevations 

between any two points in a controlled environment can be determined 

within 0.25 mm at the 95% confidence level. 

KTeV underground network with additional sight risers. Error 
(Horiz.) axis at 95 % confidence level. 
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Figure 9.2.1 
Results of pre-analysis showing the transverse error propagation at the 95% 
confidence level as a function of z for the current 2 sight riser configuration 

and for additional sight risers. 
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KTeV underground network. Error ellipses: Minor (I 
at 95 % confidence level. 
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Figure 9.2.2 
Results of pre-analysis showing longitudinal error propagation at the 95% 

confidence level as a function of z for the current 2 sight riser configuration. 

9.2.4 Maintenance of the Internal Network and Monitoring of Relative 

Component Positioning. 

Maintenance of the internal network and monitoring of relative 

component positioning will be required since all the survey and alignment 

tasks analyzed pertain to a static situation. The positional accuracies of the 

internal network and the component positioning are only valid during the 

time it takes to complete the survey (See Section 9.3.2 discussion on stability). 

The standard way to reposition critical components is with a survey crew. 
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Depending on the circumstances, this may take from several hours to several 

days because the network will also need to be resurveyed. To monitor this 

movement, a dynamic monitoring system may be employed. The 

sophistication of this monitoring system depends on two factors: 

1. 

2. 

The specified accuracies needed for relative positioning of critical 

elements. 

The stability of the internal survey monuments established at or 

near the critical elements. 

9.3. Implementation 

Having established the alignment and survey methodology, an 

implementation procedure must be developed. There are four elements 

needed to implement the KTeV alignment plan: 

1. 

2. 

3. 

4. 

Interface with the civil construction group to provide necessary 

specifications and assistance before and during facility 

construction. 

Develop general and specific fiducialization and alignment 

procedures for beam and detector elements. 

Give specifications for alignment hardware. 

Provide for an on-line stability monitoring system which 

supplies information independently of beam and detector data. 

9.3.1 KTeV Civil Construction Issues 

An array of monuments is installed in undisturbed soil in the area of 

the construction. These monuments will be used to monitor the civil 

construction. Many of them will be reused for the external network. 

Figure 9.3.1 shows the design of the sight risers and underground 

monuments discussed in Sections 9.2 and 9.3.2 respectively. Figure 9.3.2 is a 

cross section drawing of the end of NM2 showing the location of the 

horizontal sight pipe used to bring survey control directly between 

enclosures. 
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After the KTeV civil construction is completed, the SAG group 

requires two weeks of sole occupancy of the experimental hall to establish the 

internal control network. The experimental hall needs to be free of 

obstructions at that time. 

9.3.2 Stability 

There are several factors which can upset the stability of internal floor 

monuments in an experimental hall in the 0.1 mm to 0.2 mm range. Among 

these are new construction, floor loading, temperature, weather, poor 

construction, etc. Measurements taken at other labs78,7Y provide evidence 

that these can be significant problems. 

Data has been taken to study the stability of the existing NM2 

enclosure. Over a period of 2 months, the dump area in NM2 is believed to 

have shifted vertically 0.5 mm in relationship to the rest of the enclosure. 

This number has an error bar of about &50%. NM2 is an existing enclosure so 

it should not be suffering from the large settling effects often encountered in 

new construction. Since this is a short term study of only a couple months, it 

is not known whether this is a trend or an oscillation. However, it confirms 

that there is a need for stability monitoring of some kind. 

Monitoring of relative horizontal motion in the NM2 hall has also 

been done using a set of optical instruments. This data is still being analyzed. 

A soil contractor, STS, has attempted to predict the KTeV experimental 

hall settlement using a Monte Carlo called Settl/GsO. Based on a series of soil 

borings, predictions have been made for initial (6 months) settling of the 

KTeV hall as well as long term (5 years). Figure 9.3.3 shows the location of 

78 Proceedings of the First International Workshop on Accelerator 
Alignment, pps, 4-24, SLAC, Stanford, 1990 

7g Proceedings of the Third International Workshop on Accelerator 
Alignment, CERN, Geneva, 1993 

8o STS Consultants, Geotechnical Evaluation of Proposed KTeV Project, 
Northbrook, IL, 1993 
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the points which were calculated and Figure 9.3.4 shows the predicted 

settlement of those points at floor level and for two soil layers below floor 

level. The second soil layer ends at bedrock which is assumed stable. The 

numbers imply that settlement will be quite modest after initial installation 

and that soil layers closer to bedrock have less settlement. If these predictions 

are accurate, the rather large vertical motion detected in NM2 must not be 

due to settling. More data will be needed to make a complete assessment. 

In order to try and provide better stability monitoring 2 to 4 permanent, 

isolated monuments are proposed. These monuments will provide a stable 

reference inside the new construction area. They would also aid by reducing 

the amount of time it takes to reestablish the internal network (See Section 

9.2.4) inside the KTeV hall. The nearest existing stable monuments are 

located at TSB and PS3, which are too far away to be of use. 

Figure 9.3.1 shows the design of the monuments. One such 

monument is initially included in the experimental hall construction 

package. These monuments are to be isolated from the slab and be deep 

enough to sharply reduce the effects of weather and building settlement. A 

deformable material such as bentonite will be used between the outside casing 

and the monument pillar to prevent motion due to lateral soil pressure. 

When considering the cost trade-offs of installing these monuments it is 

important to remember that the next generation of kaon experiments is 

expected to use the same facility and the alignment tolerances are predicted to 

be tighter than KTeV if e’/e is measured again. 

Another source of possible instability is air gaps under concrete slabs. 

Good quality control must be maintained during construction to prevent this 

problem. 
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Monitoring 

As previously discussed, motion due to floor instabilities could exceed 

tolerances specified for many components. This implies that any precision 

alignment could be obsolete soon after its completion. Since the most 

stringent alignment requirements are relative positions, an on-line 

monitoring system is being considered. Several systems are currently being 

employed at other labs. Many of them are turnkey commercial systems. 

These systems would provide information independent of beam data. 

Target/Collimator Svstem 

Substantive information has been obtained on two commercial 

systems so far. The first is Hydrostatic Leveling System*’ (HLS) system by 

Fogale-Nanotech of France. See Figure 9.3.5. This instrument would be used 

to monitor the elevations of the target collimator system and possibly some 

detector components. The HLS is a measuring instrument based on the 

principle of communicating vessels. The instruments would be connected 

along the KTeV beamline by a water filled tube which determines the 

reference plane and an air filled tube which guarantees pressure stability 

along the network. Each probe has a capacitive sensor which measures the 

water level. The system has a resolution of about 2 pm and a range of 2.5 

mm. The non-linearity over the entire range is less than 1 pm. 

The system has the advantages of being radiation hard (20 Mrad), more 

accuracy than required (could be used for next generation kaon experiment), 

is a commercially available turnkey system, and has been well tested by other 

labs. It is currently being used very successfully by ESRF and KEK. The ESRF 

(European Synchrotron Radiation Facility) system automatically realigns the 

entire ring with the machine on using servo-controlled jacks. The Argonne 

AI’S is currently procuring an HLS system so local access should be available 

soon. A disadvantage of this system is that it only measures vertical 

displacement. 

81 Proceedings of the Third International Workshop on Accelerator 
Alignment, CERN, Geneva, 1993 
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Figure 9.3.5 Cross-section of HLS vessel 



It may also be necessary to measure horizontal displacement. There are 

some systems which are being employed at other labs, but more information 

needs to be obtained. 

Z-calibration of the Detector Elements 

One may estimate the floor expansion over the 60 m between the 

regenerator and the CsI assuming the floor changes temperature uniformly 

(this is unlikely). Such a calculation yields a projected motion of about 0.4 

mm/OF or 3.2 mm over the specified 8°F temperature range in the 

experimental hall. Since the longitudinal distance between the regenerator, 

Z-calibrator, and CsI must be known to better than 1 mm, it is proposed that 

this distance be monitored. 

There are inexpensive commercially available systems which meet this 

requirement. For example, the LEICA D12002 EDM (Electronic Distance 

Meter) has an accuracy of +0.6 mm and costs $llk. It has an RS232 interface 

which will allow computer readout and control. The SAG group has a 

LEICA/KERN ME5000 Mekometer which is accurate to 0.2 mm -to.2 ppm 

which can be used for calibration. There are other systems available which 

also meet the specifications. 

These systems require an unobstructed line of sight between the 

elements being measured. According to existing drawings, there are no 

components which come closer than 3” from the floor to the bottom of the 

support underneath the beam. According to the manufacturer, this is 

sufficient clearance to obtain an accurate reading. Field tests will be 

performed soon. Future detector support designs must not intrude into this 

3” space. The regenerator and z-calibrator are in a vacuum tank and the CsI is 

in a hermetically sealed house. The current proposal involves bringing 

reference arms outside of the CsI house and vacuum tanks and sighting 

underneath the spectrometer onto retro-reflectors attached to these arms. 
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9.3.3 General Alignment and Fiducialization Procedures 

Following is a procedure to have a beam or detector element properly 

fiducialized and aligned. The contact persons are the KTeV alignment 

coordinators. 

1. 

2. 

3. 

4. 

5. 

6. 

Each KTeV system manager will provide specific alignment 

tolerances and specifications. 

The system manager must then submit engineering drawings 

which show fiducial points and alignment adjustments for 

review and comments. This will be an iterative process. For 

critical tolerance elements, alignment people should be 

involved from the beginning design phase. 

Once a plan is in place, any hardware (such as sphere mounts or 

tooling balls) necessary for the fabrication process will be 

distributed by the alignment group. 

The system manager should provide a tentative schedule 

indicating when the beamline element or detector will be ready 

to be fiducialized, installed, and aligned. 

When arrival of the detector or beam element is imminent, The 

KTeV installation coordinator will then schedule a time and 

place for the above with the alignment group. 

Results of each survey and alignment will be provided to the 

appropriate subsystem managers. 

Comuonent Fiducialization 

Fiducialization of the components relates their effective beam 

centerlines to external mechanical points that are accessible to subsequent 

survey measurements. It is expected that every KTeV beam and detector 

component will need to be fiducialized. If some elements are being reused 

and have already been fiducialized once, it is assumed that they will be 

refiducialized to conform to a system compatible with the laser tracking 

interferometer. The laser tracker will provide greater accuracy and also 

reduce the time necessary for component alignment. 
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Fiducialization plans for each component need to be completed during 

the engineering phase, prior to fabrication. 

At present, we assume that each component will be fiducialized by 

Fermilab. This will assure that the fiducialization is compatible with the laser 

tracker platform and conforms with the overall alignment plan. If there is a 

proposal to independently fiducialize a beam or detector element, the 

methodology must be reviewed by the Fermilab SAG group. 

Since the KTeV beamline and experiment consists of many different 

types of hardware, a specific fiducialization procedure is currently being 

developed for each element or class of elements. This will be included in the 

comprehensive alignment plan which will be presented as a stand alone 

document. The following are general criteria which must be considered 

during fiducialization 

During fiducialization, the critical parameters must be available in six 

degrees of freedom to the survey crew. For example, it may be necessary to 

remove drift chamber windows in order to see the wires or else provide an 

acceptable mark on the frame which is related to the wires in a very precise 

way. 

All components should be fiducialized so that at least three known 

mechanical points are visible from one setup which will be located near the 

alignment and personnel aisle ways provided in all KTeV enclosures. These 

points must either consist of a permanently fixed sphere mount which will 

hold a 1.5” retro-reflector for the laser tracker or a hole/guide which will 

accommodate a sphere mount in a reproducible way. Elements with critical 

tolerances should have their own permanent spherical mounts. See Section 

9.3.4 for specifications and drawing of sphere mounts. 

The fiducial hardware should be attached to a rigid structure so that the 

offsets do not change measurably under stresses such as transport or 

temperature change. The points should also be located as far apart from each 

other as possible. 
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Component Alignment 

As discussed earlier, detailed alignment plans will be developed for 

each class of components. This will be included in the upcoming KTeV 

Alignment Plan document. Many considerations are already listed in Section 

9.1. 

9.3.4 Alignment Hardware Specifications 

The geodetic measurements in the surface network are performed with 

state-of- the-art equipment already being used by the SAG group. These 

include: high-precision electronic distance measurement with the Kern 

Mekometer ME5000, angle measurement with Kern E2 theodolites, Wild N3 

and Leica N3000 levels, and Trimble 4000SSE Geodetic Survey GPS dual 

frequency receivers. 

Laser Tracking Interferometer 

Until recently, the determination of precise three dimensional 

coordinates in industrial metrology has required two separate instruments or 

two setups. As instrumentation for the KTeV alignment, we propose to 

employ the Laser Tracking Interferometer system (the same as intended for 

the Main Injector). With this system all KTeV devices will be positioned 

using an interactive and iterative procedure from the layout of coordinates 

for the magnet support systems to the final smoothing of adjacent 

components. The automation of measurements and alignment procedures 

significantly improves their quality and speed compared to that of traditional 

methods. The SAG group now possesses this hardware. Preliminary tests 

indicate that the instrument performance is as expected. 

The Laser Tracking Interferometer (See Figure 9.3.6) is a dynamic 

measuring system for three dimensional coordinate determination using a 

single beam laser interferometer, precise angular encoders, and a servo- 

tracking system. Simultaneous readings, 1000 times per second, of 

horizontal/vertical encoders and interferometer counts are calculated and the 

three dimensional position of the reflector target is displayed in real time. 
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Schemunc of servo-conwoiled rrackxng syjrrm 

SYSTEM SPECIFICATIONS 

CM-5000 Tracker Head: 
Width: 12.5” 
Height: 23 .O” 
Depth: 7.5” mm. 9.2” max 
Weight: 80.0 Ibs 

Remote Power Umt (RPU) 

Typical Tooling St&d: 
Assembly Floor Load: 

Repeatability: 

Resoluuon: 

IkloC1ty: 

Auxlctauon: 

Distance Range: 

Ekvauon Range: 

dbimuth Range: 

Width: 9.5” 
Height: 12.0” 
Depth: 17.0” 
Weight: 25 Ibs 

Weight: 204 Ibs 
Average = 37.5 bshq. A 

At least 5 ppm 0.’ measurement 

Angular = 1 arc-second per angular umt 
Radial = from 0.5 10 5 rmcrons per dinancc uruf 

From 110 6 meters/xc 

’ 2 g’s 

0.17 meters (mm.) to 30 meters (max.) 
-A _, 

I ,’ ; .r 
7 

-155 dcgrazs 
“7. iL 2 :.i.-&<) 

J _ 

>270 degrees 

Figure 9.3.6 Schematic of Chesapeake Laser Tracking Interferometer 
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These coordinates are continuously compared with the theoretical 

coordinates and the resultant difference coordinate vector is displayed also in 

real time. For 30 microns interferometer accuracy and 1 arc second angular 

resolution, the Laser Tracker is estimated to provide measurements to the 

component fiducials within 0.1 mm range. This automatic transmission and 

handling of measurements and alignment parameters largely excludes the 

usual risk of operational errors during routine work. 

The Laser Tracker comes with a PC compatible computer system for 

computation, control, and data Iogging. 

Stahere Mounts 

Sphere mounts are magnetic sockets designed to hold the retro- 

reflector for the Laser Tracker. They can also accommodate more 

conventional instruments. These will be mounted on most of the detector 

and beam elements for referencing. They come in several varieties, samples 

of which are shown in Figure 9.3.7. The 2.25” heavy-duty sphere mount is 

the most economical ($57) and will probably suffice for most applications. It is 

machined to slightly lower centering tolerances than the standard 1.5” mount 

($135) but the reproducibility is more important than the centering tolerance. 
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APPENDIX 1 

KTEV PRIMARY BEAM SHEET 

NM TRANSPORT l-APR-94 
0 1000 GEV 

B(KG) 
POSITION POWER OR 

Z CENT. r; (‘1.X 1‘ Y CENT. ~.‘~,~~li ELEMENTCODE %l. 1’1’1 i (KG/IN 

3184.00 -if, 2: 732.90 \\]‘\;[. J’J 

3185.74 -26.27 732.89 NMlBPMl 
3187.24 -26.31 732.89 NMlBPM2 
3188.49 -26.35 732.89 NMlWC 
3193.99 -26.51 732.88 NMlV-1 
3204.99 -26.84 732.87 NMlV-2 
3211.23 -27.02 732.87 NMlH 
3620.01 -39.16 733.21 NM2USW 
3620.57 -39.18 733.21 NM2USP 
3621.32 -39.20 733.22 NM2BPMl 
3622.82 -39.24 733.22 NM2BPM2 
3624.07 -39.28 733.22 NM2WCl 
3625.90 -39.33 733.22 NMZSEM 
3637.21 -39.68 733.24 NM2EU-1 
3658.20 -40.36 733.29 NM2EU-2 
3670.44 -40.78 733.33 NM2V-1 
3677.69 -41.03 733.36 NM2Ql-1 
3689.18 -41.43 733.40 NM2Ql-2 
3700.68 -41.84 733.45 NM2Ql-3 
3718.66 -42.47 733.52 NM2Q2-1 
3730.16 -42.87 733.57 NM2Q2-2 
3741.65 -43.27 733.61 NM2Q2-3 
3753.14 -43.68 733.66 NM2Q2-4 
3769.13 -44.24 733.71 NM2Dl-1 
3790.12 -44.97 733.72 NM2Dl-2 
3811.11 -45.71 733.67 NM2D2 
3823.35 -46.14 733.62 NM2V-2 
3825.60 -46.22 733.61 NM2WC2 
3836.09 -46.59 733.56 NM2WC3 
3838.09 -46.66 733.55 NM2TGT 
3838.09 -46.66 733.55 NMSEC 
4059.77 -54.43 733.51 NM2DSW 
4230.40 -60.41 733.47 NM3 

FRD11679 5-1.5-120 V-BEND ‘\ ‘,& ; 1 i 18.688 
FRD11414 5-1.5-120 V-BEND NMlU 18.688 
FRD11489 4-4-30 H-TRIM NMlH 0.000 
NM2 USTREAM WALL 
NM2 UPSTREAM PIPE 

B2 
B2 
Vertical TRIM 
4Q120 
4Q120 
4Q120 
44120 
4Q120 
4Q120 
4Q120 
B2 
82 
82 
Horizontal TRIM 

3. 392.54782 ‘NM3’; 

‘L?\l.iI :. 17.046 
NM2EU 17.046 
\, ‘; J ‘2 ; 0.000 
:\ ‘; J : ! .; : 4.879 
NM2Ql 4.879 
NM2Ql 4.879 
NM2Q2 -5.005 
NM2Q2 -5.005 
NM2Q2 -5.005 
NM2Q2 -5.005 
NM2Dl 17.893 
NM2Dl 17.893 
NM2D2 13.957 
h...‘;!.:! I 0.000 
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% 
INM TRANSPORT I-APR-91 
NAME TYPE FIRE DEPT 

HEIGHT \(j~'.l!y.!J~r~ \(j~'.l!y.!J~r~ 
STATION EASTING 
i!U!!‘f. .-.-.. :t (.I I I 

NMMLPT DRIFT 392-15.6-M 392-15.6-M 
NMlBPMl DRIFT 39257.648 39257.648 
NMlBPMl DRIFT 39275.648 39275.648 

314.575 
314.931 
315.466 
315.466 315.466 
316.000 316.000 
316.000 316.000 
316.356 
316.356 

SORTHIN 

38207.911 

43766.392 43766.392 

38219.938 38219.938 
38237.930 38237.930 

43778.492 43778.492 

38237.930 38237.930 
38255.922 38255.922 
38255.922 38255.922 
38267.914 38267.914 
38267.914 38267.914 
38267.914 38267.914 
38387.863 38387.863 
38387.863 38387.863 
38399.855 38399.855 
38399.855 38399.855 
38519.805 38519.805 
38519.805 
38319.805 
38519.805 
38549.789 38549.789 
38539.789 38539.789 
43410.102 43410.102 
43446.898 43446.898 
43446.898 43446.898 
43364.895 43364.895 
43464.895 43464.895 
43482.887 43482.887 
43482.887 43482.887 
43494.883 43494.883 
43494.883 43494.883 
43526.609 43526.609 
43526.609 43526.609 
43526.609 43526.609 
43766.492 43766.492 

87Y7.S31 87Y7.S31 
8797.806 8797.806 
8797.762 8797.762 
8797.762 8797.762 
8797.719 8797.719 
8797.719 8797.719 
8797.689 8797.689 
8797.689 8797.689 
8797.686 8797.686 
8797.503 8797.503 
8797.499 8797.499 
8797.495 8797.495 
8797.491 8797.491 
8797.513 
8797.509 
8797.513 
8797.513 
8797.543 8797.543 
8797.543 8797.543 
8802.513 8802.513 
8802.521 
8802.521 
8802.538 
8802.538 8802.538 

li2 i 
142 1 
142 1 
142 1 
142 1 
142 1 
142 142 1 

-’ ., 

0 0 -817 -817 
O-817 O-817 
O-817 O-817 
0 0 -817 -817 
0 0 -8 -8 17 17 
O-817 O-817 
0 0 -817 -817 

0 6:; 
0 0 o-3 o-3 
0 0 o-3 o-3 
0 0 o-3 o-3 
0 0 o-3 o-3 
0 0 o-3 o-3 
89 89 59 59 57 57 

142 1 0 0 -225 -225 89 89 59 59 57 57 

NiMl BPM2 DRIFT 39275.648 39275.648 
NMlBPM2 DRIFT 392V3.638 392V3.638 
NMlWC DRIFT 39293.648 39293.648 

39305.652 39305.652 
39305.652 39305.652 

NMlWC DRIFT 
NMlV-1 5-1.5-120 11679 

SAGITTA CORRECT 316.356 316.356 
319.917 319.917 
319.917 319.917 
320.273 320.273 
320.273 320.273 
323.833 323.833 

NMlV-1 5-1.5-120 11679 
SAGITTA CORRECT 

39425.648 39425.648 

39437.648 39437.648 

39557.648 39557.648 

39537.648 39537.648 

39587.648 39587.648 

44480.117 44480.117 
44486.922 44486.922 

NMlV-2 5-1.5-120 11411 
SAGITTA CORRECT 

NMlV-2 5-1.5-120 11414 
SAGITTA CORRECT 

142 1 

142 1 

142 1 

142 1 

142 1 
142 1 

o-225 o-225 

0 0 327 327 

0 0 327 327 

0 0 327 327 

0 0 332 332 

89 89 59 59 57 57 

BY BY 59 59 57 57 

0 0 o-3 o-3 
323.833 323.833 
323.833 323.833 
323.833 323.833 

NMlH 4-4-30 4-4-30 1148V 1148V 
SAGITTA CORRECT 

NMlH 4-3-30 4-3-30 11489 11489 324.724 324.724 
324.724 324.724 
469.898 469.898 
470.100 470.100 
470.100 470.100 
470.635 470.635 
470.635 470.635 

0 0 o-3 o-3 

0 0 o-3 o-3 
SAGITTA CORRECT 

NM2USW DRIFT 
NM2USP DRIFT 0 0 332 332 0 0 o-3 o-3 

0 0 332 332 0 0 o-3 o-3 NM2BPMl DRIFT 44486.922 44486.922 
NM2BPMl DRIFT 44504.918 

142 142 1 
142 1 0 0 332 332 0 0 o-3 o-3 

0 0 332 332 0 0 o-3 o-3 
0 0 332 332 0 0 o-3 o-3 
0 0 332 332 0 0 o-3 o-3 

NM2BPM2 DRIFT 44504.918 44504.918 142 142 1 
NM2BPM2 DRIFT 44522.914 44522.914 471.169 471.169 
NM2WCl DRIFT 44522.914 44522.914 471.169 471.169 

8802.556 8802.556 142 142 1 
8802.556 8802.556 142 1 

NMZWCl DRIFT 44534.914 44534.914 471.525 471.525 
471.525 471.525 
472.467 472.467 
472.467 472.467 
472.454 472.454 
479.911 479.911 

8802.568 8802.568 
8802.568 8802.568 

8803.029 8803.029 

8802.602 8802.602 
8802.602 8802.602 

8803.068 8803.068 

8802.594 8802.594 
8803.036 8803.036 

142 142 1 
142 1 
142 1 
142 1 

1 51 16 

1 51 16 

0 0 332 332 0 0 o-3 o-3 
0 0 332 332 0 0 o-3 o-3 NM2SEM DRIFT 44534.914 

NMZSEM DRIFT 44566.660 44566.660 0 0 332 332 0 0 o-3 o-3 
0 0 332 332 -3024 -3024 3 3 

0 0 857 857 -3024 -3024 2 2 

0 0 857 857 -3024 -3024 2 2 

NM2EU-1 BEND 44566.660 

44806.660 44806.660 

44818.660 44818.660 

45058.656 45058.656 

45070.656 45070.656 

45100.656 

45112.656 
45232.656 
45250.652 45250.652 
45370.652 45370.652 
45388.648 45388.648 
45508.648 45508.648 
45603.648 45603.648 
45724.648 45724.648 
35742.645 35742.645 
45862.645 45862.645 

SAGITTA CORRECT 
NM2EU-1 BEND 

SAGITTA CORRECT 
NM2EU-2 BEND 

SAGITTA CORRECT 
NM2EU-2 BEND 

SAGITTA CORRECT 
NM2V-1 BEND 

SAGITTA CORRECT 
NM2V-1 BEND 

SAGITTA CORRECT 
NM2QL1 4Q120 
NM2Ql-1 4Q120 4Q120 
NM201-2 40120 

479.898 479.898 
480.299 480.299 
480.287 480.287 
488.387 488.387 
488.375 488.375 
488.808 488.808 
488.808 488.808 
489.859 489.859 
489.859 489.859 
490.280 490.280 
494.485 494.485 
495.116 
499.321 
499.952 
504.157 
507.521 
511.727 
512.357 
516.563 
517.193 
521.399 521.399 
522.029 522.029 
526.235 526.235 
526.655 526.655 
526.655 526.655 
535.066 535.066 
535.066 535.066 
535.486 535.486 
535.486 535.486 
543.897 543.897 
543.897 543.897 
544.318 544.318 

43778.492 43778.492 
43018.352 
44018.352 
44030.344 44030.344 
44030.344 44030.344 
44060.324 44060.324 
44060.324 44060.324 
44072.316 44072.316 
44192.242 44192.242 
44210.230 44210.230 
44330.156 44330.156 
44348.145 
44468.070 44468.070 
44564.012 
44683.941 
44701 .Y30 
44821.855 
44839.844 44839.844 
44959.770 44959.770 
44977.758 44977.758 

8803.061 8803.061 
8803.883 8803.883 
8803.875 8803.875 
8803.933 8803.933 
8803.933 8803.933 
8804.058 8804.058 
8804.058 8804.058 

2 2 030 030 

2 2 030 030 

2 2 030 030 

0 14 22 -302-t -302-t 0 0 

0 14 22 BY BY 59 59 60 60 

0 1-I 22 89 89 59 59 60 60 

8804.108 8804.108 2 2 030 030 0 14 22 000 
8804.609 8804.609 2 2 030 030 0 14 22 000 
8804.686 8804.686 
8805.187 
8805.262 
8805.764 8805.764 
8806.165 
8806.667 8806.667 
8806.732 8806.732 
8807.243 8807.243 
8807.319 8807.319 
8807.821 8807.821 
8807.896 8807.896 

2 2 030 030 
2 2 030 030 
2 2 030 030 
2 2 030 030 
2 2 030 030 
2 2 030 030 
2 2 030 030 

0 13 22 
0 14 23 
0 14 23 
0 14 23 
0 14 23 
0 14 23 
0 14 23 
0 14 23 
0 13 23 
0 14 23 
0 14 23 

000 
000 
000 
000 

NM2(fjl-2 4@20 
NM2Ql-3 4Q120 
NM2QL3 4Q120 
NM2Q2-1 4Q120 
NM2Q2-1 4Q120 
NM202-2 40120 

000 000 
000 000 
000 000 
000 000 
000 000 
000 000 
000 000 
000 000 
89 89 59 59 60 60 

NM202-2 46120 
NM2Q2-3 4Q120 
NM2Q2-3 4Q120 
NM2Q2-4 4Ql20 

2 2 030 030 
2 2 030 030 
2 2 030 030 

45880.641 
46000.641 
46018.637 46018.637 
46138.637 46138.637 
46150.637 46150.637 

46390.637 46390.637 

46402.637 46402.637 

2 2 030 030 
NM202-4 4@20 
NM2Dl-1 BEND 

45097.684 45097.684 8808.399 8808.399 2 2 030 030 0 0 14 14 23 23 
45109.676 8808.449 8808.449 2 2 030 030 0 13 23 

SAGITTA CORRECT 45109.676 45109.676 8808.464 8808.464 
45349.531 45349.531 8809.061 8809.061 
45349.531 8809.075 8809.075 
45361.520 8809.072 8809.072 
45361.520 8809.087 8809.087 
45601.375 8808.900 8808.900 
45601.375 8808.915 8808.915 
45613.367 8808.872 8808.872 

NM2Dl-1 BEND 
SAGITTA CORRECT 

NM2Dl-2 BEND 

2 2 030 030 

2 2 030 030 

039 039 

039 039 

89 89 59 59 60 60 

89 89 59 59 60 60 
SAGITTA CORRECT 

NM2Dl-2 BEND 
SAGITTA CORRECT 

NM2D2 BEND 

46642.633 46642.633 

46654.637 46654.637 

46894.633 46894.633 

2 2 030 030 O-8 O-8 5 5 89 89 59 59 60 60 

2 2 030 030 O-8 O-8 5 5 89 89 59 59 60 60 

2 2 030 030 O-16 O-16 51 89 89 59 59 60 60 
SAGITTA CORRECT 

NM2D2 BEND 
544.318 544.318 45613.367 45613.367 8808.884 8808.884 
552.728 552.728 45853.215 45853.215 8808.001 8808.001 
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NM2V-2 

NM2V-2 

NM2WC2 
NM2WC3 
NM2TGT 
NMSEC 
NMZDSW 
NM3 

SAGITTA CORRECT 
BEND 
SAGITTA CORRECT 
BEND 
SAGITTA CORRECT 
DRIFT 
DRIFT 
DRIFT 
DRIFT 
DRIFT 
DRIFT 

552.728 45853.215 8808.013 
46906.633 553.149 45865.203 8807.941 2 0 30 O-16 31 0 0 0 

553.119 45865.203 8807.941 
16936.633 554.200 35895.181 8807.793 2 0 30 O-16 51 0 0 0 

551.200 35895.181 8807.795 
46918.633 554.620 15907.176 8807.735 2 0 30 O-16 51 0 0 0 
47071.633 559.036 46033.OY-l 8807.118 2 030 O-16 51 0 0 0 
17098.633 559.877 46057.082 8807.001 2 0 30 O-16 51 0 0 0 
17098.633 559.877 46057.082 8807.001 2 0 30 000 000 
49760.114 653.157 48717.223 8807.011 2 030 002 000 
51809.211 724.956 50764.736 6807.037 2 0 30 001 000 

Beam Sheet Program Version used in this job: 

Machine: RDIVOl Version: RELEASE 

Source File Version 
BSHEET 910820.133716 
BSH 910820.133746 
TRM 910820.113955 
TRS 910524.113107 
TRIN 910820.113901 
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APPENDIX 2 

PRECLUDING DOWNSTREAM KTEV PRIMARY BEAM 
TRANSPORT 

This appendix describes in more detail the methods used in setting the 

interlock presented in Section 3.1.1 to prevent the primary beam at 800 GeV 

from exiting the KTeV Target Pile. The precise values of the current 

interlocks depend on the final configuration of the Primary Beam line, but 

the methodology presented here is applicable in case this should change. 

To prevent the beam from exiting the KTeV Target Pile, we specifically 

prevent an 800 GeV primary proton from entering the neutral beam aperture 

of NM2S2, the first major element downstream of the KTeV Target Pile. This 

will be done through current interlocks on NM2EU, NM2Q1, NM2Q2 and the 

AVB sys tern, and careful alignment and configuration control including 

position "RED TAGS" on NMlU and NM2EU magnet strings. 

The calculations for these interlocks were done to prevent a primary 

proton having the maximum possible deviation from the beam centerline 

from leaving NM2BD (the NM2 Beam Dump). The maximum allowed 

deviations from the primary beam centerline were determined by the 

positions and apertures of NMlU and NM2EU which act as fixed collimators 

to place a primary proton on the edge of the aperture of the Beam Dump. The 

horizontally sweeping NM2Sl magnet (the Target Sweeping Magnet) 

running at the nominal 5kG will not prevent beam from being horizontally 

steered into the neutral channel of the secondary beam, so the approach was 

to provide adequate protection by relying on the limits to vertical steering 

only. For a schematic of the apertures in NM1 and NM2 for the KTeV 

Primary Beam, see Figure A3.1 (this figure is present in Section 3.1.1 as Figure 

3.1.1). The figure includes the extreme cases which defined the above 

interlocks. An elevation view of the KTeV Target Hall components is given 

in Figure A3.2. This Figure includes the minimum nominal primary beam 

centerline, and the most extreme trajectory allowed by the collimators that a 
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beam particle can take in the NM2 Beam Dump aperture with the above 

proposed interlocks. 

The angle from the target to the lower aperture edge on the upstream 

face of the NM2 Beam Dump is -2 mrad, but to accommodate major 

accidental deviations in position and angle of incoming primary protons, we 

set the interlock on the AVB system to 1N~2Dr + 0.5*1~.~2~2 > 4630 amps, such 

that the primary beam is deflected by the AVB system to an angle of at least 

-4.0 mrad into the Beam Dump. This angle then defines the maximum 

excursion that a beam particle’s position and angle is allowed to have before it 

enters the Beam Dump aperture. Any such change to place it greater than 

0.512” above the primary beam centerline at the upstream face of the Beam 

Dump (20.3 feet from the target, 15 feet long) will place it into the aperture of 

the Beam Dump. Any trajectory change to put a +1.23” displacement to a 

particle at the downstream end of the Beam Dump would result in the proton 

exiting the dump through the aperture, entering the aperture of NM2S2, and 

possibly impacting in downstream enclosures. This trajectory will be 

precluded by the proposed interlocks. 

The change in vertical beam position and angle at the downstream end 

of the Beam Dump is influenced by quadrupole steering in NM2. The 

position change from the nominal trajectory can be written as a 

transformation of the position and angle of the beam particle from NM2EU to 

the downstream end of the dump: 

YD ump = R33YNM2 + R31?NM2 

Since the angle that a beam particle can take to get into the aperture of 

the Beam Dump ( y Dump) can be limited by the aperture of NM2Sl (yN&~sl), we 

can see if we need to limit the angle of the proton at NM2EU. We can then 

write: 

)iNM2 = 
YD ump - R-13YSM2 

R -1-l 
where: 

YDump = 
YNM2Sl- YDump 

36.45’ 
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with 36.45’ the distance between the upstream end of NM2Sl and the Beam 
Dump. 

We will use the NM2EU B2 dipole string as a collimator to limit y~,~12 

to be less than +1.5” from the nominal trajectory. As can be seen in Figure 

2.4.4, the beam at this point is expected to be about 0.6 cm at 1 sigma (0.557” 

full width at half maximum), giving ample of room for normal primary 

beam transport through the magnets. Within the upstream aperture limits of 

the Target Sweeping Magnet, yNM2S1 can be varied for given values of &3 and 

RJJ until we find the largest value of yDumP, as done in Figure A3..3. The 

corresponding maximum y Dump change is shown in Figure A3.4. This is the 

worst possible beam trajectory for this case of only controlling the 

configuration of NM2EU, NM2S1, and NM2BD. The values of R33 and R~J 

are found by varying the horizontal and vertical focal length of the NM2Ql- 

NM2Q2 quadrupole pair. We can change the currents of both magnets such 

that we vary the focal length of one plane and hold the focal length in the 

other plane constant, effectively decoupling the horizontal and vertical 

planes. 

Looking at Figure A3.3, we can see that the maximum possible position 

change is not within the 1.23” distance to the lower edge of the aperture if the 

angles are limited only by the apertures of NM2EU and the Target Sweeping 

Magnet. Also, since the Primary Collimator is moveable in the vertical plane, 

it cannot be used as a trajectory-limiting aperture for safety purposes. NM2S3 

would be the next downstream device that could be used to limit the primary 

beam trajectory. The trajectory of the beam passing through its aperture from 

the upstream end of the Target Pile will need to have a position change of 

more than +1.96” at the downstream of the NM2 Beam Dump, and an angle 

change more than +2.42 mrad, to allow it into NM3. As can be seen in 

Figures A3.2 and A3.3, the ranges for this case would allow this to happen. 

This possibility will be prevented by including current interlocks and the 

position “RED TAGS” on NM2 elements. 

We also need to limit the angle of the beam entering the NM2 

quadrupoles such that we can prevent beam from entering the aperture of 

NM2S2. The angle of the proton downstream of NM2EU will change due to 
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current changes in the magnet current in NM2 and position changes at NM1 

relative to position changes in NM2. We can write: 

jTNM2 = IjNMZMag + hM1- hdL 

where L is the distance between the limiting aperture in NM1 and the 
limiting aperture in NM2. 

We can change the angle due to magnet current changes in NM2 

(~,M,M,~) through NM2V and NM2EU. Due to tuning requirements in the 

beam line, we need to have as much freedom as possible in changing the 

current in NM2V, a 4-4-30 trim with a maximum angle change kO.14 mrad. If 

we interlock the NM2EU current such that it can vary *68 amps from the 

nominal value, the most that yNM2,&,tag can change due to the change of 

NM2EU current is f0.060 mrad. Therefore, the most that yNM2Mag can change 

due to magnet current changes in NM2 is kO.20 mrad. 

We can also use the NMlU dipole string as a f1.5” collimator to limit 

the vertical position changes in NM1 (YNM~) to be less than f2” (kl.5” vertical 

aperture with a f0.5” alignment tolerance included), defining L=440’ (13.4 

cm/mrad). The magnets’ tolerances of f0.5” in the vertical position relative 

to NM2EU provides an included safety margin of 0.10” in the beam deviation 

from the nominal path at the downstream end of the Beam Dump. The use 

of NMlU and NM2EU as limiting apertures will require that the positions of 

these magnets must be "RED TAGGED", movable only though explicit 

instruction of the Radiation Safety Officer and Beam Line Physicist. 

Then, for given values of R33 and R34, we can vary yNM2, yN~1, and 

yNM2~~g within the allowable limits until we find the largest value of yD”mp. 

This is the worst possible beam trajectory for this case with the proposed 

interlocks listed at the beginning of this section. Again, the values of R33 and 

R34 are found by varying the horizontal and vertical focal length of the 

NM2Ql-NM2Q2 quadrupole pair. 

We can set the current limits on NM2Ql and NM2Q2 by looking at the 

maximum position displacement for a primary proton at the end of the NM2 

Beam Dump as a function of the inverse of the quadrupole pair’s focal length 

(R43 transfer matrix element) in the vertical plane, taking into account 
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displacement due to the bending magnets mentioned above. Using the 

distance to the aperture (1.23”) as the limit that we will allow the particle to 

travel, we set the quadrupoles’ current limits as a linear combination of the 

two quadrupole string currents. Appropriate limits are set as shown on 

Figure A3.5, a plot of NM2Q2 field current vs. NM2Ql field current for 

different vertical and horizontal inverse focal lengths. 

The limits shown in Figure A3.5 are 0.217*1~~2~1 + 1~~2~2 = -2.95 * 

0.45 kG/in @ 800 GeV (-567 f 86 amps), where the -2.50 kG/in @ 800 GeV 

value is the upper limit on the R21 and &3 matrix element, and the -3.40 

kG/in @ 800 GeV value is the lower limit. Placing a limit on the NM2Ql 

power supply will prevent the proton from being directed into the aperture 

through quadrupole steering at high currents. The vertical dashed line 

shown in Figure A3.5 limiting INM2Ql is at 5.0 kG/in 0 800 GeV, or 1011 

amps. Figure A3.6 shows these limits on a plot of maximum beam position 

change at the downstream end of the Beam Dump vs. the inverse vertical 

focal length (R43) at different horizontal focal lengths (R21). The expected 

operating settings are at R21 = -0.217 mrad/cm and &3 = -0.557 mrad/cm, we11 

within the allowed range shown on this graph. 

The extreme position changes allowed with these interlocks are shown 

on Figures A3.1 and A3.2. Extrapolating the rays to the downstream end of 

NM2S3, we find that the maximum deviation allowed is 1.273” below the 

neutral beam centerline at that point. Since the magnet’s vertical aperture is 

10.787”, this puts the maximum position change 0.486” below the lower 

limiting aperture. This gives a 0.486” safety margin at the end of NM2S3 to 

prevent primary protons from impacting in NM3 and the KTeV 

Experimental Hall. 

Beam pulses in which the beam activates the critical devices for that 

part of the beam line due to intensity or magnet interlock trips during a beam 

spill may occur as accident pulses. In the case of KTeV, the primary critical 

device protecting the beam line is MuLam, and the secondary device are the 

MuBends. We can safely say that the beam is lost in NMlU once the MuLam 

is below 4% of its set-to value, or 7.14 milliseconds using a time constant for 
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MuLam of 0.175 seconds. MuLam splits the beam horizontally, so its tripping 

off has no bearing on the interlock system outlined above. However, if the 

trip is due to a magnet interlock outlined above, the time it takes to lose the 

beam upstream of NM2 does have a bearing on the safety of the system. 

If NM2EU trips off, the beam will take a lower and more westward 

trajectory than nominal, putting the Primary beam lower at the Beam Dump. 

If NM2Ql or NM2Q2 trip off, the magnet will be at 99.7”/0 of the value it was 

running at before the trip when the beam is lost due to MuLam, using a time 

constant for the 4Q120s of 2.04 seconds. As can be seen in Figure A3.2, the 

primary beam may enter the aperture of NM2S2, but it will not exit the 

aperture of NM2S3 in this accident case. 

If one of the magnet strings in the AVB system trip off, the beam will 

take a more upward trajectory while the magnet field is decaying. With the 

B2 magnets having a time constant of 0.75 seconds, in the 0.00714 seconds it 

will take for the beam to be lost upstream, the AVB system will bend 0.95% 

less than before the trip, which corresponds to a maximum upwardly angle 

change in the beam of 75 grads. At the downstream end of NM2S3, this is 

0.134”. Since the safety margin at this point for the shallowest allowed beam 

is 0.486”, the beam will not enter the neutral beam line aperture. 

Primary beam must not be transported through the neutral beam 

channel into the KTeV experimental hall since it is designed only to accept 

secondary beam of much lower energy and intensity. In addition beam line 

elements downstream of the targeting station within NM2 are not set to 

transport 800 GeV particles. Because of this, the introduction of primary 

beam into the neutral beam channel could result in higher than normal 

losses downstream of the targeting station. This could cause significant 

residual radiation dose rates, contamination, and increased air activation. 

Routine maintenance and unscheduled repairs would be more difficult. The 

goal to insure that the 800 GeV primary beam is confined to the well-shielded 

target station has been achieved in selecting the interlocks described in 

Section 3.1.1. 
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KTeV Target Hall Beam Dump System Apertures 
Elevation view 

Most Extreme Allowable Pnmary Proton 
\ -0 9E! mradtans Nwlral Cenlerl~ne 

0 665 n 0 787 

\ 
\ 

. 

Figure A3.2: KTeV Target Hall Beam Dump Svstem Anertures in the Elevation View. The 
KTeV Target Pile contains the NM2 Target, NM2S1, and NM2BD, with the upstream edge 
defined by the Target, and the downstream edge defined by the Beam Dump. This Figure also 
shows the minimum nominal primary beam path and the most extreme primary beam trajectory 
allowed by the interlocks described in the text. 
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Maximum Beam Position Change at Downstream of NM2BD 

for Any Beam Particle Trajectory vs R43 
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Fipure A3.3: Maximum Beam Position Chance at Downstream of NMZBD for Anv Primarv 
Beam Particle Traiectorv vs. R43: The dashed line signifies the farthest upward position 
change that a primary proton c& have and still impact on the Beam Dump. The multiple lines 
show the result for various R21, ranging from -0.050 mrad/cm along the upper track, and -0.50 
mrad/cm along the lower track. The positions are limited only by the aperture restrictions on 
NM2EU, NM2S1, and NM2BD (see text). 

268 



Maximum Angle Change at Downstream of NMZBD Maximum Angle Change at Downstream of NMZBD 

for Any Particle Trajectory vs R43 for Any Particle Trajectory vs R43 
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Figure A3.4: Maximum Beam Angle Change at Downstream of NM2BD for Anv Primarv Beam 
Particle Traiectorv vs. R43- The multiple lines show the result for various R21, ranging from 
-0.050 mrad/cm along the upper track, and -0.50 mrad/cm along the lower track. The dashed 
line indicates the limit of a maximum 2.42 mrad angle change. The angles are limited only by 
the aperture restrictions on NM2EU, NM2S1, and NM2BD (see text). 

NM2Q2 Field vs. NM2Ql Field (with Limits) 

Fz21 = -0.05 

2 3 4 

NM2Ql Field (kG/in Q 800 GeV) 

5 6 

FiEure A3.5: NM202 Field vs. NM201 Field (with Limits). Diagonal lines show limits at 
0.217*1~~2~1 + 1~~2~2 = -2.95 + 0.45 kG/in @ 800 GeV (-567 * 86 amps). The dashed line is 
the current limit on NM2Ql at 5.0 kG/in 8 800 GeV (1011 amps). The R2L and R43 values shown 
are in mrad/cm. 
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Maximum Beam Position Change at Downstream NMZBD vs R43 
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FiPure A3.6: Maximum Beam Position Change at Downstream of NM2 Beam Dumu vs. F& The 
1.23” line signifies the farthest upward position change that a primary proton beam can travel 
and still impact on the Beam Dump. The upper and lower limits correspond to the limits on 
Figure A3.5, and the dashed line corresponds to the dashed line on Figure A3.5, showing the 
current limit on NM2Ql. The R21 values shown are in mrad/cm. 
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