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ABSTRACT @?

Gas Delivery System and Beamline Studies for the
Test Beam Facility of the Collider Detector at Fermilab. (December 1987)
Henry Gerhart Franke III, B.S., Texas A&M University R

Chairman of Advisory Committee: Dr. Thomas Meyer R

|,7'1
A

7’

A fixed-target test beam facility has been designed and constructed at the

S

4 S

Meson Test (MT) site to support studies of components of the Collider Detector

LY

at Fermi National Accelerator Laboratory (CDF). I assisted in the design and

N
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- construction of the test beam facility gas delivery system, and I conducted the
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initial studies to document the ability of the MT beamline to meet the needs of
CDF. Analysis of the preliminary performance data on MT beamline components 0

o and beam tunes at required particle energies is presented. Preliminary studies show N

that the MT beamline has the necessary flexibility to satisfy most CDF requirements e
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CHAPTER 1

INTRODUCTION

The Collider Detector at Fermilab (CDF) gives physicists the ability for the
first time to explore the realm of high energy proton-antiproton colliding beam
physics beyond center-of-mass energies of 1 TeV. The CDF is a unique spectrometer
designed specifically to study the interactions of particles at these energies. It is
the product of many years of work by a large collaborative effort of physicists
and technicians from accelerator laboratories and universities in this country and
overseas.

In order to make use of the data from CDF taken during collision runs of the
accelerator at Fermilab, the detector itself must be fully understood first. The
process of analyzing the detector and its components is a massive undertaking.
requiring dedicated resources and personnel. The majority of testing is carried out
by removing detector components from the collision hall and then studying their
response in fixed-target test beam facilities.

The most recent test beam facility developed for CDF is located at the Meson
Test (MT) site; it must include the necessary computing and data acquisition
electronics, gas supply system, and component support fixtures in order to recreate
the environment of the collision hall as closely as possible. The fixed-target beamline
itself must provide particle beams which can support the needs of CDF to properly
study detector components.

My responsibilities in making the CDF test beam facility at Meson Test a reality

fell into two areas: (1) to assist in the design and construction of the test beam

Style and format conform to Reviews of Modern Physics.
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facility gas delivery system, and (2) to conduct preliminary studies to understand
and document the operation of the MT beamline and its components.

The MT test beam facility will be used by CDF during the next several
vears to continue the study of the detector. The gas delivery system must have
enough inherent flexibility to allow it to support a variety of components undergoing
different tests. Besides providing assistance in the general design of the gas delivery
system, I reproduced the CDF gas quality monitoring system for use in the test
beam facility, and I built the gas supply components mounted at the forward fixture,
which supports Texas A&M University's forward hadron calorimeter.

The MT beamline was designed through computer analysis using standard
beamline analysis programs. Because the MT beamline was only recently installed,
the results of these programs constituted the only data on beamline performance,
with no experimental studies to determine actual performance. I carried out
preliminary beamline studies to determine the necessary tunes to produce particle
beams of required energies and to document the ability of the beamline to meet
CDF requirements. The following tasks were established, with the understanding
that available time and equipment would limit detailed study:

(1) Establish the CDF Experimental Areas test heam computer account
necessary to carry out beamline control and analysis. This account would be used
in the future by CDF personnel during actual fixed-target runs.

(2) Determine the optimum tunes and production rates for the secondary 245,
160. and 80 GeV hadron beams transported to the CDF target area.

(3) Develop tunes and determine production rates for a spectrum of energies for
secondary hadron transport (10 to 245 GeV) and for tertiary hadron and electron

transport (10 to 200 GeV') to the CDF target area.
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(4) Determine beamline collimator effectiveness. :ﬁ\i
(5) Map out pertinent transfer matrix elements which characr r.- -l trans- S
. ‘
o,
. . Y,
port characteristics of the MT beamline. R
¥ D A
' . . . ALY
: (6) Determine beam profiles at the target for the primary tunes. -:.‘\"
. ¢
(7) Plateau the various particle detectors in the beamline, as necessary. g
h Al
oy
(8) Determine the hadron. electron. and muon composition of the beam for ::’_:.
A
certain tunes. ';:_::
(9) Document the operational capabilities of the threshold Cerenkov counter N
[} A t
! <. . . . . R
and the synchrotron radiation detector as electron tagging cevices in the beamline. T
‘e
NN,
‘ (This task could not be carried out since these devices and necessary test equipment DAY
) }-ﬁh
were not available.) roe
~
ARG,
(10} Produce a resource document on the MT beamline to be used by CDF e
. . ‘ o
personnel and containing the results of objectives (1) through (9) listed above. NN
o
Chapters VI, VII, and VIII, as well as Appendices C and D, would serve as this N7
':vr::-(_“
reference. A
o
. . . . . -"j-“.
To provide background information on the Collider Detector at Fermilab and S
[ Rl
.- | J
to present the results of my work on the CDF test beam facility at the Meson Test N
o
. . . . . . . . . e
site. this thesis has been organized into nine chapters. Following this Introduction, :_-v::.
NN
Chapter II provides an overview of the Collider Detector by summarizing pertinent ‘;.. -
documentation on CDF. Chapter III presents principles of the gas calorimetry in oy
-
AN
CDF and summarizes the results of studies conducted by Texas A&M University ,'-:.
NS
researchers on the forward/backward hadron calorimeters. which were constructed QN
y for CDF by the university's High Energy Physics Gronp. Background information o
PAC A
e
’ on the CDF test beam facility at the Meson Test site is included in Chapter IV. R
S
PN
Chapter V discusses the details of the CDF test ..eam gas delivery system aud its ey
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final design configuration (the first research objective). Chapters VI, VII, and VIII
include the results of my preliminary beamline studies and analysis of beamline
components, with Chapter VI presenting an overview of the MT beamline and
its design. Chapter VII describing the b. .liv= components, and Chapter VIII
providing the results of beam tuning, beam int ~usity studies, and updated computer
analysis (the second research objective). Chapter .  nncludes the thesis with a

summary of research results.

|4
kS

R XA AR X
o
.'Ixf\{ -;'I'.f

%]
PN

.,
hY

)

,.._-..
Y
»

\'{\'f\-
Ry

el

.
R Y

h
)

~
AR

v

»
4 s

LR R T

S
7
LN Y Y

.‘.'..l"l-_l—
BRI N Y
-‘ a‘ I. n‘ -. i..

[ 9

4

7.7
o

2P
§ % 5
L4

L&
".;a

Y YR
oy oy 48, "
) s, VYN

2

e




2Ty

%

8

- L]
* 172"

4 A“'n'

L LN

NS

Yy

(e}

CHAPTER 1I

OVERVIEW OF THE COLLIDER DETECTOR AT FERMILAB

A.  The Collider Detector at Fermilab

The Collider Detector at Fermilab (CDF} is located at the Feriui National
Accelerator Laboratory in Batavia. IL. CDF is a large multipurpose spectrometer
installed in the BO straight section of the Tevatron main accelerating superconduct-
g ring and is designed to study proton-antiproton (pp) colliding-beam physics at
2 TeV center-of-mass energy.! It is in this energy domain that particles with masses
in the range of 150 to 500 GeV/c? and jets with momentum transfers of 100 to
400 GeV can be uniquely investigated.? The current CDF collaboration is listed in
Appendix A.

An i1sometric view of the detector 15 shown in Figure 1. The CDF detector
1s made up of three major assemblies: the central detector, which can be moved
mntact from the collision hall. and the symmetric forward and backward detectors.

The detector covers nearly the entire solid angle about the interaction region. with

complete 3607 coverage in the azimuthal angle ¢ and coverage from 2 1o 178 in
the polar angle 8. The central assembly covers the angular region 10 #1700 .
while the forward a o “ackward assemblies cover the ranges 2 - # . 10 and

170 - A 178 [respec -,
In high transverse momentumm (p,) reactions. the natural coordinates for
deseribing particle kinematies 1 hadron colliders are the pseudorapidity )
Intan# 2. the azimuthal angle ¢, and the transverse mowmentum p,.* The density
of particles in typical welastic collisions is basically uniformn i ) o phase <pace *

CDF detector components fall under the headings of small angle counters, the
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magnet, tracking, calorimetry, and muon detectors.® An elevation side view of one-
half of the detector is shown in Figure 2, with major components labeled. The CDF
detector is symmetric about the interaction point: for convenience in identifying
components, each “half” of the detector is broken up into four regious: central.

endwall. endplug. and forward.

B. Small Angle Counters

Small angle counters include scintillator beam-beam trigger counters and for-
ward silicon microstrip detectors. The Beam-Beam Counters are a scintillator ho-
doscope surrounding the beampipe directly in front of the Forward Electromagnetic
Calorimeters. They are used in the lowest level triggering, provide precise timing
signals, and can measure the z position of the interaction vertex. The Forward
Silicon Detectors are inside the beampipe at positions from 6 to 55 m from the
detector center; they detect very small angle diffractive and elastic scattering and

determine accelerator luminosity.

C. The Maguet

The CDF detector is built around a superconducting solenod magnet which 1s
3 min diameter and 5 m long and which produces a uniform magnetic field of 1.5 T
coaxial with the beam direction. The iron in the endplug and endwall calornnetry
along with the magnet’s return voke (which also provides the structural support
for the central assembly) formn the return path for the central solenoid magnene
field. Ounlv a small part of the flux 15 returned through the central calonmetry
iron. Together with the enclosed drift chambers the magnet is used to deternuune

the trajectories, the sign of the electnie charge. and momenta of charged particles
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produced with polar angles 10° < 8 < 170". Momentum resolution at 50 GeV' ¢ is
Ap, pr = 0.002 p, (in GeV/ ¢) for polar angles greater than 40° but deteriorates to

no less than 0.15 p, with smaller polar angles.

D. Tracking

The CDF's tracking and calorimetry cover roughly + 4 units in pseudorapidity
n and 27 in azimuthal angle ¢. The four systems which make up tracking are the
Vertex Time Projection Chamber. the Central Tracking Chamber. the Central Drift
Tubes. and the Forward Tracking Chamber. These tracking systems allow for the
visual reconstruction of charged particle tracks over the full coverage of the CDF
calorimetry.

The Vertex Time Projection Chawmber (VTPC) i1s the mmnermost tracking
systemr and surrounds the beampipe. It provides good r-z tracking ability and
1> sensitive to particles with polar angles greater than 3°. The principal roles of
the VTPC are to record the occurrence of multiple events and to provide three-
diensional information about general event topology for use in pattern recognition
by the calornmetry and the Central Tracking Chamber.

The Central Tracking Chamber (FTC) 1s a large axial wire dnift chamber
surronnding the VTPC. Innermost layers cover the region # - 14 : outermost layers
cover # - 40

At the outer edge of the CTC are the Central Drift Tubes (CDT). an array
of axial dnft tubes which use charge division to simultaneously measure r. ¢, and
2. The CDT mformation is used a~ a “seed” in track reconstruction in the central
rediog.

The Forward Tracking Chamber (CTC) completes the tracking coverage by
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covering the region 2° < 8 < 10°. It is a radial wire drift chamber which resides
in the annulus between the beampipe and the endplug calorimeters and determines
the azimuthal coordinate ¢ of particles passing through the holes in the magnet’s

endplugs.

E. Calonmetry

The calorimetry i1s characterized by projective tower structure, good granu-
larity, and good energy resolution.® The intent was to insure particle detection
and identification and energy measurement. The calorimeters are all of the sam-
pling type and are either electromagnetic {EM) shower counters or hadron calorime-
ters. Calorimetry cousists of seven systems: central EM calorimeters (CEM). cen-
tral hadron calorimeters (CHA). endwall hadron calorimeters (EHA). endplug EM
calorimeters (PEM). endplug hadron calorimeters (PHA), forward,/backward EM
calortmeters (FEM), and forward 'backward hadron calorimeters (FHA). Calorime-
ter properties are summarized in Table 1.

The angular coverage of the calorimetersis 27 in the azimuthal angle ¢ and from

4.2 to + 4.2 units in pseudorapidity 7, except that the forward hadron calorimeter
has incomplete n-coverage in the intervals of - 4.2 < 5 < - 3.6 and 3.6 < n - 4.2
As mentioned earlier, expressed in 6 this coverage 1s 2 < A < 178

Calorineters are arranged with a “front™ part made up of EM shower counters
followed by a “back”™ part of hadron calorimeters. The EM and hadron calorimeters
use lead and steel. respectively. for radiators. The sampling medinm 1s seintillator
in the central region (central and endwall calorimeters). where polar angles #
are greater than 30°. Wavelength shifters and phototubes are used for readout.

Scintillation plastic was chosen for its good energy resolution. For swmaller polar
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angles 8 forward of 30° (endplug and forward calorimeters), gas proportional
chambers with strip readout of resistive cathode pads and anode wire bunches are
used. chosen because of economy. resistance to radiation damage. and flexibility of
geumetry.4

All calorimeters are divided into cells so that they have a projective tower
geometry covering each element of solid angle. The CDF calorimetry is segmented
into about 5000 of these towers or solid angle elements. When viewed from the
nominal beam-beam interaction point, each tower of each calorimeter subtends a
solid angle of roughly constant 1 and ¢. Figure 3 illustrates this tower geometry in
the endplug calorimeters. This tower segmentation corresponds to rectangles in 7-¢
phase space and makes use of the prediction of roughly constant particle and jet
density in all towers of the calorimetry. Tower geometry allows for an unambiguous
spatial localization of the energy deposition within the calorimeters.? Figure 4 shows
the grid of hadron calorimeter towers in one quadrant of the detector. together with
system boundaries (often termed “cracks”). The grid of EM calorimeter towers is
essentially the same.

The grids in 5)-¢ space are chosen small enough to insure good granularity.
Partons (quarks and gluons) are characterized by the production of hadron jets.
The granularity, or tower dimensions in the phase space. 1s chosen to resolve these
jets without attempting the extreme task of being able to measure rehably every
particle within the jet. A typical high p, jet will form a circular pattern in 7-¢ space
with a diameter of roughly 1 unit in 7:® the calorimeter towers are approximately
0.1 units in 1 over the entire range from —4.2 to 4.2 and between 5 and 15° 1n
¢. The ¢ divisions are 5 in the central region where 8 > 30° (central and endwall

calorimeters) and 15° in the forward region (endplug and forward calorinieters).
plug
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Calorimeters are especially suited to higher-energy collider machines since the
energy resolution AE/F of most calorimeters varies with energy as 1/VE. As

energies increase, resolution improves.

F. Muon Detectors

Muon detectors include the Central Muon Detector and the Forward Muon De-
tector. The Central Muon Detector lies outside the central hadron calorimeter and
provides muon detection over the range 55° < 8 < 125°. The Forward/Backward
Muon Detectors each consist of two large magnetized steel toroids 7.6 min diameter
and 1 m thick. These toroids rest directly behind the forward hadron calorimeter
and are instrumented with drift chambers. Each toroid has four coils which generate
a 1.8 T field in the steel for momentum analysis of muons. These detectors cover
the ranges of 2° < 6 < 17° and 163° < § < 178°, respectively. Currently there are
gaps in muon coverage for 2° < § < 55° and 125° < 6 < 163°. Additional muon

detectors to cover these ranges will be part of a future upgrade of CDF.

G. What the Particles Produced See

After leaving the vacuum chamber. particles produced by pp collisions in the
angular region covered by the central assembly pass in sequence through: (1) a drift
chamber tracking system which measures charged particle momenta in the 1.5 T
magnetic field of the solenoid magnet. (2) less than 1 radiation length of material
either from the solenoid coil and cryostat or the end plate of the drift chambers,
(3) about 20 radiation lengths of highly segmented EM shower counters, (4) about
5 absorption lengths of highly segmented hadron calorimeters, and (5) tracking

chambers for muon identification. Over a restricted angular region of the central
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assembly. the magnet return yoke will provide additional material in the path of

particles, improving muon identification.

7R

Particles produced in the forward or backward direction at angles between 2°

F L

and 10" to the beamline pass through holes in the endplugs of the magnet and enter

3 either the forward or backward assembly. The directions of charged particles are
LY

measured by drift chambers in the front part of the assemblyv. Following this. the
= : .
..-; particles then enter a segmented EM shower counter ind then a hadron calorimeter.
. Finally, on the end of the assembly are two sets of magnetized iron toroids and drift
~
)
& chambers which provide momentum analysis for muons produced in the angular
e ranges 2° < 8 < 17° (forward) and 163° < 6 < 178° (backward).
]
N H. Data Acquisition System
. There are about 75,000 electronics channels of detector information situated in

about 1350 electronics crates mounted on the detector on or near the respective
~
W] components. A clock which is synchronized to the accelerator radio frequency
P svstem delivers tinung signals to the electronics. The front-end electronics are
) different depending on whether the information is from a calorimeter or from a
o tracking chamber.
'J.

The information processed by the front-end electronics is passed to a

. v . . . .
" FASTBUS-based system in the CDF counting room.' This system performs addi-
. tional processing on the information, generates triggers, and formats the information
o
> a , .. .
) for transfer to VAX minicomputers and eventually the storage medium.
”e . : .
N The redundant analog-based bus information transfer (RABBIT) system 15
‘.l

used for readout of the calorimeters. The RABBIT system is designed for use in a
iy

high-rate environment. Charge sensitive amplifiers and sample-and-hold capacitors
2]
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in individual RABBIT modules store data taken before and after an event. The
differences between these two are the voltages which are multiplexed over the analog
bus of each RABBIT crate and are digitized by a 16-bit Analog to Digital Converter
(ADC) slotted in the crate. The integration times currently used for calorimeter
signals are relatively long. about 0.6 psee for the scintillator phototube signals
and about 1.6 usec for the proportional chamber pad signals (some of which have
large source capacitances of up to 100 nF).* Amplifier gain shifts of up to 15%
are observed for the channels connected to the largest source capacitances. An
on-card calibration system i~ used to measure the overall electronics gain, so that
such effects can be corrected for during data processing. The rms electronics noise
on an individual channel is equivalent to about 0.3 GeV of energy deposition in a
calorimeter tower, compared to the full scale set at about 400 GeV.

The readout of the tracking chambers is significantly different. The analog
signals from these chambers are passed to conventional pulse amplifier-shaper-
discriminator modules. Shaped pulses are then transnutted to Time to Digital

Converters (TDCs) in FASTBUS crates in the CDF counting room.

I. Trigger

The CDF trigger is a three-level decision making process. designed to reduce
the basic interaction rate of 70.000 Hz expected at a luminosity of 103 em “see !
to a few Hz written to tape.”

The level 1 decision is made hetween beam crossings (less than 3.5 psee) to
accept or reject the event for digitization. The goal of level 1 15 to reduce the

trigger rate to less than about 5000 events/sec in order to limit the deadtime due to

level 2. This trigger is derived from fast analog signals provided by the caloreter
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front-end electronics and which represent the energy deposition in the calorimeters.
Other ingredients can be introduced to the level 1 decision requirements.

The level 2 decision typically requires about 10 jsec and sometimes louger for
interesting events. During this time the detector is dead and the data iu the front-
end electronics 1s held on sample-and-hold capacitors or in shift registers awaiting
the final decision. Level 2 looks for pattern of energy deposition. high p, tracks
associated with muon hits, nussing p,, and other similar imputs.

The level 3 trigger is a microprocessor-based system that has access to all the
digitized data from the event and can do at least partial event reconstruction. A
network of approximately 100 microprocessors running in parallel is planned; each
microprocessor will work on a different event and will have about one second for
each event if the rate of events passing level 2 is about 100 events sec. If the
microprocessor accepts the event, the event data is uploaded to the VAX for output

on a storage medium.

J. Initial Runs at CDF

The first beam-beam run for the CDF detector was the systems
test ‘engineering run conducted in Oct 1985. The available detector components
were the Beam-Beam Counters, the Vertex Timme Projection Chambers, the Central
Muon Detector, and the central and endwall calorimeters. The data acquisition
system necessary to support the calibration and readout of these components was
operational, as was the level 1 trigger. Collisions with a center-of-mass energy of
1.6 TeV were observed. with lurninosities in the range of 10°° to 10** em *sec ).

The first physics run with the CDF detector took place from Jan to May 1987.

The detector was tested and comuussioned during the period trom 1 Jan to 1 Mar,
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and the major data-taking part of the run was conducted between 1 Mar and 10
May. The detector was virtually complete in all it~ svstems. and 30 nh ' of data
was collected on tape. with a data loggiug rate of about 1 Heoas expected. Peak

lutinosity of beam was about 1.5 - 10°" e “see 1
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CHAPTER 111

CDF GAS CALORIMETRY
AND THE FORWARD BACKWARD HADRON CALORIMETERS

A Iutroduction

Texas A&LM UVwiversity's participation i the CDF collaboration has anelinded
the design. construction. and testing of the forward bachward hadron calorimeters
'FHA 1 as part of the forward hackward spectrometer assemblies.” The FHA 1
representative of the gas calonmetry in CDF which will be studied in the new CDF
test beam facility beginming in Fall 1987,

Conceptually. a calorimeter 15 a block of matter which intercepts the prumary
logh-energy particle and 15 of sufficient length to cause 1t to teract and deposit
all 1*~ energy inside the detector volume 1n a subsequent cascade or “<hiower”
of increasingly lower energy particles. Eventually most of the wncident energyv s
dissipated and appears in the form of heat. Some (usually a very small) fraction
of the deposited energy goes into the production of a more useful signal (e .
seintillation light. Cerenkov light. or ionization charge) which is proportional to the
mitial energy. In prinaiple. the uncertanty in the energy measurement 1s governed
by statistical Huctuations in the shower development. and the fracnional resolution
AF F nnproves with increasing energy E as 1 \ E.

Calorimetric detectors offer many attractive capabilities 1 high-energy physies
experiinents in addition to their energy response:” (1) they are sensitive to neutral
as well as charged particles. (2} the size of the detector scales loganthnucally with

particle energy E for a given relative momentum resolution Ap p iwhereas. for

exainple. magnetic spectrometer size scales with \ P)o(3) with segmented detectors.
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imformation on the shower development allows precise weasurement of position aud
angle of the incident particle, (4 the differences 1 response to electrons, wmons,
and hadrons can be used 1n particle identification. (51 their fast time response allow-
operation at lugh particle rates. and (6 the pattern of energy deposition can he
used for real tine event <election

The best availlable technology for observing multi-jet structure an events 1s

'Tu order to separate electrons from hadrons, two types

sampling calormnetry,
of calonmeters are 1ustalled 1n CDF. EN shower counters using relatively high
Z wmatenals are placed 1n front of hadron calonmeters emploviug much longer

mteraction lengths. As discussed earlier. nou-overiapping projective tower geometry

1~ u~ed in all CDF calorimeters.

B Gas Calomnetry i CDF

Gas calonmerry sy CDF as based on multy wire proportional chambers, whach
operate 1n the proportional gas amplification region of the gas gam-voltage enrve
rsee Frgure 510 Gas amplification occurs when a numimum tonizing particle loses
energy through collisions with molecules of the gas in the chamber (about 30
e\ per colhsiont. producing electron positive 1ou pairs along its path. High
voltage differences between anode wires and cathode pads in the chamber create
electrostanie fields which cause these 1on pairs to separate. The free electrons
produce an avalanche as cach primary electron travels i regons of mereasingly
bngh electrostatie felds towards the anode wires, zaiming energy and wteracting
with the till cas wolecules. Tu the proportional operating region. the ontput eurrent

awnals from a calornneter are directly proportional to the energy of the nutial

i wmang particles assunung all its energy s deposited m the calonmeter.
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CDF gas calorimetry utilizes a 50 argon (Ar)/50%% ethane {C,Hgy) gas mixture
with small additions of isopropyl alcohol (C3H;OH). Argon i1s the basic ionization
gas used for gas amplification: noble gases experience amplification at much lower
fields thau more complex molecules. However, excited noble gas atoms produced
dunmn the avalanche process return to the ground state only through the radiative
process. and the minimum energy of enutted photons (11.6 eV for argon) is well
above the jonization potential for any metal making up the cathode (7.7 eV for
copper. for example). Photoelectrons thus can be extracted from the cathode.
which then can initiate a new avalanche very soon after the primary one. Argon ions
migrate to the cathode and are neutralized by extracting an electron; the balance
of the remaining energy 1s either radiated as a photon or is used up in secondary
enssion (extraction of another electron from the metal surface), also resulting in a
spurious avalanche. Even at moderate gains of 10° to 10*, these processes induce a
permanent discharge reginie.”

Polyatomic molecules, particularly ones with more than four atows. can absorb
photons in a wide energy range due to their large numbers of non-radiative excited
states (rotational and wvibrational). Most hydrocarbons and alcohols cover the
ranges which include the energy of photons emitted by argon. including ethane.
Ethane 15 thus used as a quenching gas to suppress photoelectrons and electrons
from secondary emission. allowing gains in excess of 105,

Following the 1onization process molecular recombination produces liquid or
~olid polymers which will deposit on cathode and anode, eventually modifving the
operation of the counter. This 1s referred to as aging of the counter.!” Ethane
i~ a polvmerizing quencher, but non-polymerizing quenchers (such as alcohols,

aldehyvdes. and acetates) which strongly suppress the aging process have such
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low vapor pressures compared with hydrocarbons so as to make them inefficient Ny

quenchers by themselves. For example. 1sopropyl alcohol has a vapor pressure of 30

s |
Ah

38

. .. .. "
2 Torr at 20° C. Fortunately. addition of even small amounts of a non-polymerizing e
> '-" |
. S . . -
*- quencher with an ionization potential below those of the other constituents of the N
)
” gas mizture will result in the production of non-polvinerized species at the cathode =
o) oy
due to ion exchange mechanisms. Isopropyvl alcohol, with an 1onization potential of N
; Dl
-, ..‘~|
o 10.1 eV. 15 the predonunant quencher used in CDF gas calorimetry. e
. Use of a single inorganic quenching gas such as carbon dioxide (CO2) would o
- Y
h.. . . . . . RS I\-
- also avoid the aging process., but Ar/CO, nuxtures tend to display instability of N
111 ‘S
. N
» . . . . . J !
v operation at the high gains necessary in the gas calorimetry at CDF.!! However. ,.;
. . . @,
these gas nuxtures are used in the tracking chambers at CDF. K
- : o
- . . o ) ot
- Continuous gas flow is maintained through calorimeter chambers for two o
o
. reasons. First. the quenching gas molecules are quickly “used up” at high particle o
| | o | "o
rates because the excited molecules require a relatively long time to return to the I
L]
rJ L
- ground state, so that they must be flushed out and replaced. Second. chambers Y,
.. A
™
tend to have large surface areas where gas leaks are common as a result of the N

construction techniques used. S
A
roe
el
C.  Mounitoring of Gas Gain o
®
N o
Y . . Lo . . . .
-~ Gas gain is extremely seusitive to even small fluctuations in high voltage.
e pressure, temperature. and gas nuxture composition. A 10"¢ change in gas gain
N
o : . .
i~ observed for a high voltage change of 10 V' (when 17— 2000V ), a pressure change
N of 170 (pressure in Torr). a temperatui» change of 170 (temperature in A, or a
1" change in gas mixture composition.
o'y
‘e
' Several steps are taken to control and monitor gas gain changes. The chambers
,‘
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of a given sector are all operated at the same high voltage. Changes in gas gain due
to variations in pressure, temperature, or gas composition are tracked by calibrated
monitor tubes (commonly called “Bensinger tubes™ at CDF). Monitor tubes are
placed on the detector at the gas input and output of all gas calorimeters. Gain
changes of 25 over a 24-hour period have been recorded when a pressure front
moves through Fermilab. but different monitor tubes show the same gain change to
within 2% . Through test beam data it is hoped to establish the connection between
gain changes in the calorimeters and in the monitor tubes so that momnitor tube
gain changes can be used for accurate corrections. Eventually it is expected that
the precision with which calorimeter gain changes can be tracked with monitor tubes
will be about about 2%: currently it is estimated to be about 10%.% In addition to
the monitor tubes mounted on the detector and correlated to specific components.
a separate gas quality system sawples the argon/ethane gas mixture flowing to the
gas calorimetry during event runs. This system uses a calibrated monitor tube
to determine gas composition while holding pressure and temperature fixed. This

wonitor tube is read out along with all the monitor tubes in the collision hall by

the data acquisition system about every 15 nun.

D. The Forward/Backward Hadron Calorimeters'?

As the center-of-mass eunergy is raised in colliding-beam experiments. the
fraction of the total physics acceptance in the central region of pseudorapidity
1 decreases as the total total pseudorapidity range for the interaction products
increases.’? Thus, as the energy is increased, the sophistication and segmentation
of detectors must increase in the range forward of the central pseudorapidity region.

The forward backward spectrometer assemblies are required to extend the necessary
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coverage and are designed to provide EM and hadronic shower calorimetry and muon

! identification and momentum analysis in the angular region of 2° < # < 10° with g

A respect to either beam direction.

o~

v The forward, backward hadron calorimeter (FHA) has been designed to detect :.'7 :

. and measure the energies of hadrons in the pseudorapidity range of 2.2< n, <4.2

‘ with full azimuthal angle ¢ coverage with respect to the beam axis (see Figure 4). \:

‘ Each of the forward/backward hadron calorimeters has been segmented into :,Z

< four independent sections, or octants, which provide the necessary full azimuthal ,:-.
-

~ coverage when stacked around the beampipe. Each octant consists of 27 (7' x 7' < 2") ;:‘.-:

;: steel plates, which have been welded into two groups of 14 plates each to facilitate i

' assembly, and 27 (6.5’ x 6.5’ x 1") proportional chambers, which are located hetween ‘

::_:'_ neighboring plates. The total calorimeter system contains nearly 400 tons of steel

.

Py
rar el
.

and 216 chambers.

F 2
) e

The cathode surface of each proportional chamber has been segmented into 20 P

{

"N . . .y . . . - Vi
“\ bins in pseudorapidity (An=0.1) and 18 bins in azimuthal angle (A¢ = 5°). Thus e
= p.
the cathode pads at fixed n and ¢ on each of the 27 chambers in an octant form o

. - o o °
N the necessary projective tower whose apex is the interaction point a distance of RN
VN

~, 280" from the calorimeter face. assuring approximately uniform occupancy rates ":
for each detector element in typical high energy interactions. The signals from each 3

- e
w3 chamber pad at fixed 7 and ¢ in an octant are summed together to give the total o
v ]
energy signal for a given projective tower. Figure 6 shows the assembly of one of the T

y o
A calorimeters from a beam's eye view. The cathode pad array in the last chamber o)
_®
g in each octant of the calorimeter is shown to illustrate the segmentation. ‘-'t
-~ S
~ . - . . Y
Figure 7 shows the details of the chamber construction. The chambers are -y

“F\

A . . . . . 'J\
" constructed using an aluminum extrusion of T-cross section and an epoxy fiberglass W
o
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FIG. 6. Beam's eye view of a forward/backward hadron calorimeter (from Cihangir

et al.’?). Grids shown are for the last chamber in the calorimeter.
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circuit board to form the basic cell structure. The T-shaped extrusions are glued oo
)
! to an aluminum base plate, resulting in an open channel structure. Each channel
N
.. i this structure has dimensions of 0.4" - 0.6" x 77". At the ends of each structure :: :
v ;

e >

- PN .. . . \ . »
i is inserted an injection-molded plastic plug used to locate and fix the sense wires g

; "
a i each cell. A 0.002" diameter nickel-flashed and gold-plated tungsten wire is ASh
P g
. . . ) Iy

then stretched with 250 g of tension between each of these terminating blocks and -

“ ’ N
.' - . . . ’\J
N soldered in place, centering the wires in each cell. The cells are then closed at e

. . . . . ®

‘. the top by gluing the cathode circuit board over the open face using a specially w0~
v N
-'_. . B . . . . . ~-'\
: formulated conducting epoxy. The circuit board is positioned with the conducting O

N

N copper pads placed on the outside of the cells; another custom-blended conducting e

A N~y

v a

’
oy

epoxy glue is applied to the fiberglass side of the cathode circuit board in order

v »
.
'

- to sense the induced signals on the cathode pads. The typical surface resisitivity :
H achieved using this epoxy is in the range of 10 to 20 M /cathode pad. z
The signals on each of the 360 cathode pads of a chamber are bussed to the edge S_’-:.
t?_ of the chamber using flat ribbon cables. which are soldered directly to the cathode EE:S-
' circuit board and are terminated at the chamber’s edge in a ribbon connector header. :‘:::::
L'J_-, The chamber gas volume is then closed off by installing a final aluminum cover " .
7, spaced above the cathode circuit board by 0.25" to allow for a reserve gas supply
» and space for the passage of ribbon cables and headers. The completed chamber is "'
:3 completely sealed with only the signal and high voltage connections penetrating the ::.
— gas volume. This construction results in a very small pad capacitance to ground, :_:
s I . A
N with typical values for an individual pad on the order of 10 pF. <))
o In addition to the charge information available from each cathode pad in the f‘_
- A
- calorimeter, signals may also be read out from the chambers' sense wires. For this '_:::":.:
RN
...l"\» purpose each chamber is segmented into six sections of about 20 wires each. These :"-.
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signals can be used to independently monitor the performance of the calorimeters
as well as to provide information on the longitudinal development of showers in
the calorimeter. With gas mixtures of 50% argon/50% ethane. the chamber’s high
voltage operating range is between 1.9 and 2.4 kV",

E. Testing Calorimeter Performance!?!?

Cosmic ray tests were conducted during construction to determine chamber
performance using minimum ionizing cosmic ray muons.

(1) Uniformity tests of the RC time ccustant of the cathode pads (including
the conducting epoxy, cathode pad. and amplifier circuit) demonstrated that, while
time constants of 10 to 30 psec were observed for different chambers, the time
constant over the surface of each chamber was uniform to better than 10%.

(2) Gain versus high voltage for each chamber was measured. As expected. the
pulse height response to variations in high voltage is characteristically exponential
in nature.

(3) Cosmuc ray data was used to define the conversion from pulse height in
pC to number of equivelent particles (nep) to assist in the comparison of results
for FHA chambers to those of other calorimeters. The convention is that one
equivalent particle (ep) is the charge deposited by one minimum ionizing particle
which traverses the entire calorimeter.

The performance of one octant of the FHA was studied using the fixed-target
test beam at the Meson Bottom (MB) site in May 1985. The MB test beam provided
a momentum-analyzed beam of hadrons, electrons, and mmuons in the range of 20 to
200 GeV/c, with a characteristic momentum bite of about 4. Space limitations at

the site allowed for only a limited position scan of the calorimeter (the three areas
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of the calorimeter studied are labelled as A, B, and C in Figure 8). The information
determined in this test beam run is indicative of the data sought for all calorimetry
components studied.

During the test run, data was recorded at different positions of the calorime-
ter using hadrons. electrons. and muons over a range of beam momenta and as
a function of chamber high voltage. Beam momentum and impact position were
determined using beam proportional wire chambers (PW(C’s). On-line histogram-
ming packages and off-line analysis programs were used to study data recorded
on magnetic tape. Tests were done to determine linearity, uniformity, and resolu-
tion of calorimeter energy response, position resolution, longitudinal and transverse
shower development in the calorimeter, response to electrons and muons, and effect
on response with the FEM simulated in front of the FHA calorimeter.

(1) The nominal operating high voltage for the chambers was first determined
by investigating the behavior of eunergy resolution over a range of high voltage
settings. Hadrons of 100 GeV /¢ momentum incident on the calorimeter were used
to study the rms deviation of the signal response distribution as a function of
chamber high voltage. Best resolution was found to occur at 2.2 kV.

(2) For an ideal calorimeter, the peak of the total energy distribution readout
should be proportional to the incident particle’s energy. Plots of average pulse
height in nep as a function of the beam energy for the three locations A, B, and
C' of the calorimeter showed linear response up to 200 GeV with no evidence
of saturation in the calorimeter output response at the high-energy end of these
measurements. Based on energy loss per ep in the calorimeter, the observed energy

response was calculated to be 40% of the total hadron energy. No statistically

significant differences 1n calorimeter response was noted between positions A, B,
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and C, demonstrating uniformity of energy response.

(3) A study of the resolution of the calorimeter as a function of the hadron
shower energy supported the predicted energy dependence of AF/FE. At the
operating voltage of 2.2 kV, plotting the calorimeter’s energy resolution AE E -
av E yielded 1.41 GeV!/? for a.

(4) The position resolution inherent in the calorimeter was measured by
comparing the location of the shower center of gravity with the impact position
of the beam particle as given by the beam PWC's. The rms deviation in the
distribution of differences between these two values taken for different locations
A, B, and C as a function of incident hadron energy showed a tendency of the
spatial resolution to worsen as pad size increased (i.e., as distance from the beam
axis increased) and that statistical fluctuations reduced resolution at lower beam
energies. Resolution was better than 3 mm for energies greater than 120 GeV'. but
was only about 5 mm at 40 GeV.

(5) Spatial development of hadron showers in the calorimeter was investigated
using input from adjacent cathode pad towers and the anode wire planes. Longi-
tudinal development of single showers was studied by measuring energy deposited
in all layers following the plane of shower origin for three different beam energies
(40. 100, and 200 GeV). It was found that the shower maximum occurred at about
one interaction length into the calorimeter and that the longitudinal energy distri-

"4 where

bution could be described by a simple exponential function of the form e
a depends on the beam energy and X is the number of interaction lengths into the
calorimeter. It was also learned that the fraction of energy which leaked out of the

downsiream end of the calorimeter was 29, 39, and 4%, respectively. for the beamn

energies studied.
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(6) The transverse shower shape was studied by measunng the fraction of the
shower enervry appearing in cathode pads about the center of gravity of a given
shower. Transverse shower shape could also be described by a simple exponential

b where & is the transverse distance from the shower center

function of the form ¢
of gravity to the center of the cathode pad of iuterest.

(7) Tests were run on the calorimeter response to electrons and muons. As
expected, electrons tended to initiate showers much sooner in the calorumeter thau
did hadrons. and these showers were totally contained in the front quarter of the
calorimeter. At the nominal operating voltage. chamber gains were such that muon
signals could not be reliably separated from pedestal variations in the ADC system.

(8) Lastly. a run was made with the calorimeter taking hadron shower data
with lead bricks stacked in front of the calorimeter to simulate the FEM. Because
a passive absorber was used to simulate the FEM. only qualitative observations
could be made. Roughly 50% of the hadrons incident on the combined system had
not interacted before reaching the first hadron calonmeter chamber. In this case,
energy response of the FHA was essentially the same as before. For the other 50°7.
the energy distribution was shifted to an average lower energy with a larger rms

error. In the complete CDF detector, hadrons which begin to shower in the EM

svstem will have this energy measured.

F. Tests on Chamber Aging'

Alcohols mixed with lonization gases in wire chambers normally extend the life
of the chambers by preventing the aging of wires and by controlling the onset of glow
wmode discharge. Although ethy] alcohol is used most often. it caunot be used in the

FHA because it dissolves the resistive glue used in chamber construction. Isopropyl
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alcohol is safe for use. Small prototypes of a chamber were nsed to deternune the o,
Bt
! etficiency of isopropyl alcohol i preventing aging. It was found that the RC time .
.}\
g . . .
W constant of pulses generated by Fe®® sources. as well as pulse height and full width e
o A
\ »
v . . . . . S
> at half maximum (FWHM ). did not differ Lefore and after aging rests. 3\
Ind
! The gain chauge at a hixed high voltage was measured as a function of the T
N L)
amount of alcohol in the gas niuxture fowing through the chambers. The amount of 54
- s
. , . . S
. alcohol 15 controlled by varyving the temperature of the alcohol bubbler, refrigerator A
. b ]
) . . . °
. through which the gas muxture passes. [t was learned that gain changed with R
e N,
- . ) . ~
: increasing amounts of alcohol in the argon ethane unxture. where temperature was -~
- . . . . . \":
i varied 1n 5 1nerements from - 107 to 10 C. )
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CHAPTER 1V

CDF TEST BEAM FACILITY AT THE MESON TEST SITE

A.  CDF Test Beam Requirements

To study and calibrate the various elements of the CDF detector. separate
fixed-target test beam facilities must be used. since CDF itself is located in the main
ring of the superconducting Tevatron and necessary particle beamns with variable
energies cannot be made available there.

Earlier test beam studies have been carried out at the Neutrino West {NW)
site and at the Meson Bottom (MB) site from Dec 1983 to Jul 1984 and from
Nov 1984 to Aug 1985. These test beam facilities have since been dismantled. A
more permanent fixed-target test beam facility 1s being constructed at the Meson
Test (MT) site and will initially support both CDF and experiment T755 (Yale
University's high-resolution streamer chamber).

CDF has a continuing need for a well-understood beam of known energy for
calibration and further study of the calorimetry over the entire life of the detector.
For this reason CDF requested a dedicated test beam facility be made available.!”
Specificallv. CDF required a test beam facility which would allow for:

114 Calibration of electromagnetic (EM) calorimeters to an accuracy of 17 and
Lhadronie calorimeters to an accuracy of about 3°0.

(2) A high energy beam of np to 300 GeV to study saturation and shower
leakage in the gas calorimetry.

(3) A low energy heam of 1 to 10 GeV to understand in detail the nouhneanty
in scintillator calorimetry, the muon trigger rate in the central muon detector. and

the anomolous energy deposition due to slow thermal neutrons 1on the order of 1
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MeV) resulting in signals in the 10 GeV range in all gas calorimetry.
-
! CDF also made specific requests for beam parameters necessary to meet the roa
r.:.f
- objectives listed above.'® The original parameters requested include: Ak
o4 o
. 3 - o
- (1) A beam of 1 to 300 GeV energy range for both hadrons and electrons. A
’ 12) Particle identification. either by 3
l"’ ._.:
ta) Having a “pure” hadron beam with less than 12000 electron contamination '_.:,
:" _-_\
- and a pure “electron” beam with less than 1 2000 hadron contanination (with muon e
. : ) °
- contamination acceptable in both). or by N
\l' "D‘. ¥
A . . . . . D
(b) Having a beam with particle-by-particle tagging to the above levels. DA
- 3. A muon beam. with hadron and electron contamination acceptable. i
» L]
e - °
4. A momentum tagging svstem so that the momentum of each particle can s
- , e
N be measured with an accuracy better than 0.3,
a 5. Less than 20,000 particles per spill cvele but more than 20 particles per spill o

cvele over the entire energy range.
In order to meet the needs of CDF and other applicable experiments. the
Meson Test beamline was recently designed and installed, with the first beam to

. target recorded on 6 Jul 1987,

-

- To provide long-term support tailored to CDF requirements in the coming

- vears, a CDF test beam facility has been constructed in the Meson Lab building.

fs: where the MT beam emerges from the Meson test beam tunnel complex. v

" .
The critical guideline in designing and constructing all operational parts of -::i:

> ‘-.

:': the CDF test beam facility is to duplicate those iu the actual CDF at B0 as _

closely as possible.  This insures that all test beam data will be reproducible 1

~

= in the CDF collision hall. Besides budgetary constramts, the major dificulty 1 {

;' fully mplementing this guideline is the fundamental difference between CDF. bualt )
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around a colliding beam nexus, and the test beam facilitv. which is based on a
fixed-target beamline.

Following the first physics run of the CDF. which was completed in May 1987,
CDF set specific goals for the first fixed-target test beam run planned for Oct 1987
through Jan 1988.'% The aim is to have a much more thorough understanding of
the calorimetry before the next colliding-beam physics run beginning 1 Mar 1988.
Due to delays in production of hardware and software necessary for the test beam
facility. 1t is doubtful that all of these goals will be met before the first test beam
run ends, but they are still used as guidelines in preparing the test beam facility
for operation. These goals are:

{1) Detailed studies of detector response to very low and very high energy
particles.

(2) Calibration of the remaining FHA chambers which were not available for
calibration during past test beam runs.

(3) Recalibration of subsets of other caloruneter systems.

{4) Studies of the interfaces between separate calorimeter systems in the
detector (so-called “crack™ studies).

15) Studies of a prototype silicon vertex detector. a high resolution dnft
chamber to be placed on the vacuum beam pipe as part of CDF in the collision
Lall in a future upgrade.

161 Testing of a very forward calorimeter. which will be located 100 m on either
<ide of the interaction point in the collision hall. allowing for the detection of very
small angle diffractive and elastic scattering.

(71 Testing of a 90 crack chamber. which may be installed 1n a future CDF

upgrade.
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B.  Status of the CDF Test Beam Facility :: )

‘! "

o
eye « . . vy Y
A floor plan of the CDF test beam facility is shown in Figure 9. The facility o
RS
- . . . . . . SRS
-~ mcludes a counting house, a gas delivery and monitoring system, three fixtures to e
- : . e
) N
support detector elements, a beam stop. and a fence to control access. -
. "7
- The counting house is an air-conditioned. sprinkler-protected building con- g
l-""
W structed inside the Meson Lab. Oumne room houses a VAX 11-750 computer and the [-:}'
v, KA
. _ C . . . ‘,-,’,'
majority of the data acquisition electronics. The second room is occupied by the o
- . . . "-J- g
S shift crew and has computer terminals. computer output printers. a beam control =
D e . . :\::.
console. and television screens to help monitor detector component status.
:
Y . . . . . oo
. The gas delivery system occupies space outside the counting house. with °
Py
= the major control and monitoring stations placed outside the fence for access e
~ 4 . . _ i
during beam runs. The gas delivery system is described in detail in Chapter V. e
i The controlled-access fence satisfies Fermilab safety requirements. insuring that '\.

.

persounel cannot gain entry to the fixture area while the beam 1s running. The

Y
- beam stop at the downstream end of the facility has a moveable aperture which
allows bea to reach the T735 experimental area when needed.
“*1 . . . .
The three fixtures are designed to hold certain fractions of the CDF detector
components. as well as the necessary front-end electronics and parts of the gas
) delivery system. Each fixture can roll laterally on tracks through angles of about PY
30" on each side of the beam axis and can be raised and lowered hyvdraulically to "
R provide as much coverage as possible of the detector elements by the beam. Fixtures ;}'.
¥ . . . s
may be rotated completely out of the beamline. The upstream fixture 1s the wedge ®
.. -
- fixture: for the first run it will hold parts of the Central Muon Detector (CMU) and o
the Central Electromaguetic Strip Detector (CES). The nuddle fixture 1s the plug -
..' h._'-l
- [
' fixture, which will support parts of the plug EM calorimeter (PEM) and the plug e
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Liadron calorimeter (PHA). One octant each of the forward EM calorimeter (FEM)
and the forward hadron calorimeter (FHA) are mounted on the forward fixture.
located farthest downstream.

Future mmprovements are planned for the CDF test beam facilitv. A unistrut-
supported Herculite enclosure will be erected around the fixture area to provide
environmental control and protection for the fixtures. This structure will include
air conditioning and heating systems and will prevent dirt and rainwater leaking
through the Meson Lab roof from reaching the fixtures. This structure will enclose
approximately 30,000 f{* and will allow for temperature inside to be maintained at
70°+£10°F. The wedge fixture will be replaced or modified and the plug fixture will
be modified by 1989 so that they will be capable of supporting additional detector
elements. This will allow for configurations which more closely resemble those in
the T"DF, so that more detailed studies of detector response to particles passing

through the interfaces between detector elements can be carried out.

C. The MT Test Beam

The MT test beam is split off as a secondary beam from the Meson West
(MW} beam. which consists of 800 GeV primary protons extracted directly from
the Tevatron through a beamline system called the Switchyard. The MT beam is
called a secondary beam because it 1s produced by colliding the MW beam’s 800
Gev protons with one of three lead (Pbh) targets and then bending the product
particles (mostly pions) through a series of dipole magnets. The MT beamline was
originally designed to produce 245, 160, and 80 GeV hadrons, depending on which
Pb target is used.

A tertiary beam of lower energy particles (at least 10 to 220 GeV), either
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of hadrons or electrons, is produced by colliding the secondary beam of 245 GeV {4
’
! hadrons with Pb targets further downstream in the beamline. «qm
: -
N
A
- Due to the parasitic nature of the MT beam, the intensity of the MW beam s
’ ~
. &
v directly affects particle production rates in the MT beam. To weet all of the Y
b
e beam parameters required by CDF, the MW beam intensity must reach certain n
P\‘ .l-"
[ MRS
levels. However, during the Fall 1987 fixed-target run. MW beam users require NG
5 intensities well below these levels, making it impossible to satisfy all CDF MT -
. . . . ®
beam requirements. In future runs, however, MW beam intensities are expected 2
i.. \...
to be high enough to fulfill all requirements. It is also significant that experiment ::::'_
i T755 demands beam parameters quite different from those of CDF. so that their S
beamline analysis and tunes will in most cases be of minimal value to CDF. ",
N A more detailed discussion of beamline components and modes of operation is AN
presented in Chapters VI and VIL o
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CHAPTER V

GAS DELIVERY SYSTEM FOR THE CDF TEST BEAM FACILITY

A.  Design Guidelines

During the first run of the CDF test beam facility, six detector elements will
be studied which require the supply of gas mixtures. These elements are listed in
Table II. together with the gas mixtures normally used in CDF at B0 and the gas
flow rates expected in the test beam facility.

A major goal of the first test beam run is to study the energy response of
selected detector elements when different gas mixtures are used. To maximize beam
time, different gas mixtures have to be run simultaneously to different elements.

To insure necessary flexibility of the gas delivery system, the following design
guidelines were established:

(1) Each detector element would have an independent gas supply. This would
require separate control and monitoring systems from the gas source to each element.

(2) Up to three gas mixtures might be delivered simultaneously: 50% argon/
50% ethane, 95% argon/5% carbon dioxide. and 88.5% argon/10% carbon diox-
ide  1.5% methane. Because the argon/ethane mixture is used predominantly, a gas
supply trailer would be used to save space in the test beam facility that would be
lost to gas bottles. Under high flow rates. time would also be lost to frequent chang-
ing of gas bottles. A CDF gas supply trailer holds 263.5 gal of the argon-ethane
mixture under 300 psia, which equates to 5380 SCFH (standard cubic feet per hour)
of this mixture. Under normal operating conditions at the test beam facility. this
would supply enough argon/ethane to last a month. Another major benefit of a gas

supply trailer is the stability of gas quality it would provide. During the first CDF

o
e

e ]

.l .V X
NS

"ot

Y
5

v
x

v R g v ®
e
;’ £ i Ay %

.
.- .

AN NN =] S
] "‘e")‘."'-f'{ 2B NN NN

.
v

2
el
Ut

L4
PN

..-'_. ,
.'-".-." ST T e
e
"".[.' ,v'll‘ll‘l
AR SRR

e
‘e’

7
h )

b Yo T i 3 T
'. a
o 4 A S

o X

s ‘:‘..
AR

e,
)



R R TR TR Ty o - '8 vk ath a%t a'a alhlath’ ald’ S g ab Bab . gy

‘Es 44
TABLE II. Detector elements requiring gas mixtures to be studied during the first
! test beam run. Gas mixtures shown are those currently used in CDF.
& Detector Gas Flow | Flush | Stored Alcohol
" Element Mixture Rate Rate | Volume | Alcohol | Temp
" 'SCFH: | [SCFH | - ft* N
= CMU | 50% Ar/50% Ethane| 0.5 1.0 21 | Lsopropyl| 0
PEM |50% Ar/50% Ethane| 0.5 | 3.0 | 52 |Lopropyl| -5
’ PHA |50% Ar/50% Ethane| 1.0 3.0 16 | Ethanol | 0
. FEM |50% Ar/50% Ethane| 1.5 3.0 21 Isopropyl| 10
X FHA |50% Ar/50% Ethane| 25 | 50 | 108 |Isopropyl| 10
i CES 80% Ar/20% CO, 0.4 ~ 0.9 - -
CMU
Inert N, 0.5 - - -
Jacket

CMU = Central Muon Detector

PEM = Endplug Electromagnetic Calorimeter
PHA - Eudplug Hadron Calorimeter

FEM = Forward Electromagnetic Calorimeter
FHA = Forward Hadron Calorimeter

CES = Central Electromagnetic Strip Detector
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physics run. trailer gas quality was never poorer than 517 /49%, while gas hottle >
vy
[
! quality was often as poor as 55%,45%, and once was 60%/40%. A trailer stand with -
la.-
. ) b
i underground feed lines to the Meson Lab would have to be built. Argon/carbon o
o
ol Y
\ . . . . ae . -
e dioxide mixtures would be supplied from bottles inside the facility but outside the ‘:1::
t
» controlled-access fence. v
) -~
\Q :.-’
(3) Nitrogen would be used to purge detector elements when gas mixtures are ~
N I‘N t
e . &,
o changed. Purge flow rates are different for each detector element, but generally are o
L It & A}
” two to five times the normal gas flow rate. depending on the detector element. An ,.:
T a Y
A SN
- inert jacket of nitrogen would be maintained around the wedges, flowing at a rate N
:':- of about 0.2 SCFH, for two reasons: (a) all gas calorimeters lose efficiency when ~
i “
air, and particularly oxygen, leak into their chambers; the CMU wedges tend to _-,.
[ )
. . . " el
leak more than other detectors and are more sensitive to oxygen impurities, and T
RS
(b) nitrogen reduces the potential spark hazard created by exposed high voltage N
b 4
] | . o A
cables at the wedges. An inert volume of nitrogen for the wedge fixture is feasible ]
. o . . . 7]
- because all detector elements are confined inside a metal jacket. Finally. nitrogen
2 -

NI

would be used to dilute the argon, ethane gas mixture leaving the fixtures to levels
. below ethaue’s lower explosive limit before the gas is vented to the atmosphere. To

save space, a 165 { dewar would be located 1n the facility outside the fence. This

y dewar will provide 4060 SCFH of nitrogen. A nitrogen bottle would be needed to
- o : . _®
maintain necessary pressure in the dewar, and a heat exchanger would be included
\:'.:
at the dewar output to prevent freezing. o
| R
> (4) Separate alcohol bubblers refrigerators would be part of the gas supply e}
‘.. line to each detector element (except to the CES): controls wonld allow routing N
Pl- \'.“.
” . . . . .
of gas mixtures around the refrigerators when alcohol is not required. Detector IS
.
’
Lg . .. . . )
o elements use isopropyl or ethyl alcohol as an additional quenching gas in the 7
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argon/ethane mixture (see Table II for alcohol type and nominal temperature
setting of refrigerators). Alcohol is not required when argon’/carbon dioxide
mixtures are run.

(3) A special gas pressure buffer system is used in the CDF collision hall to
waintain the FHA and FEM chambers at exactly atmospheric pressure, even while
gas is flowing.!” These chambers, with their large surface area to volume ratios,
will rupture at only 0.1" of Hg above or below atmospheric pressure. The buffer
system protects the chambers from such damage. A single buffer system supports
each adjacent octant of the FEM and FHA in the colliston hall. A comparable gas
pressure buffer system would be designed and constructed for the forward fixture,
but with the capability to act independently for each calorimeter system.

(6) The gas delivery system would accomodate the ability of all three fixtures
to move about on their tracks. Where necessary. flexible hose must replace the more
durable metal piping normally used.

(7) Gas quality would be monitored every 15 minutes directly by the data
acquisition system. as is done in CDF at B0O. The gas quality monitoring system
used in CDF would be reproduced with appropriate modifications.

(8) All safety requirements would be met. The most significant safety hazard is
ethane. which is explosive.’®!¥ Ethane must be properly vented to the atmosphere,
where dilution eliminates the hazard. All feed lines must not contact electromnics
or cables. Ethane detectors with the necessary electronics and alarms would be
installed at key locations.

(9) The most efficient means of determining leaks in the gas supply system is to
monitor the oxygen levels in the gas mixtures leaving the fixtures. This information

is also useful for experimenters. since gas calorimetry chamber efficiency is reduced
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o
I Ry
by even small amounts of impurities (particularly oxygen) in the gas flow mixture. Y
La 2y
! An automated oxygen monitoring system would be included as part of the gas e
.
fl
v supply system. o
e o,
(& J“ d
N
E. B.  Final Design X
w _’h
u.
o~ Schematic diagrams of the final design of the gas supply system for the CDF g
- N
o . . . . .. s
* test beam facility are shown in Appendix B. This appendix includes: (1) the floor s o
. !
f-:' plan for the gas supply system controls located outside the controlled-access fence, Y
w '{
(2) schematic diagrams of the apparatus transporting gas mixtures to and from *A\::r'
P
“y i
: each of the detector elements, (3) schematic diagrams of the gas pressure buffer »~
v
~, system for the FHA and FEM chambers, and (4) an equipment list identifying all B
e )
" A
- components of the gas supply system. o
ML
. s
H Gas flow rates are expected to be 6 SCFH in the normal operating mode and -
up to 15 SCFH in the flush mode for the first test beam run. When the wedge and
- plug fixtures are upgraded to hold more chambers, rates will increase to 12 SCFH -
N in the normal operating mode and to 30 SCFH in the flush mode. ”
- Gas piping is 0.5" stainless steel welded pipe except where flexible hose is f:;\
SN
o . . . N 3
R required to accomodate the movement of the fixtures. Here Cajon smooth-bore oA,
.l'. ".f
S
teflon flex hose is used. This tubing is preferred because its walls do not degas. PY
= RN
o which would add impurities to the gas mixture reaching the chambers. o
.
The CDF argon/ethane gas supply trailer is parked on a hardstand 50’ south T
N ’ ’ Y
s S0
¢ . .. . . . v
of the Meson Lab and against the adjoining west-side berm. Trailer changes will ®
v require flow shutdown for one hour, using valves located at the hardstand. All ;_‘:.
b ~
contaminated lines are purged with nitrogen during reconnection. Gas bottle :'
o hrA
' changes for argon/carbon dioxide gas mixtures inside the Meson Lab require no )
:f:j'_l:
.:::,"
tel
) L J
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special precautions.

Vi N

The alarm system for gas leaks will consist of four ethane detectors. with one

1“ - I.

located under each fixture and the fourth in the gas control racks. Should the

S

control module send an alarm. power to all fixtures (including chamber DC high

voltage and 60 and 400 Hz power) wili be shunt tripped automatically. The alarm

v

level will normally be set at 209 of the lower explosive limit for ethane.

w
v

*a'a

v

Each detector element using the argon/ethane nuxture has its own start-up

procedures, but all follow the following guidelines:*°

-_-
Ad
3
«te

o

(1) All chambers are leak tested elsewhere before installation in the test beamn

facility.

L4

(2) Flow is first started using nitrogen at flush low rates (usually two to five £

:'_‘: times the normal flow rate); this flow is maintained for at least five voluimme changes. ;\
“

o

. -

i (3) If possible, a system leak check is carried out by comparing input nitrogen A

flow rate to output flow, or by overpressuring the detector element’s chambers and -,
F—:: observing the decay time of the overpressure in the absence of flow. e
(4) The ethane alarm system is checked before argon/ethane flow is begun. :;::.

A (3) Argon/ethane flow is started at flush flow rates and an immediate check 1s

performed with a hand-held ethane leak detector.

»

e

- (6) After at least five volume changes. the argon/ethane flow rates are reduced
:-f to normal operating levels. and a final pass 1s made with ethane leak detectors. At
n

this time high voltage tests are performed.

[T
(LN

(7) Shutdowns for extended periods of several weeks or months require a

complete purge using nitrogen.
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CHAPTER VI

OVERVIEW OF THE MESON TEST BEAMLINE

A.  Introduction

The beamline installed at the Meson Test (MT) site 1s one of the newest fixed-
target beamlines at Fernulab. It 1s somewhat unique in that it is parasitic directly
off of another beamline. the Meson West (MW) beamline. also recently designed
and installed. Roger Tokarek, a beamline physicist at Fernulab, designed both
beamlines and is responsible for providing assistance to experimenters using the
MT and MW beams.

Design of the MT beamline began at the end of 1985. The primary design
consideration was to produce the maximum possible energy particles at the target
area. First beam to target was recorded on 6 Jul 1987. Roger Tokarek and I
determined preliminary tunes (i.e., magnet current settings) to maximize yields and
optimize beam profiles at the target for the three primary design energies of the
beamline during the period from Jul to Aug 1987. The first two users of the MT
beam are CDF and experiment T755 (Yale University’s high resolution streamer
chamberj: each requires very different types of beam. so that each must carry out
its own beamline and tune studies.

A beamline 1s always in a state of flux, as components are added, removed. or
replaced. Tunes are continuously improved upon throughout the life of the heamline.
The quality of the beam itself changes frequently as the transport systems delivering
the primary proton beam to production targets are continually altered and retuned.
Because the MT beam is parasitic to the MW beam, MW experimenters also affect

MT beam quality as they retune components upstream of the MT beamline. Thus

AR
('Y

A
.';’\ AN fl k)

5

'y
N %
A

ted s
5}. ~ -.;-.

'.
Jl

R
: ."l"‘l
PSS

Py

AN 5
l.l" .l

a s .
]
S

by
LT 14
@

rw
)

Pl et}
o we
)
.

Scw S e =R

v
7 “J

R LA
P LS N
@S5

Al

NN A

l'fl."l
PLPAL

-~




.
>

€

L

e« v
P

.u

e

50

%
my beamline studies represent a snapshot of the MT beawline as it existed in Jul g-
to Oct 1987. While these studies may truly be labeled preliminary. they provide -
L4
valuable information on the heamline. They are particularly significant to the CDF E:.
test beawm facility’s first run in Fall 1987 since further studies may be limited before ::
i

the run ends 1 Jan 1988.
Two major errors in the beamline were discovered in mid-Sep and early Oct of o
this vear. after the majority of my beamline studies were completed. First, it was

learned that the second pair of focusing quadrupole magnets had polarities opposite

s
e
those that were assumed. All computer analysis and subsequent tuning based on -
nonunal magnet current settings from this analysis were carried out based on the -

.. .. . L)

assumed polarities. The second and more significant error involved the energy o
;o

N

of the primary proton beam used to produce the MT beam. The MT beamline ,.:-
oo

was designed based on 900 GeV energy primary protons being delivered to the ‘{\

production targets at the beginning of the MT beamline. allowing for optimuin

production and transport of 245, 160, or 80 GeV secondary particles (thus the

TR ST

reason these are called the “primary tune” energies), depending on which production

target is used. In reality, 800 GeV protons arrive at these targets, resulting instead Y
..

in optimum production of 227, 151. or 75 GeV secondary particles. Again, however. o
B “~

‘:%

all computer analysis, tuning, and other studies were conducted based on 245, 160. .

and 80 GeV secondary production. '::f'

The effect these errors have on the results of the preliminary beamline studies
will be discussed where appropriate, but the usefulness of the data from these studies
is not significantly reduced. At the end of this chapter, updated computer analysis -
based on the correct primary proton beam energy of 800 GeV and the subsequent v

secondary particle energies will be presented.
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B.  Thle Beamline S
o
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1. Current Configuration ey
o ';\‘:\
a RS
L) . - . . . . "-_'.\
The MT beamline is deseribed in terms of the spatal coordinates x. v, and z, SN
s
P %
' as defined in Figure 10 below. The coordinate z generally points along the direction
the beam travels (that 1s, it points downstream). Looking downstream. positive
,‘ . . . . . . . .
N x points in the horizontal direction to the left and positive y points up in the
vertical direction. The origin and the exact direction of z 1s determined arbitranly
A
.
N by surveying personnel.
Y
X
’ DOWNSTREAM
> —>
r4
.
oY
s
» .
FIG. 10. The beamsheet coordinate system.
L]
.
P The exact location of beamline components is determined by survey personnel.
The position of MT beamline components and their associated device names are
.l
- listed on the MT beamsheet in Table [1I. The location given is that of the geometric
center of each component. The horizontal displacement of MT beamline components
-
is plotted in x versus z in Figure 11. While there is substantial displacement in x ()
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X CENT.
(IN)

.59
.74
.95
17
.31
.45
.61
.77

NN PNBNMNNONN - =

.64
.08
.58
.15
.78

.18
.74
.15
.71
19

.60
.80
.82
.88
.22

.88
.03
.38
.13

.48
.54
.94
.44
.51
L1t
.18

TABLE III. MT beamsheet.

Y CENT.
(IN)

.41
.42
.43
.44
.45
. 45
.45
.45

15
.12
.10
.09
.88

.02
.02
.o
.01
.91

.03
.83
.03
.03
.03

.93
.04
.04
.03

.44
.45
.46
.52
.67
.81
.82

ELEMENT CODE

MT .03% AL TARGET, NOT MOVEABLE
21" ED/S DIPOLE, ROLLED 1.5 DEG.
MT 227 GEV TARGET, MOVEABLE
6-3-120, ROLLED 16.85 DEG.

MT 151 GEV TARGET, MOVEABLE
6-3-120, ROLLED 16.85 DEG.

MT 75 GEV TARGET, MOVEABLE
6-3-120, ROLLED 16.85 DEG.

EP8 OIPOLE, ROLLED &8.16 DEG.
EPB DIPOLE, ROLLED 6.16 DEG.
EP8 DIPOLE, ROLLED &6.16 DEG.
EPB DIPOLE, ROLLED 6.16 DEG.
€PB DIPOLE, ROLLED 6.16 DEG.

3Q120

HORIZONTAL COLL, VAC
VERTICAL COLL, VAC
3Q12¢

VERTICAL TRIM, 5-4-30

HORIZ VACUUM COLLIMATOR
BEAM PWC, 2 MM
SCINTILLATION COUNTER
TARGET, FERRIS WHEEL
EPB DIPOLE - HORIZONTAL

BEAM STOP

CONVERTER, FERRIS WHEE
EPB DIPOLE, ROLLED 25.9
EPB DIPOLE, ROLLED 25.9

BEAM PWC, 2 MM

ELECTRON KILLER, FERRIS
3Q120

Q120

CERENKOV COUNTER
SCINTILLATION COUNTER
SINGLE WIRE DRIFT CHAMBER

MT2TGT®
M¥2wD1-3
MT2TGT1
MW2WD2-1
MT2TGT2
MN2WD2-2
MT2TGT3
MW2WD2-3

MT2WU-1
MT2WU-2
MT2WU-3
MT2WU—4
MT2WU-5

MT3Q1
MT3CH1
MT3CV

MT3CH2
MT3PWC
MT3SC
MT3TGTH
MT3ISW

MT38S
MT3CONY
MT 3w
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TABLE III, Continued 4

4

]
“. '-
e

a D
N Ry
n“, "

POWER

- Z CENT. X CENT. Y CENT. ELEMENT CODE SUPPLY
~ (FT) (IN) (IN) "

. 1208.5  67.00 1.00 SINGLE WIRE DRIFT CHAMBER MTSSWDC 1 g
3 ;
hAY .

> 1215.5  67.46 1.02 EP8 DIPOLE MTSE-1 °
1227.6  68.18 1.05 EPB DIPOLE MTSE-2 ~

1238.5  68.84 1.08 EPS DIPOLE MTSE-3 N

.. 1250.0 69.44 1.1 EP8 DIPOLE MTSE—4 ~y

1261.5  69.97 1.14 EPB DIPOLE, 5" GAP MTSE-5 "

o 1273.9  70.48 1.17 SYNCHROTRON RADIATION DETECTOR  MTSSRD ;:
7 1282.4  70.82 1.19 SINGLE WIRE DRIFT CHAMBER MTSSWDC2 -
>e

- 1365.8  74.20 1.41 SINGLE WIRE DRIFT CHAMBER MTESWDC o

1366.3  74.22 1.41 SCINTILLATION COUNTER MTEBSC1 -
1366.3 74.22 1.41 SCINTILLATION COUNTER MTESC2 g

= 1366.5 74.23 1.41 SCINTILLATION COUNTER MTESC3 ®
' 1367.¢  74.25 1.42 SCINTILLATION COUNTER MTESCV
1368.8  74.32 1.42 BEAM PWC, 2 MM MTEPWC 1 i

o COF APPARATUS o
o 1442.8  77.32 1.61 BEAM PWC, 2 MM H, 1 WMV MTEPWC2 "
LY O
1449.0  77.57 1.63 INTERMEDIATE BEAM STOP/DUMP MTEES1 -

Q 1454.6  77.75 1.64 SCINTILLATION COUNTER MTESCMU °
5 o

-4 1469 .6 78.40 1.68 T755 STREAMER CHAMBER r

1482.5  78.92 1.72 MT FINAL BEAM DUMP o

o~
N z
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down the beamline, the MT beamsheet shows that vertical displacement is quite

L4
-
e
.

. small. onlv ranging from -0.04" to 1.72". The fact that horizontal movement of the
A g

X
Py
. . . . o
o, beam is much greater than vertical movement affects relative beam spread in both A
~ DS
RY , o &
planes, as will be explained in Section E. Commonly used symbols for heamline N
)
F_ devices are shown in Figure 12, and device names are explained wmore fully below. -
< e
It is not accidental that magnets are represented by fanuliar optical devices such as
v . . . . . o
~ prisms and lenses, as will be seen in the section on beam optics presented helow. o
- The MT beamline is a positively-charged particle beam transport system. due X3
i} to the direction of the magnetic fields of the bending magnets, which bend these e
- . . o : . A
N particles to the next transport device. Negatively charged particles. beut in the N
= LN
-
opposite direction, are swept out of the beamline. Sk
The MT bheam is termed a “secondary beam” since it is produced by colliding e

N

. . . . "

a primary beam of particles onto a secondary production target. creating secondary o
particles of various energies. Based on the downstream magnet field strengths and R
N

the aperture sizes of transport devices, a small range of energies may be selected s
'J':.

for transport to the final target area. Tertiary production targets may also be N
-~

introduced in the MT beamline downstream of the secondary production targets.

so that tertiary beams may be produced and transported to the final target area.

2. Naming Convention for Beandine Devices

Beamline compouents are monitored and controlled remotely through the ex-
perimental areas central PDP-11 computer, using the Experimental Areas Beam-
line Control System (EPICS).”! CAMAC (Computer Automated Measurement and
Control) svstem electronics serve as the physical connection between the central

computer and the beamline devices. Although CAMAC 1s an internationally ac-
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HORIZONTAL POSITION ( FEET ) ey
0 0 10 20 30 40 50 80 70 80 90
I | 1 T 1 | 1 | L 1
Bassiye
100 Elamants
MW2ZWD1-3mg SR O—————~MT2TGT0 (fixeq)
MW2WD2- o _— e MmTamn
uw2wD2.2—> == = -\mm' S —LA
200 T3
MW2WU-1 ——q
MW2WU.2—>
/
300 —
(28 mrad)
400
5§00 inatrumentation
600 MT3ISC
700 MT3SW (
MT38S
{critical M
800 MT3IWU-1
MT3WU.2 —_—
{6 mrad )
900
MT4CC
MT48C
MT4Q2 o MTSSWDC!
1100 T
e MTESWOC2
1200 MTeBWOC
%cscr 2.3,V
.\—-——UTWCI
1300 .
MTSPWC2,
MTeBS MTESCWUY
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FIG.11. MT beamline components plotted in horizontal position x vs. longitudinal
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cepted set of standards for electronics-computer instrumentation, Fermilab uses its RN
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own nonstandard serial commnunications link over CAMAC electronics.
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Beamline components are given device names retained in the central EPICS g

-

y f.:-":
. . . e
computer’s mewmory so that beamline operators may access and control these devices Py

Ly

remotelv.”? The device name has the format A B ¢ DDDDDD and gmives at least

four types of information:

(1) A - Areain which the device 1s located.

(2) B - Beamline in which the device 1s located.

(3) C - Euclosure in which the device 1s located.

(4) - DDDDDD - Tvpe and function of the device (from omne to six characters

in this field).

Pertinent device types and functions are designated by the following codes:

Q = Quadrupole magnet

W = Dipole bending magnet which bends to the west (looking downstream)*

oL
e,

- E = Dipole bending magent which bends to the east (looking downstream)* ‘;_"'
U - Dipole bending magnet which bends the beam up* .';::-\

D = Dipole bending magnet which bends the beam down™

V = Trim magnet which bends in the vertical plane

CH - Collimator with horizontal collimating jaws

CV = Collimator with vertical collimating jaws

TGT = Target

PWC - Proportional wire chamber

PWCS - Proportional wire chamber scanner

SEM = Secoudary emission monitor

- Scintillation counter

SC
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CC = Cerenkov counter 0,5
. b
o4 SRD = Synchrotron radiation detector R
A:::-
o BS = Beam stop i
Lyl e
7 o
» BD - Beam dump b
Y
g * (Designations depend on the charge of particles being trausported.) ~—
‘e .
. ey e
A typical name would be MT2WTU-1, where e
_:.. ,:-:’ s
iy M - Meson area g
v. b A
v T = Test beamline ,.
. .
Ll ~ o
“ R
. 3 = Enclosure 3 5
,-.:J'
;.- W = Dipole magnet which bends to the west :':J'
- L]
.
U = Dipole magnet which bends up
L . . .
-~ 1 = First magnet in the magnet string MT2WU.
. This illustrates the fact that magnets. particularly bending dipole magnets in
i high energy beamlines, often are employed in strings. or series of magnets. Normally
{a . . . .
~ each magnet in a string has the same current setting, so that strings are treated as
-
if they were one longer magnet. Besides providing greater bending angles. strings
' allow the use of linear instead of curved magnets in the beamline. Curved magnets
v
o are required if the bend angle would cause the loss of significant numbers of particles
'Q; as they scrape the wall of a linear magnet in their arced path. The maguetic fields
f-\'. of curved magnets are not uniform and are much more difficult to work with.
-~ )
For purposes of radiation safety, beamlines are run in underground tunnels. MYy
oy -
o Each beamline is divided into sections identified by the enclosure which allows o
. access to that given part of the beamline. These sections are separated by walls, Y
" - -
5 S
‘ also for safety reasons. ot
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3. Critical Devices

Critical devices are those beamline components which most readily allow the
shutdown of a beam in case of an emergency, such as an unauthorized access
by personnel. In the case of the MT beamline. the MT2WU magnet string and
the MT3BS and MT6BS1 beam stops are the critical devices. These devices can
only be controlled by Experimental Areas Operations personnel and not by beamn
users. If controlled-access gates or doors are opened improperly. these devices are

automatically deactivated by the central computer.

4. The Spill Cycle

Beam is sent to the experimental areas on a cyclic basis, termed the “spill
cycle.” Protons are accelerated in a series of bunches until they attain energies of
1 TeV, when they are extracted from the Tevatron ring into the Switchyard. where
the primary proton beam 1s split and distributed to the experimental areas.

The spill cycle is a 57.2 sec long. and is divided into six precise segments called
T-times (see Figure 13). The actual “spill” of beam to the experimental areas
normally begins at the start of TS and is complete by the beginning of T6 (a time
span of 20 sec). While beam intensity should remain constant throughout the spill,
experience has shown that this is often not true. -

Most beamline magnets are ramped to necessary current settings to coincide
with the arrival of the spill: once spill 1s complete, currents are reduced to zero. This

is done to conserve energy and to reduce the chance of overheating the magnets.

5. Effects of the MW Beamline

Because the MT beamw is split off from the MW beam using production targets,
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the quality of the MW beam directly affects the quality of the MT beam. The
possibility of MT beam quality degradation can be readily determined by monitoring
the MW beam profile and particle yields at the MW6 enclosure. For this reason
MT beam users are interested in the configuration of the MW beamline at least
up to the end of this enclosure. In fact. the MT beamline cannot be activated
unless the MW beamline is being operated at least up to the MW7DUMP beam
dump, because of the MT beamline’s parasitic nature.?* A beamsheet for the MW
beamline i1s presented at Appendix C, as well as a schematic diagram (not to scale)
showing both the MW and MT beamlines, up to the end of the MW enclosure.

The maximum intensity planned for the primary proton beam delivered to
the MW beamline and the MT beamline’s secondary production targetsis 1 « 10'*
particles per spill (this is also the maximum rate allowed by radiation safety?*). For
the Fall 1987 fixed-target run. however. MW beam users require rates lower than
this maximum value (usually not more than 5 -~ 10! particles per spill), reducing
the production rates for the MT beamn during this period.

C.  Modes of Operation

In order to study the response of electromagnetic and hadron calorimeters and
mon detectors. it is necessary to produce hadrons (pions. protons, and kaons).
electrons. and muons. (Note that because the MT beam 1s a positively-charged
particle transport beamline. positrons and not electrons are actually transported to
the target area. Nonetheless, the convention 1s to refer to the transport of electrons.,
ignoring the actual sign of the particle delivered.) Often test beam users prefer a
To this end. several

preponderance of either hadrons or electrons in the beam.

possible modes of operation of the beamline have been developed using vanous
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targets and converters. The current modes of operation are discussed below. \:
v e
! (1} Production of a secondary hadron beam. This is the normal mode of oo
. operation of the MT beamline. It is often called the secondary pion mode since pions o
- . < . . W
. are the predominaut hadron produced and transported. Unlike negatively-charged o
Pl
- particle transport systems, where very few antiprotons are produced. postively- >
. o
. . . o ~y
charged particle transport beamlines produce a large proportion of protons.*® so ~:~
d.‘ '-.\ '
-\‘ . "~ . . . . S.,:\ '
N that the “pion” beam is in reality a substantially mixed hadron beam. N
- The only target introduced in the beamline is one of the secondary production .
. ) g yp Ay
e Lo
- . . 0:'r:
) targets, MT2TGT1, MT2TGT2, or MT2TGT3. each of which are successively o
e
. . . . e
;.r', placed upstream of one of the three magnets in the MW2WD2 string, in the -
LY
order given. Depending on which target is used. the mean energy of the beam o
. D
R is automatically selected based on the bending strength of the remaining magnets o
ﬁ in the string downstream of that target. By original design. then. use of MT2TGT1. o
. . e ®
MT2TGT2, or MT2TGT3 would produce a mean energy of 245, 160, or 80 GeV'. :
o respectively, leaving the last aperture of the string. For this reason, these targets .
< -
were often called the “245 GeV target.” the 160 GeV target.” and the 80 GeV .
v target.” as listed. This terminology will be retained throughout the remainder of "]
this thesis for the sake of clarity. In reality, it has been learned that with an 800 o
GeV primiary proton beam reaching these targets instead of the originally expected N
. L
.. 900 Gev beam, use of these targets actually produce mean energies of 227, 251, or BRI,
75 GeV, respectively, leaving the final aperture of the string. .
N . . . . . [
“ Each target is structured like a ferris wheel so that various thickuesses of lead .
..®
~ (Pb). or no target at all. may be introduced into the beamline. allowing for some NN
\. - v . .-.
A N
~ _ , N
’ control of the production rates of secondary particles. 0
I\‘.
& Another ferris wheel target. MT4CON. may be used to introduce thin I'b S
' ®
. o
. §
- L
; DS
) s
N
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N

targets into the beamline further downstream. Although additional interactions will

.
e K

occur with this target in place, it is not meant to be used as a tertiary production

-~ target. Instead, its major function ix to reduce the number of electrons in the
* beaw. As a high Z material, Ph causes electrons to lose energy more quickly than

KN

, do hadrons traveling through the target: energy is lost through electromagnetic -

.. - G

interactions with the atoims of the material. Most electrons lose enough energy -+

5 . S
e that they can no longer be transported through the next beamline component N
T4t

" aperture. Thus Pb serves here as an electron absorber. and the MT4CON target _._.
-l
" is commonly dubbed an “electron killer.” MT4CON may be used to reduce the T
- - : -
-~ nuwber of electrons in the hadron beam reaching the target area.

(2) Secondary production of high energy electrons. This is an untested mode _\.

. N
. ) R - . . -."‘
. of operation. designed to produce high energy electrons of the order of 245 GeV. N
X

- Computer analysis done earlier suggests the possibility of production rates of up to e

u | N b .
1000 electrons for a primary proton beam intensity of 5 - 10" 'particles spill. A 6- .,

o

N . . . . . . . <N
N il thick alunmnum (Al) target, labeled MT2TGTO, is permanently in the beamhne A

hetween the second and third magnets in the MW2WDI1 cryvogenic maguet string

N {see Figure 14). A small number of secondary particles are produced. including

~ N
) neutral pions (7 ) and other neutral particles. Neutral pions are extremely short Ty
4 s
- .
2 5

lived particles. traveling a mean distance of 0.05 mm at 245 GeV before they decay

into two high energy photons (7+). The neutral particles are not bent by the

a

'
o .
P
L)

1

final MW2WD2. 3 magunet. while all charged particles of the primary proton beam.

3

4 8 A M . .
RIST EAIRREY

a1

= as well as secondary charged particles are bent. While secondary products from o
.. MT2TGTO. including the photons resulting from the decay of neutral prons, are ;:
~
b actaally spread over a full range of production angles. the peak of the distnbution :_.: )
-
3 i~ centered about the central trajectory of the original incomng beam. The centers :':
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k) ot
of the neutral and charged beams reaching MT2TGT1 are separated by 0.7". =
i ~
o oY
One setting of the ferris wheel target places a specially designed converter in the o~
* <z
“~
aa
. beamline, as shown in Figure 135. :::-:
uo‘: ('..J'
>
. 3
-, ‘-.J‘
g :,.’_"J
o .,
v LOOK ING @.1" THICK LEAD Pl
w DOWNS TREAM CONVERTER v,
> )
e e
’ :

1.125" dia
WINDOW

"
- 800 Gev =
i PROTON o
BEAM 227 Gev ..\:
NEUTRAL BEAM -
3 =
- -:'\-.
-
“
L
A
L .
RS
: =
N
FIG. 15. The MT2TGT1 converter target. vl
®
NG o
Ay
\’n ‘-i +
e
" : : : "-’
] The converter has a 1.125"” hole in 1ts center. allowing unobstucted passage of _:‘_
v
I s
N : R [
the primary proton beam. The high energy photons. however. will strike 0.1" of Ph. . @
Pyl -.':\
s where some are converted to electron-positron pairs (¢ e’ j due to electromagnetic N
L
. . . C oy . . . . LN
i interactions with the material’s nucler thigh Z nucler nuprove production rates for Y,
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this interaction). As charged particles, positrons of the order of 245 Ge\ energy
are then transported down the remainder of the beamline to the target area. Very
low production rates are expected. since MT2TGTO0 i~ very thin. leading to small
numwbers of 7 s and both this target and the converter mmst produce particles
of the right tvpe, energyv. and production angle. Electron beawn transport to the
target area Is made more difticult since the heam is produced off-center of the central
trajectory of the beamline.

(3) Tertiary production of lower energy hadrons. This makes use of the second
comnon mode of operation of the MT beamline. MT3TGT1 1s introduced 1nto the
beamline as a production target to create a tertiary beaw of particles. While the
secondary beam reaching this target can be produced with the 245, 160, or 80 GeV
target. normally the 245 GeV target is ased ~o ax to produce the highest possible
energy daughter particles reaching MT3TGT1. Again. both neutral and charged
particles are produced over a wide range of energies and production angles. The
magnet current settings of the bending magnets downstream of the target deternune
which energies are transported to the final target area. If only MT3TGT1 is placed
i1 the beamline, we again get a hadron beam at the final target area. This tertiary
beam, however. will see peak production rates at energies helow that of the original
~secondarv beawns. although useful rates mayv be transported over the full range of
10 to 245 GeV {(including nomuteracting hadrons at the upper energy hut. If
produetion of hadrous of energies 1 the ranges hetween 245, 160, and 830 GeV {and
especially energies helow S0 GeVi were not possible usang the secondary mode. then
this tertiary mode nught be rehed upon 1o produce itermediate and low end energy
hadrous. This unght entail the nse of ~econdary bean energies of 160 and 80 GeV',

as well as that of 240 GeV.oNMTACON could also be introduced 1 the heamdine to
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purify the tertiary hadron beam.

(4) Tertiary production of lower energy electrons. The primary design of the
tertiary mode. however, is to create electron beams. Downstream of MT3TGT1 1s
a dipole bendiug magnet. MT3SW. which 1s turned on to full strength 1 order to
<weep all charged particles out of the beamline. Ouly neutral particles. including
high energy photons from neutral pion decay. reach the next beamline device.
Here a converter. MT3CONI1. i~ also placed into the beamline. Again. photons
are converted to electron-positron pairs. Depending on the magnet settings of
magnets further downstreai, certain energy positrons are selected for transport to
the target area. As in the secondary electron mode. only very low production rates
are expected. As with hadrons. in order to produce an electron beam of energies
hetween 245, 160, and 80 GeV. as well as below &3 GeV . 1t may be necessarv to use
secondary incident beams at MT3TGT1 of energies lower than 245 GeV.

These are the four basic modes of operation now available to the MT beamhue.
Thev may be modified by moving targets and converters in the beamline, or replac-
ing targets themselves with targets of different thickness and material. Desirable

modifications will be discussed later.

D, Enecreyv Aceeptance

The three tunes to transport 2450 160, aud S0 GeV particles ereated at the
MT2TGT tareets were teriued the “primary tnnes” (n the case of the onginally
expected 900 GeVnerdent proton bea sinee they should allow for the maximimm
heam intensities possible compared 1o all other enermes which may be transported
to the inal target area. (Becanse the primary proton beam energy is 1n reality <00

GeNothe actual primmary tuues <honld ocenr ot 227101 and 75 GeVo,
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The energy acceptance of a magnet i1s determined by its magnetic field strength
and its apertures. Thus a central energy E is transported down the centerline of a
bending dipole, with a possible energy spread of AE about this central energy also
being bent through the magnet without loss or interaction at the magnet’s walls.
The beamline’s energy acceptance is then determined by the succession of magnets
making up the beamline, each set for optimmum transport of the giveu central energy
and each with its own effective aperture.

Whenever a target is used, a spray of daughter particles is created with a large
spectrum of energies over a large range of production angles with respect to the
incident beam. These are not uniform distributions. Production energies depend
on the type of interaction, and smaller production angles are naturally favored as
a consequence of conservation of linear momentum as observed in the lab frame.

Thus calling MT2TGT1 the “245 GeV target,” for example. is misleading. In
reality, it is the fact that the secondary beam must then pass through the bending
radius of all three magnets of the MW2WD2 magnet string which deternun. = that
the central energy of the emerging beam will be 245 GeV. (Figure 14 illustrates this.)
Particles produced at MT2TGT2 must only pass through the last two magnets.
Because each magnet is run at the same current, each produces the same magnetic
field and has the same bending radius. Thus a central energy of 160 GeV. or
two-thirds the magnitude of 245 GeV, emerges from the magnet string. Sinularly,
particles off MT2TGT3 emerge from the string with a central energy of 80 CeV,
or one-third of 245 GeV. Thus the magnets downstreamm of » target actually decide
the production energy to be transported.

In the case of the MT beamline. the MW2WD2 magnets which deternine the

ruitial central energies transported out of the MW beamline cannot be controlled
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by MT beam users. These magnets are set by MW beam users to properly v
! transport the primary proton beam further downstream in their beamline. When -.
o, the primary proton beam energy turned out to be 800 GeV and not 900 GeV. o
% -
' the magnet currents had to be reduced to transport the correct energy through )
? the MW2WD2 bend. These new current settings also reduced the central energies P
o
N B
of the secondary beam transported to the MT beamline, resulting in the actual A
. .
‘-' . 0 — - r . -.- - q
N primary tunes occurring at 227, 151, and 75 GeV. Because MW beam users will NS
. . . . . L)
- often adjust the currents of the MW2WD2 magnets to optimize their beam. these oA
N central energies are not fixed, but will also fluctuate. Normally, however. MW2WD?2 -j:: )
;::' current settings are changed only slightly, so that there will be negligible effect on :;'-:
»
the MT beam. T
N DN
= A major concern in designing the MT beamline was the range of possible el
. energies which could be provided at the final target area. Because the MW2WD?2 : "
e
i magnetic fields were already determined, 1t was possible that only a limited number L
- of energies would be available, with a small range centered about each primary
~ N
energy of 245, 160, and 80 GeV [see Figure 16(a)]. This would occur if the spread b
of energies leaving the MW2WD?2 string about each central energy were narrow due o
- to a small energy acceptance of the string. If, on the other hand, the energy spread o
- about the central energy emerging from the string were quite broad, then magnets D
farther downstream could be set at any number of tunes to select a wide range S

.
-

t
Y

of energies for further transport to the final target area. As seen in Figure 16(h).

\
* . . .
“ sufficiently broad energy acceptance would allow for the transport of a continuous .
. . . . N . LESA
- range of energies, although beam intensity would be reduced the farther removed N
. : -.\J: y
B
the desired energy is from the central energy. .
s
Ly
y . . . ce Rt S
M My beamline studies have shown that the energy spread leaving the NMIW2WD?2 TAN
) @
e
‘F.. \-, .
V. RN
Lol _‘.‘,’-
o I- A
I-..J
®
“:" o
a .
s
l" A
Nt e e N A R N T T T T T N AT QT e N N L N T e N
AR TR S L A AR el ._ A R R RN O , A __-\.‘._f._ e N



PO . - - 3 e A . e AV . PN T e, .n-‘\\\d.,.'
4 y . R A (T e O ’a P .(- .-.\\.. ........h ,lv.d M, Fat. -ﬂ..\*\\v\ L) T.-...f..---‘n. A
R A e B A A A O A R A COOC AN VAR A
o
T~
>
5 &
a0
w & o
1 } o
-
w2
~ l’l\ v
v// -ﬁ - W [ 3 Mu
b o o =
- - . ! - 4 0 -y}
- v < - )
. o ~ g
<
B
e > >
e o ® — v
——— ) o > v
E----- - Sl P = 3 = =
T e— © ~ -
Te——— —— Ll — p
T v
o
]
]
3
>
3 3 5
(4] o m
2 2 5]
©
—
O
—
< x
- -
] 7
o u
ot o
- —
F s
a a
oy IR S W N NA x5, SN MR ns BRE AL WY NS Wy e AN tak!

.-";'

-~

.

Ln,

-

.J'l'.(‘f'.-*‘

- e
N0,

Ld

-

P
g, W)

“w

AR

v

'.i '.-

-

~(\
curs

AEAPAE

SR

DS
L

’;-‘( L]

by

K

.
NON

ok

3 ’-'f



"3
A

2

I

)

[ Se 2
Y
b

M

o
L ¢

~r T
LY

e e e T RGN

71l

string is indeed quite broad, so that the MT bearuline is capable of transporting a
continuous spectrum of energies over a wide range by scaling the fields of magnets
downstream of the MW2WD2 string about the values given in the three primary
tunes.

Because the preliminary beamline studies were carried out based on the
assumption that the primary tunes were at 245, 160. and 80 GeV. the tunes used to
determine vields for all energies were not the optimum tunes to actually maximize
beam intensity. Nonetheless. the tunes themselves do in fact transport the desired
energies. Since the assumed primary energies of 245, 160, and 80 GeV lie relatively
close to the actual primary energies of 227, 151, and 75 GeV, respectively, on the
broad energy production curves, rates of production should be comparable to those
determined in the future when corrected tunes are developed. Thus the data taken
in these preliminary studies can be expected to be comparable with that of future
studies.

For most of the studies done on beamline components, the optimized 245. 160.
and 80 GeV primary tunes were used. When time was limited, only the 245 GeV

tune, as the original baseline tune. was used.

E. Beam Optics

The word “optics” is most conunonly found in relation to light and involves the
study of lenses. prisms, and other devices which affect the travel of light. Charged
particle beam optics is the science of using magnetic fields to bend and direct the
paths of a group of moving charged particles. A beam of particles can be influenced
in a manner analogous to the focusing of light by an optical lens or the dispersion

into colors by a prism. Particle beams may be deflected. focused to a small spot.
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or have their particles selected by momentum.

A collection of moving charged particles constitutes a beam when the particles
are all moving in the same direction with nearly the same momentum and have
a small separation transverse to the general direction of motion. Spatial extent
must be small enough to pass through the aperture of magnets and other beamline
devices.®

The MT beamline is a relatively simple beamline, with only drift spaces.
dipole magnets, quadrupole magnets. and collimators serving as optical devices. All
maguets in this beamline provide static magnetic fields. All magnets have midplane
symmetry with their fields oriented perpendicularly to the direction of motion of
the beam.

A charged particle with charge ¢ and velocity v in a magnetic field B

experiences a force F which is given by

F = ¢gv x B. (1)

The direction of the force is perpendicular to both the velocity vector and the
magnetic field. The force i1s greatest when the velocity vector is perpendicular to

the magnetic field. The force is related to the time rate of change of momentum by

dp
_({7_1?. (

to

Equations (1) and (2) give an equation of motion with time the independent
variable, but in charged particle optics, we are more interested in determining
the path a charged particle follows than in its position as a function of time.
The independent variable is then taken to be the longitudinal distance z along a

particular one of the many trajectories passing down the beamline. We choose
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a reference or central trajectory against which we compare all other possible
trajectories and define our coordinate system such that the z axis coincides at
all times with the central trajectory’s forward motion: thus the central trajectory
has no transverse motion with respect to this moving coordinate system (see Figure

17).

CENTRAL TRAJECTORY
—> >

FIG. 17. The ceuntral trajectory coordinate system.

This coordinate system is not to be confused with the coordinate system defined
in Figure 10 for our beamline maps and beamsheets. The coordinate system in
Figure 10 is a fixed coordinate system where the direction of the z axis is arbitrarily
chosen by the surveying teawm.

Optical devices in most secondary charged particle transport systems have a
plane of symmetry. For convenience, the midplane of symmetry or central plane is
taken to be the horizontal plane (the x-z plane of the coordinate system in Figure

17). A system with midplane symmetry has the following characteristics: (1) the
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magnetic field at the central plan. is always perpendicular to the central plane:
(2) any north magnetic pole above the central plane is accompanied by a south
pole at the mirror point below the central plane: and (3) magnetic field lines will
exhibit reflection symmetry with respect to the central plane. but with the direction
of the magnetic field below the plane opposite to that given by simple reflection.
In actual beamlines. the central plane mayv be vertical or even rolled at an angle
with respect to the horizontal plane. This can be corrected for in calculations using
proper transformations of coordinates.

In a umform magnetic field. a charged particle whose velocity vector is
perpendicular to the field moves in a circular path. The radius p of the circle
is related to the magnitude of the momentum p of the particle, its charge ¢. and

the magnetic field strength B by

p = ¢Bp. (3

The quantity (Bp) is termed the magnetic rigidity of a charged particle.”’ Assuming
particles of charge + 1. equation (3) is most often expressed using conventional units

e
as>®

BkG p,ml

GeV/cl -
PIGeV/el = 53556

(4)
The actual direction of the curved path depends on the direction of the magnetic
field and the charge sign of the particle, as seen in equation (1).

1. Dipole Magnets

Equation (3) is the basis for describing the optical properties of the bending

dipole magnets, which produce uniform magnetic fields (normally expressed in kG)
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between their coils. Dipoles are so called because they have two poles of opposite

.
1Y

polarity. Tkt
e
o . . . 5
. The principal functions of dipole magnets are to bend particle beams and to NN
.:I :‘r\
& separate particles of different momenta (thus the practice of representing these ¢
’ magnets with the svubol for a prism). Dipole magnets also have sowe small focusing R
Y o
properties. but these are totally negligible in high energy beamlines. As seen in T
o o
R equation (3). different momenta are separated by different angles as particles travel s
through the dipole magnetic field. so that adjusting the dipole magnetic field allows Ao
i"_ ':.: d
- one to determine which momenta are actually transmitted through the system. Too o
NG
WA high or too low a momentum will result in the particle either striking the walls of N
‘ . . . o . P
the magnet (i.e.. not escaping the aperture of the dipole) or, escaping this, having 2
~ e P
s rd
o spread so far from the central trajectory that the particle misses the aperture of the el
-.\-:
- next beamline device. .;‘:'_.-
i | | o | o
Following a bend through a dipole, the dispersion in momentum in a beam S
o leads to a spatial dispersion in the bending plane of the magnet. Because the MT -
beawline’s dipole magnets do a great deal more bending in the horizontal plane Fav 4
[ ] °
a than in the vertical plane, we can expect the horizontal spread in the beam to N
D)
e
L . . . . Ny
r significantly exceed the vertical spread. In the case of the MT2WTU dipole string N
~ F_'J' (|
N ) R ) ) o,
r- following the MW2WD?2 string, for example. the overall effect of these two bending Cad
@
o . : : . . -
Ny systems 1s to create successive horizontal spreads. while the vertical spread due to VA
> e
-« \N
- . . . .y . o
MW2WD?2 bending down is mostly offset by MT2WU bending up. ';:{
> -
" . .
o For high energy beamlines, the arc length traveled by the beam is nearly the S
®
“ effective length of the bending dipole (see Figure 18). so that an alternate forin of ;-:_‘:
I' » IN.A
i equation (3) is .\:
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“ where L is the effective length of the magnet and 6 i1s the angle the beam is
‘ bent through. Because these arc lengths are nearly straight lines through normal

secondary beamline dipoles, these dipoles are straight magnets. which simplify the
S generation of uniform fields. If bend angles were substantial, then dipoles would
themselves have to be constructed with a bend so that particles would not strike
the walls during their travel through the magnet.

Figure 19 shows a schematic view of the cross section of a dipole magnet looking
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downstream assunung transport of a positively-charged beam: the central trajectory

1s shown superimposed. Note that the bending plane is the central plane.

2. Quadrupole Magnets

Quadrupole magunets are used to focus a beam of particles. Quadrupoles have
four poles of alternating polarity so as to produce a variety of field strengths and
directions at different locations. The field strength of a quadrupole is directly
proportional to the distance from the magnet’s axis (the maguetic field strength
gradient is normally measured in kG/m or kG,/m).

Figure 20 shows the two orientations of magnetic poles for the quadrupoles
used in the MT beamline; the central trajectory coordinate system is shown
superimposed. centered on the magnet’s axis and on the central plane. Figure
21 gives a more detailed view of the magnetic field and force components for
the configuration shown in Figure 20(a). These figures show cross sections of the
magnets looking downstream and assuming transport of a positively-charged beam.

Positively-charged particles entering the quadrupole field at different locations
will be bent in different directions by different field strengths. Note that there is no
net field along the axis of the magnet. Looking at Figure 20(a). we see that such
particles entering the magnet aiong the y axis will be bent in toward the center of
the magnet, while particles entering along the x axis will be bent away from the
center. The farther away from the axis these particles enter, the greater the bend
due to the increased field strength.

Thus the quadrupole magnet in Figure 20(a) is focusing in the vertical plane
and defocusing in the honizontal plane. This illustrates the basic property of all

guadrupoles constructed like those in Figure 20: these magunets always focus in
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FIG. 19. Dipole magnet cross section showing B and F components and the central

trajectory coordinates.
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one plane and defocus in the opposite plane. It is for this reason that the same
quadrupole magnet is either represented by a convex {convergent ) lens svmbol or by
a concave (divergent ) lens svmbol. depending on which plane is heing viewed. Figure
22 charts the focusing, defocusing property of the quadrupole singlet of Figure 20(a ).

Figure 22 also illustrates other sinularities with light opties. In the focusing
plane, we see that the bent trajectory will eventually intersect the central trajectory.
bringing the ray to a focus in that plane. The quadrupole may be characterized by a
focal length in thi: plane. Focal lengths of quadrupole singlets and of combinations
of quadrupoles is generally momentum dependent. We can also speak of the
magnification M of the image in that plane at some location past the quadrupole.
A negative value for M indicates that the image has been inverted.

A singlet makes a real image only in one plane, while beam transport requires
focusing in both planes. Because a single quadrupole defocuses in one plane.
quadrupoles are always employed in combinations in beamlines to form lens systems.
The two most common systems are doublets and triplets. Lens systems are used to
correct for beam spot problems caused by dispersion of the beam. especially over
long drift spaces following bending dipoles. While each quadrupole in a system will
focus in one plane and defocus in the other. proper combinations of quadrupoles
with opposite polarities can be designed to produce an overall focus in both planes.

There are four basic optical modes. or types of imaging. which lens systems may
be used to achieve: point to point, point to parallel. parallel to point. and parallel
to parallel (analogous to imaging in light optics). Optical modes mayv be different
for the vertical and horizontal planes even when nsing the same lens system.

A doublet lens consists of two magnets (or magnet strings) with opposite

polarity, both often of the same length. A doublet ix not symmetric in its focus in
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the vertical and horizontal planes, resulting in differcnt magnifications in the two N

! planes and causing a first-order image distortion. The ratio M, /M, may be as high acd
| N as 20:1 for some doublets.?” Thus the doublet will focus more in one plane than in :'
- . 4
B0 the other. depending on the order of the polarity of the magnets in the lens system. : |:,
& This property is actually useful in the MT beamline, where horizontal spread of ‘{:
the beam is much more pronounced than the vertical spread and requires greater E:',
g focusing by the quadrupole lens to tighten the beam profile in the horizontal plane. '."‘N
I Figure 23 illustrates the doublet’s property of unsymmetric focusing. Figures T
» 24 and 25 show examples of how doublets may be used to achieve point-to-point :‘ 2
;{: focusing and point-to-paralle] focusing, respectively. ,-‘
‘\‘ The most common triplet lens system is a symmetric triplet, consisting of ::;_‘
\. two quadrupoles of identical polarities and lengths, separated by a quadrupole of E.{
opposite polarity and twice the length, all with the same field gradients. The most ::

m
AL

significant result of this configuration is a symmetric focus in both planes, so that >

I

;: M /M,=1. i
Doublets and triplets both have advantages and disadvantages.’® Doublets :;\'

- are less expensive and take up less space because they require fewer magnets and :::'r_.
. less power. Their unsymmetric focus may be useful but makes calculations more
b difficult. Triplets are simiple to deal with since they behave like a simple thin lens "'\
i: located at the center of the system. Their focal length changes more slowly as a “:
function of momentum.

g o
§ The MT beamline has been designed on the basis of point-to-point-to-point NG
% focusing in both the horizontal and vertical planes. The initial point is the image at \
¢ the secondary targets in the MW2WD2 string. The first point focus is at MTIPWC, \«
;': near the target MT3TGT1. used to create the tertiary beam. Focusing here also ":
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corrects for dispersion in the beam due to the upstream dipole strings and drift

i

B

! spaces so that beam is not lost due to aperture acceptance past MT3PWC. The

E final focus is at MT6PWC1, effectively focusing the beam spot on the fixtures in
the CDF target area. This illustrates the primary use of point focusing: to place

3 maximum beam intensity over a small area of a target.

Doublet lens systems are used in the MT beamline simply because there

W
were a limited number of magnets available. Doublets are useful because of their
o unsymmetric focusing, which can be taken advantage of in the MT beamline to
~ compensate for the large horizontal dispersion in the beam caused by the bending
~ .
Y dipoles.
-:: 3. First-Order Matrix Formalism for Beam Transport
We normally consider a particle in a six-dimensional phase space with coordi-
nates (7,y, 2, Pz, Py, Pz ), With time the independent variable. However, for charged
: particle transport, we represent an arbitrary particle’s position and direction of
travel by a column vector X whose coordinates in six-dimensional phase space are
N (r,z',y,y',{,8) with z the independent variable and all coordinates taken with re-
» spect to the reference or central trajectory. Thus
T
1:'
»
X = yl ’ (6)
y
4 ¢
é

[ 4% ¥ Ny

where

r = the horizontal displacement of the arbitrary ray with respect to the central

trajectory.
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' = p./p., the horizontal direction tangent the ray makes with the central

trajectory; because in high energy beams this value is small, this coordinate is often

replaced by 6, the angle the ray’s projection makes in the horizontal plane with

respect to the centra. trajectory.

y = the vertical displacement of the arbitrary ray with respect to the central

trajectory.

N y' = py/p., the vertical direction tangent the ray makes with the central

trajectory; because in high energy beams this value is small, this coordinate is

often replaced by ¢, the angle the ray’s projection makes in the vertical plane with

respect to the central trajectory.

¢ = the longitudinal separation of the particle relative to a particle traveling

on the central trajectory with the central momentum (we are not concerned with

this coordinate in the MT beam).

6 = Ap/p, the fractional deviation of the momentum of the particle with respect

e

-

" s

to the central momentum.

R AR
AN Y

,’4,;;‘

The effect of the passage of a charged particle through a magnetic element or a

7
b A

drift space may be represented to first order by a square unitary matrix called the

2=

B

- transfer matrix R (|R] = 1 as a consequence of Liouville’s theorem?®). Thus the

coordinates X (1) of the particle at the end of an element are given in terms of the

| & $I.:“"

' coordinates X(0) at the beginning of the element by the linear transformation

B o) @

X(1) = RX(0).

RS

&

a
Ay

"’l

The effect of n successive elements, each represented by its individual transfer

matrix R,, is given by the total transfer matrix of the entire system,
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R =R,...R;R;. (8)

The full six-by-six transfer matrix for a static magnetic system with horizontal

midplane symmetry is

r(z) Ry Ry 0 0 0 Ry T

a"(:) Rz] Rzz 0 0 0 R26 1‘:,

y(;’) _ 0 0 R33 R34 0 0 Yo (9)
y'(.‘:) 0 0 R43 R44 0 0 y:) ’

{(z) Rs1  Rs; 0 0 1 Rse o

8(2) o 0 o0 0 0 1 &o

X, is a constant vector representing the particle as it first entered the system
at z = 0, so that the values of R;; are dependent on z. The zero elements in the fifth
column occur because z,z',y,y', and § are independent of the path length difference
{. The zero elements in the sixth row are a result of static magnetic fields, which
make the scalar momentum a constant of the motion.

As long as central plane symmetry is retained, the four-by-four upper lefthand
submatrix in equation (9) will decompose into two two-by-two submatrices. In fact,
with central plane symmetry with all bending taking place in the horizontal plane,

we can write

£(z) = zoRi1(z) + 1y Ri2(2) ~ o Rye(:) (10)

and

y(z) = yoRaa(z) + ygRaal2). (11)

If successive elements are rotated with respect to one another. so that their

magnetic midplanes do not correspond, theu in general there is mixing of the x and
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¥ planes, and additional correlations exist. In general, then, the four-by-four upper
lefthand submatrix is entirely filled in, as are the fifth row and sixth column.

The matrix elements R,, have a certain physical meaning and thus are worth
plotting versus the longitudinal extent of the beamline in order to study its
transport characteristics.?® We have: R;; and Rj; relating spatial magnification
"\ the horizontal and vertical planes, respectively; R, and R34 relating the angular
magnification, or focusing properties, of the beamline in the horizontal and vertical
planes, respectively, and R;¢ relating the fractional momentum spread.

This is particularly straightforward in cases when there is central plane sym-
metry or a focus at the central trajectory, where many elements of the R matrix
are zero. For example, Ry, gives the magnification M, in the horizontal plane at a
point of focus in that plane, since Ry2 = 0 in these cases.

In a similar but much more complicated fashion, second-order matrix formalism
may be introduced.?™*® This is done by including the second-order term of the
Taylor series expansion representing the deviation of an arbitrary trajectory from

the central trajectory. so that

6 6

6
)= D Ry(e)o + 3 Tijlx;do(zx)o, (12)

Jj=1 J=1k=1

with T,,x the second-order matrix element.

In the previous discussion of static magnetic optical systems. we have only
looked at the transmission characteristics of individual particle trajectories. But a
beamline transmits many such trajectories with a variety of initial coordinates. so it
is useful to have a method to treat many trajectories at one time. An extension of the
matrix algebra discussed earlier allows us to represent the transmitted beam to first

order with great accuracy as an ellipsoid in the six-dimensional phase space. The
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extent of this ellipsoid is termed the beam envelope, and the ellipsoid contains the
region of phase space containing the particle trajectories. There may be a uniform
distribution, a Gaussian distribution, or some other density function describing the
distribution of these trajectories in this region. This ellipsoid is often simply called
the beam ellipse.

The equation of the ellipse is

X'o 'X =1, (13)

where X' is the transpose of the coordinate vector X and o is a real, positive
definite, symmetric matrix.
Given an initial ellipsoidal representation ¢(0) of the beam. the ellipse’s

transformation through the beamline is given by

a(z) = Ro(0)R'. (14)

so that the beam ellipse matrix remains an ellipse under first-order transformations
(which is not generally true under higher-order transformations). By application
of Liouville’s theorem, the volume of the region enclosed by the ellipse remains
unchanged under the transformation. Physical interpretations of various projections
of the beam ellipsoid can be made.*’

In working with beam ellipses, we can deteruune the region of the initial phase
space which can be transmitted by a given beamline; this region is called the initial
phase space “acceptance” of the beaniline and can be specified in the variables
r,r',y.y', and é. The phase space volume which can be transmitted by a beamline
is limited by the effective apertures of the components of the beamline, including

the magnets and collimators.

xx g

'r{’n{ﬁ-

7

L4
p )

b .

FAEL
° O

e

L P,
LA/

-
-’

b P P P
AR A A
XA .)‘ll

CNERENEY
LA A

o O D 4

0
D

¥

,

'S
eHhh

SO

s

A
7,




Some of the basic concepts of the beam ellipse can be illustrated by considering

& 89
! a two-dimensional phase space in (z,z'). The ellipse matrix would have the form

o
IB o = (011 012>. (15)

12 022

5 Physical interpretations of the matrix elements (see Figure 26)
a give the maximum extent of the ellipse in the z and z' directions as the square

root of the diagonal elements:

X Lmar = V011, (16)
5
b Thes = VO22. (17)

a The area of the ellipse is given in terms of the determinant of the ellipse matrix,

so that

v Y %
L

¥

1":' *

N e
g

A =n|a]'/% (18)

The correlation between z and z', which specifies the orientation of the ellipse,

is given by

d12

~ Ty = ————. (19)
V11012
;E Figure 27 shows an example of the transformation of the ellipse o¢ by a two-

~ dimensional R matrix representing a drift space of distance L:

Rirife = <3 f) (20)
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4
F. Computer Analysis and Design Considerations
5 . .
Beamlines are designed and analyzed through an iterative application of any
)
o . . .
) of several standard charged-particle transport computer simulation programs; at
Fermilab, the TRANSPORT?7+3%3! and TURTLE®? program packages are used.
Q@
! TRANSPORT is a computer package used to design charged-particle beam
A transport systems by finding the first-order (or. if desired, the first- and second-
K
order) matrix multiplication solution for a set of sequential magnetic elements with
; static fields. For the first-order solution, it does this by fitting the transfer matrix )
f _"'
, R representing the transformation of an arbitrary ray with respect to a reference ',;':_
] , , . . . b
trajectory and/or fitting the phase space ellipse matrix o representing a bundle '
' of rays transformed by the system. The program has the provision to vary some -
2
of the physical parameters of the elements comprising the system and to impose
constraints on the beamline design. These may include magnetic fields and their
o gradients, lengths and shapes of magnets, spacings between magnetic elements. and },:::
4 A
P the initial beam accepted into the system. :::::
S
. . . . ¥
In principle, TRANSPORT is capable of searching for and finding the first-
4
]
or second-order solution to any physically realizable problem, but in reality the
[l
‘ program can only carry out numerical calculations. If the programmer does not
. understand basic beamline transport theory, he may devise an unsolvable problem
o
& quite easily.
. Once the beamline configuration is finalized, this program is particularly useful
k)
in determining the nominal magnet current settings necessary to transport a given .
-. ~ a
N initial phase space ellipse with a given central momentum. Because the program .
* ‘:.
. requires a reference trajectory with a central momentum, the program must be :
» A
rerun when determining nominal tunes for various central momenta. For each tune, .
"'_\'3
“ ‘;‘::-f
~ .
RN
e
A
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the program will provide R matrix and ¢ matrix elements at specified locations
N along the beamline.

3 The central trajectory concept is key to the TRANSPORT program. For the

MT beamline, nominal tunes were calculated for transport of central momenta of

245,160, and 80 GeV leaving the primary target at a 0° production angle . In reality,
] computations should have been based on central momenta of 227, 151, and 75 GeV
f leaving the targets at a 0° production angle. Because the MW2WD2 magnet string
has currents fixed, these latter momenta actually represent the particles which leave
! the string’s aperture traveling on the central trajectory; the former momenta may
b leave the aperture considerably off the reference trajectory. This requires a complete
reapplication of the program to determine new nominal tunes. e
. N
2 TRANSPORT is not a ray tracing program, but instead transforms an initial -.:.__\_
RN
b~ six-dimensional phase space ellipse from the beginning to the end of a beamline. ,;.;:
It does not account for the apertures of magnets, collimators, and other beamline j,\:..
BNt
5 devices. TURTLE is designed to be used after the application of TRANSPORT. 'EE
TURTLE is a ray tracing program with no fitting capability which is applicable :E.
[~ to beamlines with small phase space acceptance. Through a Monte Carlo process
3 it “throws” rays representing particles over the possible range of momenta and
. production angles off of the production target, and then tracks each ray’s progress ! .i )
- separately down the beamline, calculating the fraction of rays (and thus the initial EI:.:
. phase space acceptance) which are actually transported through the beamline. It :"_;_"_':
J does this by solving the differential equations of motion directly. accounting for ::, A
" apertures and for chromatic and geometric aberrations of all orders due to second- _:
A
order effects caused by the beamline’s magunetic devices. _?-:
s sl
The program has the provision to represent the heam at any point along ':‘::-3
. )

S
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A
the beamline by histograms giving the distribution of rays over any of the phase :: _
! space coordinates. An add-on package to TURTLE allows for calculations for a _
~
-;_: given particle type (normally protons, pions, and kaons) produced at the target, E:‘. ‘
W accounting for the decay of unstable particles as well, so that production rates per :.:-.
& particle type may be deternuned. “
e
" A special version of TURTLE, called RAYGEL, has been developed at Fermilab ::::'_'
‘; to determine electron-positron production and transport based on the (7° — ~4, ::
. v —e~e” ) cascade process. This program was used to determine production rates e
<* LN
b for the secondary electron beam mode of operation. ::
;;3 Note that in order to study the production and transport of tertiary beams in j:-:
. a beamline, these programs can only be applied if the beamline is, in effect. broken -
x:;'.: up into two successive beamlines, each of which must be analyzed separately. For
-‘ this reason, computer analysis of tertiary modes is not carried out. d
Since experimental analysis takes months to complete, data from computer
> analysis often is the only information available on possible beamline characteristics. .\_ ]
-~ ,'q\
The MT beamline can be considered a relatively simple beamline, since it *:
2 includes only three bending dipole strings, two quadrupole doublets. and a single f:-
o trim magnet. Nonetheless, this beamline was a challenge to design. The fact that ;:
. A
- the MT beamline is split off from another beamline in an open hall (as opposed to f;:"
5:, using a target box), made it somewlat unique in design at Fermilab. Space in the f:f-_.
N open tunnels was extremely limited, and necessary magnets were in short supply. \- '
§: The beamline had to be designed to transport high energy particles through large ':.
- bends. taxing the capability of available magnets, whose configuration was further i_
- constrained by the lack of tunnel space. The beam pipe connecting the tunnels and ::-
~ the target areas in the Meson Lab were already present, deternuning the necessary ::i
<
v
5
ar *
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bend angles.

Space was so limited that instead of following the preferred practice of using
different dipole magnets to bend in the vertical and horizontal planes. magnets had
to be rolled so as to bend in both planes simultaneously. This creates additional
correlations in the x and y planes and makes computer analysis more difhcult.

The optical mode of point-to-point-to-point focusing determined the location
and types of quadrupole lens systems.

The key design requirement was to deliver the highest energy particles possible
to the target area. Because CDF required separate particle by particle momentum
tagging, momentum spread was not a critical factor. CDF experimenters are
satisfied with a 1" x1" beam spot size at the target, which can be easily defined using
separate triggering systems with the requirement that the beam itself be tightly
focused. With a need for only 20,000 particles per spill, maximization of heam
intensity through the beamline is only significant when transporting low energy
secondary and tertiary beams, where actual production rates are already low.

The physical characteristics of beamline devices, such as their apertures.
lengths, and maximum field strengths were significant constraints on design of the
MT beamline. Table IV lists these physical characteristics for the MT magnets and
collimators.

The primary 800 GeV proton beam reaching the first MT production targets
has the following parameters: (Ax)pwpa = 8 mm, (Ay)pwhar = 8 mm. and
Ap/p = 0.1%. Figure 28 shows the profile of this beam in the horizontal and
vertical planes as recorded just upstream of the MT production targets. Note the

Gaussian distribution of particle density in the beam envelope.
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TABLE IV. Physical characteristics of magnets and collimators in the MT beamline.

Device Aperture® | Length | Maximum | Maximum | Angle

gt Name Horiz | Vert Field Current | of Roll®
Al

|deg|

fin} | [in] in]

MW2WD-1 -16.85
MW2WD-2

MW2WD-3

6
6
6

3
3
3
1.5

120

120 ~16.85

-16.85

6.16
6.16

MT2WU-1
MT2WTU-2
MT2WU-3

3.5

3.5
3.5 | 1.5 120 15.5 kG 1700 6.16 ~~

1.5

. MT2WU-4 | 35 | 1.5 | 120 | 15.5 kG 1700 6.16 s
rd r_:.',
7 MT2WU-5 | 35 | 1.5 | 120 | 15.5 kG 1700 6.16 T
o MT3Q1 3 (dia) | 120 | 5kG/in 100 0 R

MT3CHL | 4 | 4 - - - %5

b

X MT3CV | 4 | 4 - - - X
0 .'-\-
D%

MT3Q2
MT3V 5 4 30 3.6 kG 180 0

. I. %

%)

MT3CH2 | 4 | 4 - - -
MT3SW 15.5 kG
MT3WU-1 15.5 kG
MT3WU-2 15.5 kG
MT4Q1 5 kG /in
MT4Q2 5 kG /in 100 0
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TABLE IV, Continued

&
z
4‘

Device Aperture? | Length | Maximum { Maximum | Angle :..:

Name Horiz | Vert Field Current | of Roll® .%
, fin] | fin] | [in] A | ldeg -
2 MT5E-1 | 35 | 15| 120 | 155kG | 1700 :
X MT5E-2 | 35 [ 15| 120 | 155kG | 1700 e
9 =

MT5E-3 35 | 1.5 120 15.5 kG 1700

o o o o ©

o e
Y MT5E-4 3.9 | 1.5 120 15.5 kG 1700 :';:-'.‘:
A
MTSE-5 | 5 |15| 120 | 15.5kG | 1700 2
!.' ‘-}\ )
- Vacuum 6 (dia) - - - - Tetd
o Beam Pipe RS
s '-__:\.
. NS
a. Before magnets are rolled. &=
T~

b. Angle of roll is the angle which the magnet is rotated about its centerline axis
L with respect to the horizontal plane. Looking downstream, clockwise rotations

are taken as positive. ®
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FIG. 28. The primary 800 GeV proton beam profile at the MT secondary production &0y
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G. Particle Production

Determining the production rates of various types of secondary particles when a
high energy beam interacts with the material of a target is very complex. Secondary
particles are produced over a range of momenta and production angles. The
production rate at a given angle and momentum is dependent on the momentum
and the angle of incidence of the primary beam striking the target. as well as the
type of particle making up the primary beam and the type of material making up
the target.

Target thickness also affects production rates, since different particle types have
characteristic absorption cross sections for different target materials. In addition.
cascading increases with target thickness, so that a daughter particle can itself react
with the target and produce other product particles.

An additional complication in determining yields downstream of the target is
due to the decay of unstable particles produced by the targets. Decay products
increase 1n number. while the parent particles decrease in number, with beamline
length. Thus the secondary beam changes its make-up over time, which makes the
calculation of production off of tertiary targets more difficult.

The greatest uncertainties come in, however, if the high energy beam has the
opportunity to interact with material other than targets along the beamline. This
occurs for a variety of reasons: the beam strays from the central trajectory and
scrapes the beam pipe or the walls of a magnet or collimator; the beam profile is
wide enough that the beam strikes a device aperture; a collimator is purposefully
placed in the beamline to reduce intensity or select momentnm; or the beam will
interact with the matenal of detectors and air in the beamline where vacuum cannot

be maintained. These interactions cannot all be eliminated. and have a tendeucy
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to change with different tunes.

Several quantities are often referred to when dealing with particle interactions
with media.

(1) Nuclear interaction length. The nuclear interaction length (A;) is the
mean distance a particle travels through a medium before it undergoes some
tvpe of interaction with the nuclei of the atoms in the medium. Interactions can
include absorption with resulting daughter particles or some other process where
the incident particle does not lose its identity.

(2) Absorption length. The absorption length (A,) is the mean distance a
particle travels before undergoing an interaction with the atoms of the medium
such that the parent particle no longer exists. From the above definition, A, < A;.

(3) Radiation length. The radiation length (Lg) is defined as the distance
over which a high energy electron ( > 1 GeV for most materials) losses all but a
fraction 1/e of its energy to bremsstrahlung, on average. This is a convenient way
to measure the thickness of media through which electromagnetically interacting
particles travel, since for most electromagnetic processes ( bremsstrahlung, Coulomb
scattering, showering, pair production, etc.) over a large energy interval, some or
all of the dependence on the medium is contained in Lg.

(4) Pair production. Pair production occurs when a photon of sufficient
energy converts into an electron-positron pair as the photon traverses a strong
electromagnetic field, such as that surrounding a nucleus or electron.

Due to the difficulties in particle production calculations. the answer is to
simply run studies to experimentally determine production rates for different
incident energies and modes of operation for a given test heam. but these studies

are often very time ronsuming. Thus experimenters normally rely on calculated
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production rates until experimental data is available. These calculated values may
also be used as a benchmark for beamline efficiency. Calculations are most often
carried out using empirical formulas based on experimental data. Calculations are
usually considered reliable only to within a factor of 2 in applications to beamlines.

Reliable experimental data on production rates only exists for particular types
of primary beams at certain incident energies, targets of specific materials and
thickness, and secondary particles. energies. and production angles. In some
cases experimental data can be adapted for similar situations. For example, to a
certain approximation, yields from incident proton interactions change with incident
energies as /s, where s is the center-of-mass energy. To first order then (and well
within acceptable limits), calculations can be made over a wide range of incident
energies based on experimental data for some central incident energy.

Data on proton-proton beam collision interactions and proton beam interac-
tions with fixed targets such as hydrogen (H), beryllium (Be), and lead (Pb) are
most common. For fixed-target studies, though, only certain types of product par-
ticles are concentrated on. Data on other types of incident particle beams is less
common. Collision data can be used for fixed-target calculations by converting from
the center-of-mass frame to the lab frame. Materials with atomic number Z near a
documented material will usually behave in a similar fashion as a target medium.

In many cases, however, greater relative accuracy is reached using an empirical
particle production formula based on experimental data. Such an empirical formula
has been adapted for use in the TURTLE program for secondary high energy
beamlines. This particle production formula is for incident proton beams interacting
with thick targets (up to one interaction length) and was developed by Malensek?* 34

using experimental data taken by Atherton et al..?®> who made precise measurements
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of particle production from 400 GeV protons incident on Be targets.

Malensek has developed a simple analytical formula that accurately pre-
dicts the momentum and angular distribution of produced particles. The lab-
oratory differential cross sections in units of produced secondary particle per

(srad)(GeV/c)(incident proton) on a 500 mum Be target is given by

9*N - (1-X)*(1 45 PY)
=Ahp 5 ) (21)
aPoN (1 + pe/M?)?
where
K = B/400
‘\’ = p//pznr

p = laboratory momentum of the produced particle

Pine = incident primary proton momentum

p: = transverse momentum of the produced particle
and A, B, D. and M? are constants dependent on the type particle produced and
are given in reference 33. The data fits the formula well up to X = 0.75. with errors
of less than 10%.

This formula can be readily modified for other target lengths and materials.
The target for the original formula is 500 mm of Be. To correct for different target
lengths (still assunung a Be target) of thickness L (in emi). the empirical formula
s multiplied by the factor f{L) f1500). where fix the target production ethciency

given by

fiLy o (22)

where ), is the absorption lengths (in cm) for the produced secondary particles

(which may be protons) and A, is the absorption length (in cm) for protons. Tlas
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formula is based on the simple model where the produced secondary either escapes
the material or is absorbed with no daughter particles created. This is a reasonable
model as long as the target is about one interaction length or less. This formula
for target production efficiency f shows that fis material dependent, but plotting
f versus L/A, for various target media for a given secondary demonstrates that
the efficiency curve does not deviate much for these different materials. (For that
matter, plotting the efficiency curve for different secondary particles for the same
medium shows that a plot for one particular secondary provides reasonable values
for all secondaries. Finally, acceptable values within a factor of 2 for f may be
determined from an efliciency curve using Ay in piace of A,.) For secondary proton

production, A, = A, and equation 22 simplifies to

f(L) = Aie‘”*"- (23)
P

For accurate determination of ), for a given secondary energy, Carroll et al.’> have
developed an empirical formula fitting experimental data they have taken.

To correct for materials other than Be used for target media, Malensek provides
plots of conversion factors versus X which are used to multiply the empirical formula
for the final corrected result.

Application of the empirical formula gives the initial beam flux at the end of the
target. To determine the beam flux at another point downstream of the target. the
initial flux (differential cross section multiplied by the flux of the incident beam) is
integrated over the accepted phase space region for the point of the beamline being
considered.

TURTLE can provide the initial phase space region at any point in the

beamline. However, add-on packages to TURTLE based on Malensek's empirical
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, formula give the program the capability to calculate the rate of secondary hadron :;E’
! production off of a target per interacting proton, and also give the fraction of these AJ
2 particles which will actually reach the final target area; decay is also taken into : :
B account. The result need only be corrected for target materials other than Be by Sf'
H‘ applying conversion factors from Malensek. G
N -
It is possible to use TRANSPORT and TURTLE to calculate tertiary beam _..
" ~
,:‘ : production rates. but the process is much more complicated. There are no provisions .-.
" in these programs for an intermediate target in the beamline, so that the beamline ::.::
~ must be split up and treated as two successive beamlines. The TURTLE add- :3
& on package is based on incident protons only, but in the case of a positive charge :::2
l transport system like the MT beamline, a significant fraction of the beam is protons. o ;
“y e
"j To within a factor of 2, the production rates due to incident pions are comparable :‘E
a to those due to protoms, as long as X<0.5; however, as X—1 above this limit, h.
production rates are significantly different.3® Ay
:\3 Determining the production of electrons is made difficult by the comparative \':'
- lack of experimental data. The primary source of electrons in this beamline is the :' '
5 cascade process discussed earlier. Neutral pions are one product of incident hadron :::':
- interaction with targets; neutral pions decay into two high energy photons almost \.
- g
~ immediately, traveling on the order of 0.05 mm before they decay. The photons :_‘."
Z‘? created will convert to an electron-positron pair if they interact with target material. ’.
. Malensek suggests that for incident proton interactions. m° production rates ':-':
-"'-
E: are comparable to those for 7. so that his empirnical formula may be used directly. ::::'
N Atherton calculates that 7% production favors production angles near 0° (see Figure .":\,
) N
. 29). :;::
;' Neutral pions decay into two high energy photons 98.8"¢ of the time. In #° .‘-':;
oA

o . Tt P e 2T et m et s e, - .
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- ;\
) decay, photon has a flat energy distribution extending from E(1+3)/2to E(1-,3),2, S:: g
! where 3 = v/c = p/E, and E. v, and p are the 7°’s energy, velocity, and momentum, ]
-

e
~ respectively, at the time of decay. When viewed from the 7n°’s center-of-mass :-:'
N e
v frame, the photons are distributed uniformly over all production angles. However, ;;‘_
"Q relativistic effects result in a cone-shaped envelope of photons as seen in the lab 3
- ol

frame, with the apex at the decay point and the maximumn possible production :“
" Y
Ui . N1/ . Y
S angle 8;,, given by 1/v, where v = (1 — 3°)7'/? = p/m. For a 245 GeV r°, for E:-
. . - L)
W example, maximum 6;,; 1s 0.55 mrad. -
P\ »
N T
” For photons of infinite energy, the total pair production cross section o is -
[N )
& 3
: T Ay, (24) [
o= - - 2 -
"o 9LRrN4 ’ A
"~ . :\::
~ with A, the atomic weight of the material and Ny Avogadro’s number. This is o
Al
. . , PN
ﬁ accurate to within a few percent for photons down to about 1 GeV energy for most N
. &
materials. 3
¥ ) . ] o
iy Atherton has experimental data on electron-positron production rates for 100 ot
- h-.-.
DS

GeV incident protons on Be targets for secondary energies up to 120 GeV (see

<»
®

)
Table V). It is pointed out that in these studies electrons produced at the target ~7
Cu ™
N
. . . . .
v with energies of 200 GeV and above could not be transported to the end of the oy
o Do
beamline. Da
e
- When charged particles are accelerated, they produce synchrotron radiation e
A
LR
and as a result lose energy. For a relativistic particle of charge q. velocity 3 = v /'c, N
- : : ‘
LA [ ALY
.. . . . : -
o energy E, and traveling in a circular orbit of radius p. the energy loss per revolution °
w134
: is given by:*7 E-r.
< }
A
. . 4 q2 Ly
AE 55, revMeV — — L3341, (25) ‘ ".
3 p R
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For relativistic particles the amount of energy loss is strongly dependent on mass,
so that the energy loss of an electron compared to that of a proton. both of the

same initial energy and experiencing the same acceleration. goes as (m,/m.)*. For

electrons where 3 ~ 1,

0.0885( E[GeV | )?

pm

AE;,,/rev ~ (26)

The energy 8 E lost by an electron of energy E bent through a circular arc by a
dipole magnet of length L and with a uniform magnetic field of strength B is given

by38

$E[MeV] = 0.013(E[GeV|)*(BkG))* Lim). (27)

Energy lost when traveling through quadrupole magnets is much more difficult to
calculate since quadrupole fields bend charged particles through non-circular paths.

The beamline used by Atherton included several large bend angles. so that
electrons initially in the range of 200 GeV were losing energy through synchrotron
radiation at such a high rate that the resultant momenta fell outside the momentum
acceptance of the beamline.

Although the MT beamline has fewer bends. the bend angles are comparable.
If the energy acceptance through these bends is relatively small. it is possible that
electrons in the range of 200 to 245 GeV produced in the secondary electron mode of
operation may not reach the final target area. With fewer beuds to travel through,
tertiary electron beams should not be significantly affected by this process. The
bend angles in the MT beamline are listed in Table VI. Table VI also shows the
energy loss of an electron initially of 245 GeV energy as it passes through each

dipole in the MT beamline; the total energy loss through the dipoles is about 8.4
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TABLE VI. Bend angles for dipole magnets in the MT beamline.

Dipole Magnet | Bend Angle® | Angle in Angle in | Electron
Device Name ‘mrad, Horiz Plane | Vert Plane| &F ®
‘mirad mrad GeV"
MW2WD2-1 5.035 1.819 1.439 0.37
MW2WD2-2 5.035 4.819 -1.459 0.37
MW2WD2-3 5.035 4.819 ~1.459 0.37
MT2WU-1 5.622 5.590 0.603 0.72
MT2WU-2 5.622 5.590 0.603 0.72
MT2WU-3 5.622 5.590 0.603 0.72
MT2WU-4 5.622 5.590 0.603 0.72
MT2WU-5 5.622 5.590 0.603 0.72
MT3WU-1 3.260 2.933 1.424 0.18
MT3WU-2 3.260 2.933 1.424 0.18
MT5E-1 5.594 5.594 0 0.53
MTS5E-2 5.594 5.594 0 0.53
MTS5E-3 5.594 5.594 0 0.53
MT5E-4 5.594 5.594 0 0.53
MTSE-5 5.594 5.594 0 0.53
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A
GeV. If the electron does not travel along the central axis of a quadrupole, it will
! experience an energy loss while undergoing focusing. These losses may also be
R substantial. Note that the secondary electron beam is created off-center of the
W
v
e central trajectory in the MW2WD-2 string.
g RAYGEL, a modification of TURTLE. will calculate electron production rates
W
created by the normal cascade process. and allows fo: the placement of both
Y
) an initial production target and a downstream converter used to induce pair
- production. It carries out a Monte Carlo analysis based on the formulas presented
A
" above. For the MT beamline. RAYGEL predicted production rates of 1000 electrons
3':: at the final target area with an initial proton beam intensity of 5 < 10'! particles.spill
for the secondary electron mode. The effect of synchrotron radiation is not
o~ calculated in this program.

Muons are primarily a product of the decay of pions and kaons in the beam. as

o

opposed to being created from targets by incident beams. Substantial muon halos

surrounding the desired beam often are a nuisance to the beam user, occurring most

[
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often when the beam interacts with the material in the beamline.
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CHAPTER VII

STUDY OF MESON TEST BEAMLINE COMPONENTS

A.  Introduction

Using the concepts put forward earlier in Chapter VI, a more detailed discussion
and analysis of the components of the MT beamline will be presented. In some cases
little or no experimental data is currently available, because the device was only
recently installed, ancillary items necessary to run tests were not available, or beam

time was not available.

B. Targets

A target is any material placed in the beamline to cause the particles in the
beam to undergo some desired interaction. While targets are given names to reflect
their intended purpose in the beamline, the fact is that any intervening matter
(including air) are characterized by interaction and radiation lengths and will affect
the beam as if it were a target. No target can be designed to exclusively carry out
only one function; competing processes are always taking place. A target can only
be optimized by selecting material and target thickness so that the desired function
governs over others. Table VII lists pertinent atomic and nuclear properties of
selected materials.

Figure 30 shows a plot of Be target production efficiency f versus L A, for
production of 7%, where L is the target thickness and A, is the absorption length for
77 in Be. As discussed earlier, this plot can be used to determine necessary target
thickness for a required efliciency for other materials besides Be, and will given

adequate values for production of other hadron secondaries. as well. If absorption
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TABLE VII. Atomic and nuclear properties of selected materials.

Yy ."‘:l:{*
YN EXS

3
%
N

. Material | Z | A4, DY Lgp Density | Refractive "-
& 'cml® ‘em:¢ g/'cm®? | Index n ° ::'
@
? He [ 2| 4.00 |(3.39 x 10%)[(5.28 « 10°)|(0.1785) | (35) “e
. 083
Be |4 9.01 40.7 35.3 1.848 “a
LS
- or
%4 Ny | 7]1401 |(6.90 x 10*)}(3.15 ~ 10*)|(1.2506) | (300) o
. e )
Al 13| 26.98 39.4 8.89 2.70 - =
R Ti  |22|4789 | 283 3.55 - - =
Fe ]26] 55.85 16.8 1.76 7.87 - o
N N
&' Pb |82207.19 17.1 0.56 11.35 )
" Air (7.07 » 10%){(3.04 x 10%)| (1.205) | (293) &
Y ._:
- BGO (BisGe30,2) 22.0 1.12 7.1 2.15 e
NS
E Polystyrene (CH)? 79.5 42.4 1.032 | 1.581 NR'
Lucite (CsHgO,) 70.8 34.4 1.18 1.49 2
N Mylar (CsH,0,) 61.7 28.7 1.39 - -3
G-10 plate® 53.1 19.4 1.7 - 1o
.
AR :’:.:-
::f a. Values in ( ) are for gases at 20°C’ and 1 atm. -
k b. Values in ( ) are in units of g/¢ and are for gases at 20°(" and 1 atm. ""'
™ c. Valuesin ( ) are (n-1) x 10° for gases. :.J_-\
N
;.: d. Typical scintillator material, e.g.. PILOT B and NE102A have an atomic ratio s‘.\".'
(A 1'.&
H/C = 1.10. 7
o RN
;\- e. G-10 plate, typically 609 Si0. and 40 epoxy. R
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lengths are not available. interaction lengths A; may be substituted. From the plot
! the maximum efficiency occurs when L/A, = 0.86. Note that the efliciency curve is R
“~
»
. . . . . . N
NG only useful when dealing with materials of about one interaction length or less. since N
o ~
- . ’
e S . . .. : . -
daughter particle interactions producing additional particles are not considered. Y
a Except for MT2TGTO0. all targets. converters, and absorbers in the MT
L)
i
beamline are a standard design ferris-wheel styvle target which can rotate one of ‘
NA :
V) four windows i1nto the beamline. In this beamline. the 6" diameter windows are .
R either empty or hold Pb squares of various thicknesses which serve as the actual
4
target. Pb targets come in standard thicknesses of 0.1" increments. Nonstandard
“ . . .. . . . . .
N thickunesses require machining off-site. Figure 31 shows a simple schematic bean’s
eve view of a ferris wheel target. N
.:__ f':
-
..‘ -I..
B

[ -
PO,
]

LOOKING DOWNSTREAM

o -
> 6" WINDOW
g i
o

@ ;

‘. g
o MOTOR DRIVE -
r:' --_
. _:
.I ‘ -.-
& ¥
I" r:

FIG. 31. Beam's eve schematic view of a ferris wheel target.
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Table VIII lists pertinent data on the targets. converters. and absorbers in the
MT beamline.

Each one is discussed in more detail helow.

(1) MT2TGTO. This is the only fixed target in the MT beamline, and the only
one not made of Pb. This target is fixed in place between the second and third
bending dipole magnets of the MW2WD1 cryogenic string and is Al 6 rul thick.
The function of this target is to produce a neutral beam (of which high energy
photons from the decay of 7% are of interest) for use in the secondary electron mode
of operation of the beamline. The target was linuted in thickness to insure that the
Lieat generated during the interaction of the 300 GeV primary proton beam with
the target would not quench the adjacent ervogenic magnets. The target produces
about 0.5 W of heat per spill, compared to a maximum acceptable value of 5 1"

(2) MT2TGT1. MT2TGT2 MT2TGT3. Currently termed the 245. 160, and
80 GeV targets. respectively, each has Pb targets of thickness 0.1". 0.3". and 0.6".
except MT2TGT1, whose 0.3" Pb target has been replaced by a 0.1" Pb target
with a 1.125" hole centered in the target (see Figure 15). This particular target
is used as a converter in photon pair production to produce a secondary electron
beam. while allowing the primary proton beam to pass without interaction. The
target 1s of minimn thickness so that the electrons, once produced in the target.
are not in turn absorbed by the target. The ethciency of Ph as a converter has been
determined experimentally at Ferwilab and is plotted versus radiation length Ly
i Figure 32, The optimmum thickness is 0.7 Ly, although a wide range of values
centered abont this value will provide comparable efficiencies. A prime candidate
material to replace Ph as a converter is Be, which has 0.4 the interaction length

of Pb. but 68 times the radiation length, so that significantly greater numbers of
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TABLE VIII. Production targets. converters. and absorbers in the MT beamline.

Device | Use | Target | Thickuess| Fraction Fraction | Mode of
Name Material in of \ of Ly | Operation®
.\IT‘_’TGTUJ Prod | Al 0.0006 [3.87 - 10 °|1.72 - 10 *|  SE
MT2TGT1 t(‘nnv Pb 0.1 .15 0.45 SE
MT2TGT1 | Prod| Pb 0.1 0.15 0.45 SH
Pb 0.6 0.89 2.72
MT2TGT? Pb 0.1 0.15 0.45
Prod| Pb 0.3 0.45 1.36 SH
Ph 0.6 0.89 2,79
MT2TGT3 Pb 0.1 0.15 0.45
Prod| Pb 0.3 0.45 1.36 SH
Pb 0.6 0.89 2.72
MT3TGTI Pb 0.1 0.15 0.45
Prod| Pb 0.2 0.30 0.91 TE. TH
Pb 0.3 0.45 1.36
MT3CON1 Pb 0.1 0.15 0.45
Conv| Pb 0.2 0.30 0.91 TE
Pb 0.3 0.45 1.36
MT4CON | et Pb 0.1 0.15 0.45 Purify
Abs | Pb 0.2 0.30 0.91 hadron
Ph 0.3 0.45 1.36 beatus

LA y

a. SE secondary electron, SH

tertiarv hadron.

'''''''''''''''''
...........

’l L]

secondary hadron. TE

moe .

tertiary electron. TH
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electrons created in the material will escape with transportable energies.

All other mounted Pb targets are used to produce the secondary hadron beam.
Their thickness was limited by the requirement that the targets have an ethiciency
fof 1077 or less. This would insure the minimum degradation of the MW beam
intensity and profile, and would keep muon contamination of the MW beam within
acceptable llmits. Because of this requirement. only one of the three ferris wheel
targets may be activated at one time.

Relative target efficiency as a function of PB thickness in producing 245 GeV
secondary hadron beams reaching the final target area for MT2TGT1. 2, and 3 are
plotted in Figures 33. 34. and 35. respectively.

(3) MT3TGT1. MT3TGT1 is used a~ a production target to create a tertiary
beawm of particles and has 0.1”. 0.2". and 0.3" thick Pb targets. This target has
two possible uses: to create lower energy tertiary hadron beams or to initiate the
sequence necessary to create lower energy tertiary electron beams.

In the tertiary hadron mode MT3TGT1 is used by itself. In this case the
thickest target is usually emploved to achieve maximum production rates. The
tertiarv hadron mode was expected to produce a hadron beam with useful rates at
the low energy end of the scale. Studies to compare yields for incident secondary
Lhadron energies other than 245 GeV have not been carried out. Figure 36 plots
MT3TGTI ethciency as a function of Pb thickness in producing 160 GeV tertiary
hadron heats reaching the final target area.

In the tertiary electron mode. MT3TGT1 is emploved with the MT3SW
sweeper magnuet and the NIT3CONT converter. In this situation. one of the two
thinuer Ph targets mayv be used to insure that, when neutral prons produced in

the target ttumediately decay while still in the target. the resulting photons are not
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converted to electron-positron pairs. It is imperative that photons are not converted
before the beam reaches the MT3SW magnet, which is turned on at maximum field
to sweep all charged particles out of the beam (this greatly increases the purity of
the final beam to final target area). Which thickness target is optimum can only
be determined experimentally.

(4) MT3CONI. This target is used as a converter only. producing the tertiary
electron beam by initiating the conversion of high energy photons created in neutral
pron decay to electron-positron pairs. From Figure 32 it is seen that the 0.3" Pb
target is closest to the optimui thickness of 0.39" for Pb when used as a converter.
Only very low yields are expected for the tertiary electron mode.

As argued earlier. Be might be the preferred material for the converter. The
difference in radiation lengths between Pb and Be is significant enough to allow Be
converters a substantial output of electrons over Pb. The difficulty with Be is that
1t is a major health hazard, requiring special handling.

(5) MTHCON. This targets serves as an electron absorber. so that it is termed
an “electron killer.” Pb targets are available in thicknesses of 0.1”, 0.2", and 0.3".
The idea is to use the optimum thickness which absorbs the majority of the electrons
in a beam (thus purifying a hadron beam) but which keeps the number of hadron
interactions within the target to a minimum. This can only be determined when
the electron tagging devices in the beamline are operational. Until these devices
are ready for use. MT4CON could be used to roughly determine whether beams
assumed to be mostly electrons are in fact so. For beams with a high fraction of
electrons. yields should drop off dramatically when MT4CON is in place. However,
this target was only recently installed, so that it was unavailable for such first-order

contannation tests,
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(6) Inherent Electron Absorbers. Besides the targets purposefully placed in the
! beamline to cause interactions, other matter is encountered by the beam, including
W the material of the vacuumn beam pipe windows, the proportional wire chambers,

the siugle wire drift chambers, the scintillation counters. the windows and mirrors

of the threshold Cerenkov counter (as well as the fill gas of the counter). and the air

K s |
l'l“

itself where no vacuum is maintained. These materials are effectively production ’ls
o~ ‘.
- %
™ targets and electron absorbers whose small interaction lengths and radiation lengths o
. successively add up as the beam travels downstream.
) Their most significant effect is to reduce the intensity of electron beams bhefore
—.. . . . . - . . - .
N it reaches the final target area. While it 1s impossible to remove all of this material >y
} .

from the beamnline, it may be feasible to at least reduce some of it. Table IX lists the

LY

R

y u
e,
<4

effective radiation lengths Lg of material other than targets in the MT beamline.
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Figure 37 illustrates the successive addition of radiation lengths down the length of
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the beamline. s
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C. Collimators Pog

-
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Collimators are one of the two beamline devices which are directly used to

- control beam intensity. profile, and momentum bite (the other being maguets). “

A collimator is generally a large block of steel or iron. often having adjustable

.v .- .

s apertures, which allow for the selection of beam profile or angular divergence. It

Pas Al

*y

« can be used to absorb the beam halo and. if closed farther, can be used to control

’
*e

bt
'l

[P
o

beam intensity.

The three collimators in the MT beamline each have two large steel jaws

.;"I. Ay

mounted in a steel casing; the jaws are opened and closed by meaus of a motor drive .

oK
L 4
’

controlled by CAMAC electronics modules. The jaws of MT3CH1 and MT3CH?2
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TABLE IX. Effective radiation lengths of material in the MT beamline. other than

! targets.

:S: Material and Center in| A; Lp
g | Length z ft; AN A
‘ MT2TGTO. 12 mil Al 118.8 |.0039].0172
f-:{, Beam Pipe Window. 6 mil Ti| 145.0 |.0212] .169
¥ Air, 24.8" 1574 | 1.07 | 2.48
'S Beam Pipe Window, 6 mil Ti| 169.8 |.0212} .169
- Beam Pipe Window, 6 nul Ti| 747.9 |{.0212]| .169
& MT3PWC + 1" G-10 7479 | .798 | 1.71
& MT3SC, ;" 748.3 | .799 | 1.50
~ Air, 3’ 748.5 | .129 | .300
ﬁ Beam Pipe Window, 6 mil Ti| 749.1 [.0212} .169
Beam Pipe Window, 6 mil Ti| 798.5 |.0212] .169
X Air, 2! 799.5 |.0860| .200
ﬂ Beam Pipe Window, 6 mil Ti| 800.7 |.0212]| .169
- Beam Pipe Window, 6 mil Ti| 996.0 |.0212| .169
o MT4PWC + 3" G-10 996.8 | .798 | 1.71
“ Air, 2.4' 997.2 | .103 | .240
o Beam Pipe Window, 6 mil Ti| 998.4 |[.0212] .169
Beam Pipe Window, 6 mil Ti| 1031.7 |.0212] .169
- Air, 1/ 1032.2 |.0430 | .100
‘ ¢C Mylar Window, 10 mil | 1032.7 |.0412].0885
§ ¢'C He Fill Gas. 104 1084.7 | .932 | .504
K9
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TABLE IX. Continued

Materal and Center in| Aj Lr

Length z ftt |

CC Lucite Mirror. }" 1103.7 | 448 | .923
CC Mylar Window 10 mil 1136.7 |.0412{.0885
MT4SC, 1" 1137.2 | .799 | 1.50
MT4SWDC 1138.3 |.0670| .383

Air, 2.6' 1138.4 | .112 | .260

Beam Pipe Window, 6 nul Ti| 1139.3 |.0212]| .169
Beam Pipe Window, 6 mil Ti| 1207.9 |.0212! .169
MT5SWDC1 1208.6 |.0670| .383

Air, 1.5 1208.6 |.0645( .150

Beam Pipe Window, 6 nul T1| 1209.4 |.0212| .169
Beam Pipe Window, 6 mul T1| 1281.7 |.0212] .169
MT5SWDC2 12824 |.0670| .383

Air, 1.5/ 1282.4 |.0645] .150

Beam Pipe Window, 6 mul Ti| 1283.2 |.0212| .169
Beam Pipe Window, 6 nul Ti| 1365.0 |.0212| .169
MT6SWDC 1365.8 |.0670| .383
MTGSC1, ;" 1366.3 | .799 | 1.50
MT6SC2. ;" 1366.3 | .799 | 1.50
MT6SC3, 1" 1366.6 | .400 {0.750

Air, 20/ 1378.8 | .860 | .200
Total Up to Wedge Fixture 10.58 | 22.04
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move in the horizontal plane, while the jaws of MT3CV move 11 the vertical.

The primary use of the collitnators in the MT beawmline for CDF is to reduce
the intensity of the beam at the final target area to the acceptable level of 20.000
particles per spill. The effectiveness of each collimator in reducing vields with
the 245 Ge\ secondary hadron tune is plotted in Figures 38. 39. and 40. Yield
1s normalized by taking the ratio of the intensity of the beam reaching the final
target area as measured by the coincidence of the MT45C and MT6SC1 scintillation
counters (this coincidence is coded MTSC46) to the intensity of the 800 GeV
primary proton beam measured by the MW1SEM secondary enussion monitor (both
measure particles per spill). Effectiveness was determined for each collimator with
the other two wide open; each has a full aperture of 4" x 4".

The other use of collimators is to reduce the angular and momentum acceptance
of the beani.

Figure 41 includes schematic diagrams of collimators, and Figure 42 illustrates
how collimators may be used to reduce momentum acceptance. Since momentuin
tagging will be carried out for each particle. this function is not 1mportant to CDF.
Collimator efficiency in reducing the momentum bite cannot be determined until
the momentum tagging system is fully operational.

Note that a collimator is most effective in reducing momentum bite when it
is placed at a point in the beamline where the beam has a large profile spread.
allowing for more controlled selection than if 1t were located near a focal point.
For the MT beamline, the focal points are at MT3IPWC and MT6PWC1. Beam
size and momentum spread along the beamline can be estimated using plots of the
pertinent transfer matrix elements given by TRANSPORT for a given beam energy.

Except for the collimator effectiveness studies. all other studies were carried
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out with all three collimators open at their widest apertures. VA
Yy nA
2
)
N D. Mlagnets - ',:' ‘
Y -
b -J'::
. : . -
The MT beamline magnets have already received a thorough treatment earlier af
S . . o A,
in Chapter VI. Data sheets and magnetic excitation curves for each type of magnet )
Sl
. . . ) . NN
in the MT beamline will be presented here. Because the MTSE magnet string will be ]
S
e %N
used as part of the momentum tagging system. the magnetic field strengths versus - ‘
) . » - . . ' "‘-.‘
current settings for these five magnets will be determined more precisely after the g
NG
. end of the first run. ol
AN
. . . ‘
The polarity of all magnets in the beamline can be reversed. In the case of the s
" A
. . .
. MT beamline, however, only the polarity of MT3V can be changed remotely through A
e
the EPICS computer. The polarity of all other magnets can only be reversed ':.;
at the power supply itself. When this is done, all bending dipoles will beud in - ('
the opposite direction in the magnetic midplane to that designed for positively- -
r . TN
) o
‘ charged particle transport. effectively sweeping out positively-charged particles and N
-
]

instead transporting negatively-charged ones. While this appears to be a simple

way to reverse the charge of particles transported. radiation safety requirements

B may preclude 1t. Reversing the polarity of a quadrupole also switches the focusing

£ °,
b

and defocusing planes of the magnet.

K 1+ Dipole magnets. Dipole magnets are specified according to the gap size and T
f length (in 1nches). so that the 6-3-120 dipole has a 6" horizontal gap. a 3" vertical AR
y o A . o
gap. and a length of 120", The gap s1ze 15 deternuned by the vacuum pipe inserted ®
-

- in the magnet, aud not by the walls of the magnet 1tself. For dipoles, magnetic RS
P4 '.':.--
R excitation curves are plotted as maguetic field strength versus current. Data sheets -,.:,
4

RN
and excitation curves for the 6 3-120 beamline dipole are at Figures 43 and 44. ®

-
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respectively, and for the 5-1.5-120 EPB dipole at Figures 45 and 16. respectively. N
! Note that all EPB dipoles in the MT beamline are 3.5-1.5-120, except the last e
Yy
N magnet in the MTS5E string. which 1s 5-1.5-120. Both have the same excitation -:.:
. * ]
N =
curve. because both have their poles separated by the same distance from the -,i;'
;'« magnetic midplane. At
; . o . : oS
. While bending dipoles are designed to turn a beam through relatively large Y
lf" -"_\-f
5 . . . . . - K
e angles, vernier or trim dipoles are used strictly to adjust the beam profile at some ';_‘:,,
e
L . . . . )
Y point in the beamline. often by only a few mm. To carry out this function, the trim =2
L -.)'t.
WA ) . . ) : A
magnet used in the MT beamline i1s the only nmiagnet in the beamline whose polarity AN
'..I.
N . . . . . ; ‘o
o is regularly changed. The 5-4-30 trim vernier magnet in the MT beamline is not "'*. .
-
. L. L)
a standard Fermilab magnet. A data sheet and excitation curve, developed from o
those for the 4-4-30 vernier, are at Figures 47 and 48, respectively. The vernier o
dipole 1s the only magnet in the beamline whose excitation curve remains linear. Y
. . . : . e
even in the region approaching the maximum operating current. 3
o
o
PR . . N,
(2) Quadrupole magnets. Quadrupole magnets are specified according to their y
>,
" -
. .. . . PR . . Y
gap diameter (in inches), their function (by a *Q™), and their length (in inches). ey
®
The standard focusing quadrupole magnet used in the MT beaniline is the 3Q120 e
EPB guadrupole. Excitation curves for quadrupoles are plotted as magnetic field Sl
._"..
strength gradient versus current. The data sheet and excitation curve for this o
-2
magnet are at Figures 49 and 50, respectively. )
-_:.-~
e
N
E.  Beam Stops and Beam Dumps A
. @
ROS
Beam dumps are perimanently installed blocks of steel. coated with concrete (to NN
i - RS
absorb thermal neutrons) which dissipate the beamn to acceptable radiation safety RN
-.."-.'
levels. The MT beam dump is located immediately behind the T755 experimental .o
.-.-'a
L3P
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| 6-3-120
BEAM LINE DIPOLE

Design Field 15T
= Power (dc) 47.1 kW
“ Current 975 kA ;:
- Voltage 484 V .
N Transfer Constant 1.5385 T/kA R
- Inductance 153 mH .
Gross Weight 10,236 kg o
Water Flow 3200 liters/hr -
Pressure Differential 14.1 kg/cm? 2
—70cm :
CORE e

654cm oh
CORE
~
\'_'
\'h
NS
VAC. TUBE :
(INT. DIM) -
2
—e] 14.43cm -
AC. TUBE :
(INT. DIM)

FIG. 43. Data sheet for the 6-3-120 beamline dipole maguet (from Toohig®?).
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FIG. 44. Magnetic excitation curve for the 6-3-120 beamline dipole magnet (from "-C
Toohig®?). ®
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. 5-15-120 X
. EPB DIPOLE 23
o el
o
. .
& Design Field 15T L
g Power (dc) 50 kW ]
G Current 1688 kA iy
' Voitage 295 V s
o Transfer Constant 1.0 T/kA _;,.&‘
" Inductance 300 mH s
) Gross Weight 2558.3 kg e
- Water Flow 1072 liters/hr e
- Pressure Differential 7.03 kg/cm? ‘o
R,
7
ﬁ 406cm T : .v
. CORE )
- e
2% <0 <A / N
-50 “ 5 \:"‘"0" -
'. a@?‘tg»c. sl I - .
X ¢ AT oo ]
s R
“— i e R
o 37em |8 7em  13.56cm ol R
o CORE CoiL T |E Z B e
I —
[ ‘.
2 — }—12.45cm T
- VAC. TUBE )
(INT.DIM.) B
b“ :_,‘-..
v o\
f‘l.
5 o
5 o
’ FIG. 45. Data sheet for the 5-1.5-120 EPB dipole maguet (from Toohig®?). .
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" L8} 5-1.5-120 i G
b EPB DIPOLE

- I.T - - : : (]
e 16} -
¥, o
. 1.5 : o
e e
R 1.4t . S

L J

:j, '-3 s 7 ::i
12k . e
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' 4-4-30

VERNIER DIPOLE b
¥ ]
N

3 Design Field 04 T 3

" Power (dc) 9 kw
3 Current 0.18 kA R
Y Voltage S50V oy
_ Transfer Constant 0.4 T/kA o
X Inductance mH NS
> Gross Weight 462 kg ]
~ Water Flow 1454 liters/hr e
~ Pressure Differential 6.3 kg/cm? 3'.

-
N
Y )

397 cm—=
CORE

A

.‘l N .I
% b 4 44

(] >
J

Ty,
P4
2%
de
o2
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S
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3
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3
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5
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X
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PR W N
sre

. 9.83¢cm I.D.
. VAC. TUBE
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[ 4
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FIG. 47. Data sheet for the 4-4-30 vernier magnet (from Toohig*®).
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160 200

5-4-30
120

VERNIER DIPOLE
80
I(A)

Magnetic excitation curve for the 5-4-30 trim vernier magnet (from

FIG. 48.
Toohig??).
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3QI20
EPB QUADRUPOLE

Design Field Gradient 18.898 T/m
Power (dc) 24.1 kW
Current 0.104 kA
Voltage 234 V

Transfer Constant 5.3848xI0° T/m/kA

Inductance 1500 mH

Gross Weight 3125.25 kg

Water Flow 6814 liters/hr
Pressure Differential 5.78 kg/cm?®

33em
CORE

FIG. 49. Data sheet for the 3Q120 EPB quadrupole magnet (from Toohig®?).
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house inside the Meson Lab. o
\
o
! Beam stops are devices which can be opened or closed as desired to control
- .
)
“n the transport of beamn downstream. Theyv serve as critical devices in beamlines “
:'9 .I
3 4 since thev are designed to automaticallv close when tripped by safety monitoring :
L]
equipment. The MT3BS is the one beamstop which stops beamn from reaching the -
b :
CDF target area. A steel jaw is held over the beamline by pneuatic pressure to -
) -::..:
1 . . .
3 allow for a 4" - 4" aperture. The MTG6BS1 beawm stop is a specially designed beam B
Cd
-
. stop controlling beam reaching the T755 experninental area. MT6BS1 is actually two -
W o
- . . . . . "o
+ beam stops in series, but their electronics are ganged together so that simultaneous o
'.":-:
¥ control of both is possible. This beam stop is composed of steel 9’ thick and coated e
L]
LS -
-
with concrete. Two jaws in series, each 4.5' long and made of steel. are held over .J_,
o e
-~ the beamline pneumatically. =5
. -“‘.-"
RS
I\---
l“-.
. . L J
F. Beam Analyzing Devices o
The standard beam analyzing devices in a beamline can be divided into two i
-
. . . . . . "
categories: beam counting devices and beam locating devices. Beam counting “;
devices measure beam intensity by providing a count of detectable particles over a
particular time interval {(normally the duration of a spill). Beam locating devices
actnally locate the heam and give a beam profile as a distribution of particles
in a given plane perpendicular to the beamline, as determined over a given time
period. Both gve real-time data which can be monitored directly through the s
EPICS system. These devices will be discussed helow. -
Specialized nonstandard beam analvzing devices nsed in the MT beamline -
W
include the threshold Cerenkov counter, the syvnchrotron radiation detector, and o
the momentum tagging svstem. Because these devices were not operational during ’
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the preliminary beamline studies, they will not be discussed in detail here. o
&
! LR
S
. . . . >y ,".-
:;. G.  Secondary Emission Monitors=- N
<A
e o
The MWI1SEM secondary emission monitor 1s iminediately upstream of the MT =4
A beamline and weasures the intensity in particles per spill of the 800 GeV primary o
. . . . . oo
-, proton beam reaching the MT2TGT-series targets. This is a crucial beam counting
» | . . ]
device for the MT beamline since it provides the incident intensity with which all S
L )
> downstream intensities and vields are normalized e
The MWI1SEM is one of several standard secondary emission monitors used at
»
.‘J,-
. . . . - . . . . .
. Fermilab. As shown in Figure 51, this SEM contains 10 high voltage (or bias) foils
e and 9 signal (or collector) foils. a configuration which allows for the maximum signal

accumulation: each foil is 2 mil thick Al. In addition, titanium (T1) windows 5 il

a thick close off the counter. Negative high voltage 1s applied to the high voltage foils.
so that the signal foils (not wired to a high voltage source) are positively biased.
ot 2
oy ; . .
> The SEM is maintained at a vacuum of 10”7 to 10™° Torr using an ion pump:
' even slight gas contamination will severely limit SEM ethciency. For this reason.
SEM's are normally baked under vacuum at 300°(” for about seven days to minimize
rS . .
N degassing by inner components.
. . . . . . L%
A secondary emission monitor receives its name from the process by which the °
- B J
~, . : S - . : =
- incident beam particles produce 1omzation. The inaident protons’ electromagnetic e
o
. fields interact with the periplieral electrons in the Al atoms on the foil's surface and ~
~ PR
o _-.:_‘
with the free electrons of the metal, providing the necessary energy (5 to 10 eV,
5 ::.
Al depending on the metal’s work function) for an electron to be ejected from the foil. N
L -
- SORY
. PR . . . NN ST
. This emssion 1s a surface phenomenon, since the maximum depth for enussion to ~7
; ~
L] . -
' occur is on the order of 10 "ri. Due to the foil's thickness, particles rarely interact °
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FIG. 51. Cross section of a secondary emission monitor (from Bodnarczuk??).
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directly with the nuclei of the atoms in the foil. Freed electrons are attracted to
the positively-biased sigual foils. generating a current which 1s correlated to the
intensity of the proton beam.

Proper calibration of the SEM is essential. Calibration is carried out using
the forl activation techmque. where a 0.0625" thick brass foil 15 placed directly n
front of the SEM for an hour while beam is runmng. The amount of activity in
the brass foil afterwards is measured and compared against the readings given by
the SEN during the test period to determine the correlation with beam intensity.
This method of calibration is good to +3%. The MWI1SEM was last calibrated by
this method two vears ago. SEM's which have Leen in a beamline for some time
experience fewer fluctuations in readings as activation of the device itself reaches
stable levels.

SEM’s are normally used to monitor high intensity beams and are capable of
counting protons in the range of 107 to 10' particles per spill, where they have
an efliciency of better than 99%. Sigunal-to-noise ratios in SEM output become

important with beam intensities below 107 particles per spill.

H. Proportional Wire Chambers*!

A small standard proportional wire chamber (PWC') has been developed for
use in secondary beamlines at Fernulab, These PW(C's may be used purely as beam
locating devices, or they may be used as beam counting devices, When emploved
as beam locating devices. signals from the PWC's sense wires are read out by an
electronics module called a scanner. which allows the EPICS system to provide

1o.41]

a beam profile on a television sereen. When used 1n this mode. the chawmber

operates i the lited proportional region: when used as a beamn counting device,
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it is operated in the plateau region. where efhiciency 1s better than 990, In either

o
‘I

case. the fill gas 1s 8077 argon 20"¢ carbon dioxide.

> v
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a S

The PWC's in the MT beamline are MT3PWC, MT4APWC, MT6PWCL. and

]

h D)
.‘l',

Iy
s
N

MTGPWC2. These chambers all provide beam profiles in the horizontal and vertical

“»

J

¥
(2

RS |

planes which can be viewed on Fermnlab's closed circuit television system.

Because all PW(C's are surveyed into position. the beam profile not only displays

o
4

)

S0 particle distribution in both the horizontal and veritical planes, but also shows the

W location of the beawm to great accuracy. For the PWC's with 2 mm wire spacing

vf(.r N
". l:’l ’

used in the MT beamline. spatial resolution is on the order of 0.2 mm.

'I '. "
v 42

Bt
)

PW('s are put together using the modular concept: the experimenter may

A 4

vary the number of sense wire planes stacked together to make up the PWC to fit

his needs. All MT beamline PW('s have two sense planes. Except for MT6PW(C2,

whose vertical plane has 1 mm wire spacing. all planes have 2 mm wire spacing.

[ J
These separate wire planes, mounting 64 anode sense wires each (128 for 1 mm >
P
Y
wire-spaced planes). are placed perpendicular to each other and used to read ont s
s
the profile in the horizontal x and vertical v planes. High voltage printed circuit o
e

N . L%

board cathode planes are spaced between sense planes. Exact positioning of these e
r:",{-
planes is accomplished with connector pins attached to the corners of the PWC ro
.'_-.'
)
framte. so that the location of the center of the PWC, and of each sense wire, 1~ oht
®
known to great accuracy. A cross sectional view of a PWC 15 shown i Figure 52, o
f'\.-
. . . . . y" !-
The chamber has been designed to ninimize the amount of matter in the path NG
-"\v.'
O,
. . . . . . . . R S

of the beam. The outside windows are 5 nul thick Al foil. Sense wires are 4 nul "
®
diameter gold-plated tungsten. Cathode planes are also 5 nul Al il The <pace RS

’

filled with gas is 0.75" perpendicular to the beam’s path. For PWC'S with two
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~ense planes, this adds up to 0.002 interaction lengths or 0.0007 radiation lengths,
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FIG. 52. Cross section of a beam proportional wire chamber (from Fenker??).
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o
Currently, all PWC's in the MT beamline also have 0.0625" thick G-10 windows in
! front and back to provide additional support and protection.
> Efficiency plotted against appled voltage for a typical PWC is shown in
‘-
nt . . . . ‘ o
Figure 53. Chambers used as beamn locating devices are normally maintained at
s._, an operating voltage of 2700 V. where they are about 98'7 efficient. Voltages much
>
above this setting degrades the position resolution of the chambers. The chamber
al
A
Dol output “runs away  at about 2850 V applied voltage.
2 Chambers are made gas tight with vacuum grease, which allows for a leakage
o A
’ rate of less than 3 cm® hr at a pressure of 2 of pump oil. The gas flow rate to

chambers is normally around 0.03 SCFH.

L. Single Wire Drift Chambers*-

John Krider of Fermilab has recently designed and tested a single wire drift

AV'
chamber (SWDC) to be used in low intensity beamlines (25.000 particles/sec). This L-:
-. "
AT . o : e,
SWDC has a spatial resolution in x and y comparable to that of standard Fermuilah o
.
PW(C's with 1 mm wire spacing. The first use of these chambers at Fernulab is "-‘.
. . . . . . . \(
in the MT beawmline. where their primary use will be 1in the momentum tagging Al
o~
-
- . . « . . . '\ -
svstem. The SWDC 1s unigue in that it serves both as a beam counting device and S~
o~
. . . A
as a particle locating device. e
.
The SWDC functions on the sawe basis as the drift chambers in CDF. A drift :
chamber is constructed much like a multi-wire proportional chamber. except that the o
spacing between wires is inereased and the electric field between the wires is shaped -
T
N - . . . P . “F
<0 as to be uniform. When a minimum jonizing particie passes through the gas o
1-‘.A
A
vohitie of the chamber. ionization of the gas occurs along the track. In the uniform L
e
aFa

electrie field the liberated electrons drift with a constant velocity (determined by
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the gas mixture and the drift field). These electrons eventually reach the high-field
i. amplification region near the anode wire and avalanching occurs. The collection
- tine of the avalanche gives a measure of the original position of the ionization track.
o~
e : . : o .
Spatial resolution is normally better than with comparable multi-wire proportional
g chambers (often by a factor of 10). However. it takes a cowparatively long tirue
\ A
.
to collect at the anode all the electrons produced along a track. so that multitrack
0
ey capability for a given wire is excluded. This 1s why, depending on the spacing
. between wires (which determines the drift space), reliable detection is only possible
with fairly low beam intensities.
\ The single wire drift chamber is so called because one module consists of four

independent single wire drift cells stacked back to back. each with an active area
N of 4" » 4. Two cells each have a vertical high voltage anode wire to measure the
horizontal coordinate, and the other two cells each have a horizontal high voltage
anode wire to measure the vertical coordinate. One cell has its anode offset 20.3
mm to one side of the center, while the other cell measuring the same coordinate
has its wire offset 20.3 mm to the other side. This resolves left-right ambiguities
and provides a constant monitor of the electron drift velocity.
A cell consists of a single-sided printed circuit anode plane centered between
a pair of field-shaping printed circuit cathode planes. A 15 pm thick grounded Al
foil 1s located outside of each cathode to electrostatically isolate that cell from the
others in the module. A cross section of the edge of a cell 1s shown in Figure 54,
An &) pm diameter Be-Cu field wire 1s located at either edge of the active area.
and each is operated at the same potential as the nearest cathode plane to mamntamn
linearity of the drift field. The cathode plane has 51 field-shaping wires of the sawe

tvpe. The anode wire for a cell 1s 25 pm diameter gold-plated tungsten wire. Each
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FIG. 54. Cross section of the edge of a cell of a single wire drift chamber.
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module is sealed off with 125 pm thick mylar windows.

A 50% argon/50% ethane gas mixture bubbled through isopropyl alcohol at
)" (" is used as the fill gas at 1" of water with a low rate of 0.025 SCFH. Air leakage
rates are no more than 5 em?/hr,

In general, to “plateau™ a counter mweans to optimize the efficiency of the
counter versus such things as acceptable levels of noise. multiple counts. or applied
voltage. Most often efficiency is plotted versus applied high voltage and the resulting
curve rises rapidly until it flattens out. or plateaus. at some value where such things
as noise are acceptable. Counters usually are run well into the plateau region if
other considerations permit so that efficiency is less subject to small changes in the
applied voltage.

The high voltage efficiency plateau for MT6SWDC is shown in Figure 55, taken
for the standard gas nmixture; this plot is typical for all SWDC's. The operating
applied voltage 1s 1620 V' about 100 V" into the plateau region. Chamber ethciency
is normally better than 997, with the error due mostly to noise in the electronies.
Chamber gain is linear with respect to high voltage at least in the range of 1500 to
1700 V.

Figure 56 shows the electron drift velocity for the standard gas mixture as
a function of the drift field. Drift velocity saturation occurs at about 450 V' .
although drift velocity continues to increase gradually with increasing field. The
normal drift field is 1000 V', m, with an average dnft velocity of 5.0 cin pisec.

When the chamberis operated at a nonsaturating gain the anode pulse rise tune
is eqnal to the spread in drift time of the electrons from the imtial 1onizing track.
s0 that time resolution depends on the distance of the track from the anode wire,

Between the effects of this drift path length spread. gas diffusion. and electromes
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FIG. 55. Efficiency vs. applied high voltage for MT6SWDC.
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time slewing, the upper limit on spatial resolution is 380 g (at the drift distance o \
! of 7 cm). This compares favorably with the 300 jon resolution achieved with a 1 A
A
o mm wire-spaced PWC with two sense planes. A
hY A0
WY .. . . . . oy
With beam intensity greater than 25.000 particles sec. the effect of left-right o
- ambiguities and overlapping particle tracks occurring during an initial particle drift
time causes a 170 drop in efliciency.
-
. N . : :
', The SWDC's give an accurate beam count reading during each spill through
< the EPICS systemi. Track location for each particle is fed only to the CDF data
;41
' acquisition svstem. In the next vear. a system will be developed so that beam
[ N . . . . . . P
o~ profiles measured during a spill will be displayed in real time on a television sereen.
L Y

much like those from PWC's. The method used for profile reconstruction. however.

will be much different from the standard scanner system used for PWC's. Until then

the PWC will remain the only real-time heam locating device in the MT beamline.

®
It is currently possible to use an oscilloscope hooked up directly to an SWDC's e
DAY
electronices to deternmine beam profile in a given plane. N
NN
RS
N
®
J. Scintillation Counters 5
A
4.\.'
N
Seintillation connters (SC™s) are the most comunon beam counting device 1 the <3
. . 2
MT beamdine, Two or more mav be placed in coincidence to nuprove the accuracy of °
particle counts by elininating counts due to background noise 1n separate counters.
When comncidences are set. time delay due to length of signal cables and travel
N
tite of particles in the beam must be accounted for. Depending on the shape of the )
o
scintillators used and the logic tving them together 1in coineidence, simple triggenng -"
. .::‘.:-
or particle tagging svstems can be created. SC's are also used to tnigger the Tie -
.."
to, Digital Converters (TDC's) used to deteruune electron drft times iu the single .9
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wire drift chambers. The phenomenon which is the basis of SC's allows thew to
only detect charged particles.

The excitation of the atoms in certain media by 1onizing particles passing
throush the medium results in luminescence (scintiliation), which is recorded by
a photomultiplier. Scintillation occurs in many substances in a variety of phases.
but inorganic single crystals and organic liquids and plastics are most commnon (the
fastest scintillator decay times occur in organic scintillators). *7

The SC's in the MT beamline all use polyvstvrene as the scintillation medium.
with a decav time of 3 to 5 nsec. In orgauic materials. the scintillation mechanism
i~ excitation of molecular levels which decay with the enussion of light i the TV
region. The conversion to light in the visible blue region 1s achieved by means of
the fluorescent excitation of dve molecules (known as wavelength shifters) which are
incorporated into the scintillation medium.

The light from the scintillator slab travels by internal reflection down a shaped
plastic light guide to the photomultiplier’'s photocathode. where electrons are
Lherated by the photoelectric effect.  Amplification factors of 10% are aclieved
by means of secondary emission electrodes tcalled dvnodes) at successively hagher
potentials. A typical scintillation counter is shown in Figure 57

The individual scintillation counters and the comeadences nsed 1 the MT
beawmline are listed in Table X (note the nomenclature used to desiguate comerdences
between SC'sp. The omgnal SC's in the beambine are MT3SC, MTI5C. and
MTGSC1. CDF added the remainder.

Plateaning of SC's is carried out by putting each in comneidence with an already

plateaued counter in the beamline and determimng efficieney with respect to the

reference counter versus apphed voltage. A exaple of suchi an ethareney curve s
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TABLE X. Scintillation counters in the MT beamline.

Device Name | Function | Thickness | Width - Height | Voltage
n e on b
MT3SC Counter : 1 -4 23°0
MTA4SC Counter \ 1 -4 1800
MT6SC1 Counter A 44 1650
MT6ESC? Counter ) 14 2050
MT6SC3 Detinition . 1 -1 1750
9.6
MT6SCV | Veto (Halo) 6 (1.5 dia hole | 1950
n center)
MTGSCMU | Muou Det ' 10 - 10 1800
Coincidences
MTSC46" Counter
MTO6SC12 Counter
MTGESC123V Trigger
MT6MUB? Trigger 7__1_‘4
a. Comncidence between NMTISC and MTGSC1.
Comerdence  between MTESCL. MT6SC20 NMT6S5C3.  MT6ESCV.
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at Figure 58. Most SC’s in the MT beanudine operate at better than 99'7 ethaency,

K. Triggvr.\

The additional SC™s placed 1u the MT6 enclosure by CDF (aud the comncidences
hetween thew) are nsed to produce triggers for the data acquisition system. The
basic trigger logic 1s illustrated i Figure 59.

The MTGSC3 counter is termed a beam definition counter because it is only
1" - 1". defining the maximum size of the beam accepted by the trnigger. The
MTGSCV counter has a 1.5" diameter hole at its center. so that it only detects
particles outside the desired beam profile. thus identifving halo particles. MT65C1,
2. 3. and “no-V" (i.e.. no halo particle detected) are in coincidence (designated as
MT6SC123V) and used to determine the passage of particles which are acceptable
candidates for recorded events. For data acquisition of an event to be imtiated,
CDF requires that no othier possible event have occurred in the preceding 500 psee
i order to clear out the front-end electronies.

If passage of an acceptable event does not trigger the muon counter.
MTOESOMU L the logie sends out a normal (1.0, hadron or electron particle) heam
trigger to the data acquisition ~svstem.  Electron and hadron events are further
ceparated by the electron taggmug devices iu the beamdine. If the muon counter
i~ triggered. however, the logie designates an acceptable muon trigger. The muon
counter cau only be used i the logic when the MT6BS1 beam stop is closed. so
that particles other than muons can be assuted to be absorbed i the beam stop

hefore reaching the counter.
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L. Tagging Svsteins

he

Besides the triggenng svstems just described. other devices are 1 the MT

. beambine to tag particles. The threshold Cerenkov counter and the svochrotron
N

radiation detector cau be used independently orin comnadence tordentify electrons.
. -
:..' The SWDC'S, together with the MTOE hending dipole <tning, and the necessary
.. clectrontes. will be used to dererumne the momentuin of each particle,
v The final panr of SWDC's mav also be nsed for precise measurement of the
-, . . ca- . AP . .
., posttion for each partele. NITISWDC2 and MTESWDC are downstream of all
-

magnets, ~so that thev can be used to project out the x and v coordinates of eacl
e

particle at the CDF target area.
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CHAPTER VIII

BEAM TRANSPORT AND UPDATED COMPUTER ANALYSIS
FOR THE MESON TEST BEAMLINE

A.  Beam Tuning

The most significant product of the preliminary beamline studies should be
a set of tunes (optimum magnet current settings) necessary to transport particle
beaws over a range of energies with the maximuin possible yvields and optimum
heam profiles at the final target area.

Tuning the beam is an extremely time consuming process which requires
a certain amount of hands-on experience. A beamline’s tunes are continually
nnproved upon over the lifetime of the beamline. and may be redone when the
beamline configuration i~ changed or the primary beam itself 1s altered by the
Switchvard.

For the MT beamline. nowminal tunes were first determuned through computer
analvss using TRANSPORT for the three basic energies originally expected to
provide the highest vields for secondary hadron transport: 245, 160, and 80 GeV'.
TURTLE was then used to determine expected beam intensities at the final target
arca. as well as the spatial extent and momentum spread of the beam

The 245 GeV o tune would he used most often. since 1t was planned to he used to
produce the mmeident beam on the MTITGTI production target to create tertiary
heatns It also provided the upper linit energy expected from the beamline because
it required the maximum allowable current settings for the MT2WU and MTSE
magnet strings. A~ the baseline tune. 1t was optinnzed first and studied i the most
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The nominal tune generated by the computer served as the starting point in
optimizing magnet current settings experumentally. The experimenter tunes for
maximuw intensity and proper beam profile, especially at the focal points along
the beawline. with the ultimate goal of achieving the best possible beam spot
and transported vields at the final target area. Beam intensity is determined by
cowparing the particle counts from SC's and SWDC's to that from the MWI1SEM,
which served as the reference counter for testing. This is necessary since the primary
proton beam intensity often fluctuates from spill to spill.

PWC(C's provide the beam profiles used for tuning. These profiles indicate
whether beam remains relatively centered in the beampipe after bends. whether
quadrupoles are focusing properly, and if beam is lost in the apertures of beamline
devices. The two focal points of the MT beaniline are at MT3PWC and MT6PWC(C1.
Beam is expected to be unfocused at MT4PWC, which is strictly in the beamline
to insure that the beam remains centered and is not lost 1. apertures between the
two focal points. A tight beam spot should not be expected here.

Care must be taken in using MT3PWC and MT6PWC1 because they are at
focal points. Tuning of upstream magnets may produce a proper beam spot at the
PWC, but the entrance angle at the PWC cannot be determined directly from the
readout. An improved beam spot may be attained only at the expense of significant
losses downstream since the beam. no longer centered in the beampipe, 1s obstructed
by downs*ream apertures.

There are as many ways to determine an optimum tune as there are experi-
tenters. Time constraints serve to limit the extent to which 1they may be carried

w The procedure followed in optiinizing the three primary tunes w 1> determined

Vocunline physieist and is outlined below.
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(1) In all cases the thickest production target was used (0.6" of Pb). First E;
! the MT2WU magnet string’s current was varied to determine the effect on rates at by
{: MT3SC. while maintaining the MT3Q1/Q2 guadrupoles at their nominal values and "i.:.
o keeping MT3V turned off. This was basically an exercise in data taking, because S'F
-a- for the remainder of the tuning process. the MT2WTU magnets were set at the -
. . originally calculated nominal current value. This was done since it was believed
: that the calculated value was correct for selecting the desired central energy. The -
~ beam profile at MT3PWC was also checked to insure that no beam was lost in
- upstream apertures and that the majority of the beam profile actually appeared in
':. the readout, indicating that the beam was relatively centered in the beam pipe.
. (2) Rates were maximized at MT4SC by varying the MT3WU string’s current
: in 10 A increments. The MT3Q1/Q2 quadrupoles were set at their nominal current
w values and MT3V was off. As a check, rates at MTS5SWDC1 were also monitored. v
l While no focused profile was expected at MT4PWC, beam profile was checked N
) .
«. using the criteria given in (1). The optimum current was determined and set for ‘
the remainder of tuning. ‘:
- (3) Rates were maximized at MT6SC1 by varying the current of the MTS3E
" string in 20 A increments. As a check, rates at MT6SWDC were also monitored. :
- Both pairs of quadrupoles (MT3Q1/Q2 and MT4Q1/Q2) were set at their nominal :
~: current values and MT3V was off. The beam profile at MT6PWC1 was checked
. using the usual criteria. The optimum current value for MT5E was determined and
.;: set for the remainder of the tune. o
ia (4) The MT3V current was varied in 10 A increments for each polarity setting, :
- maximizing rates at MT3SC and monitoring rates at MT4SC. The beam profile :
- N

was chiecked at MT3PWC, where the beam should be centered vertically as closely
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as possible. Optimum current was detertnined and set.

(3) The MT3Q1/Q2 quadupoles’ current settings were adjusted to maximize
rates at MT3SC and MT4SC and to produce the best focus at MT3PWC. Although
horizontal spread is expected to be much greater than vertical spread, the goal was
to sharpen the profile in both planes and to approximately center the beam on the
PWC. The currents of both magnets were adjusted in 2 A increments, with the
originally calculated difference in currents between the two magnets maintained.
This was domne to keep the ratio of currents between the two constant to first order,
since this ratio for a doublet was considered crucial in maintaining proper focusing
properties. Optimum current settings were determined based on a compromise
between maximum rates and optimum beam profile.

(6) The currents of the quadrupoles in the MT4Q1/Q2 doublet were varied
to maximize rates at MT6SC1 and MT6SWDC and to produce the best focus at
MT6PWC1 using the criteria listed in (5). Magnet currents were altered in 2 or
4 A increments. Again, the ratio between currents was kept relatively constant.
For the MT beamline, computer analysis indicated that the MT3Q1/Q2 and
MT4Q1/Q2 doublets should have comparable current settings and ratios. However,
the MT3Q1/Q2 doublet optimum current settings were found to be 27 A lower than
expected for the 245 GeV tune.

(7) Finally, MT5E was tested again, with emphasis on centering the beam
profile horizontally. Other dipole strings could have been rechecked as necessary,
but only MT3V was quickly retested to maximize rates at MT6SC1 and improve
centering of the profile.

(An alternate approach to this tuning method is to leave all quadrupoles off

while tuning the dipoles in the sequence given. Then the upstream quadrupole
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doublet is tuned, monitoring the rates at MT6SC1 and optimizing beam profile at
MT3PWC using the criteria in (5). Finally, the downstream doublet is tuned in a
like manner.)

An nnportant point to remember in tuning is that the current setting inputted
to the computer is not necessarily the exact current the magnet is set to by the
controlling electronics. due to the internal workings of the computer, CAMAC, and
the hardware. When differences between the two do occur, they are always the
same, so that the recorded input values will reproduce the same tune each time.

A comparison between the original nominal tune and the final experimental
tune for 245 GeV secondary hadron transport is made in Table XI. Typical beam
profiles at MTIPWC, MT4PWC, and MT6PWC1 are shown in Figure 60. Actual
vields at the final target area were found to be within a factor of 2 of those calculated.

Instead of using the nominal tunes determined by TRANSPORT. the beamline
physicist decided to simply scale down the optimum experimental 245 GeV tune for
160 and 80 GeV transport using the magnets’ excitation curves. These were then
taken as the baseline values to be used for experimental optimization of tunes at
these energies. Table XI lists these as well.

Because of time constraints, the 160 GeV tune was only optimized with respect
to the bending dipoles; all quadrupole currents were left at the calculated nominal
values.

The optimum 80 GeV tune. however, was determined following the complete
tuning procedure. While testing the MT4Q1/Q2 doublet, it was learned that
inproved rates and focus were achieved when the current ratio was inverted from
the ratio based on nominal values. This was an indication that the polarities of

these magnets were actually the reverse of those assumed in all calculations.
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secondary beam transport.

Magnet 245 GeV 160 GeV 80 GeV

Nomunal| Exp Nomunal |  Exp Nominal | Exp

FUNE TV TV BV S S

MT2WU | 1675 1675 959 959 477 165

MT3Q1 87 60 40 40 20 27

MT3Q2 92 65 43 43 22 26.7
MT3V 0 15 (Rev) ] 10 (Rev) | 10 (Rev) ] 5 (Rev) |5 (Rev)

MT3WU 830 850 567 610 283 290

MT4Q1 96 92 59.5 59.5 29 20

MT4Q2 91 87 57.5 57.5 28.7 22

MTS5E 1670 1680 957 1000 478 490
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TABLE XI. Nominal and experimental current settings for 245, 160, and 80 GeV

(.

".‘l"'
Y AP
R T T YN

';

.

'|.“- "v :n _.I .‘l

5.l

. " :: %y "r _‘l "’
"’.4' LA

e O
e

,._-.
{{']l‘v
YRy A

~ v
P
l"'\,.'

»

.
R

TS A
) )
@ A

",1' )4| ® '.i.‘l N "

NN

Fl ;.I":‘.‘
YR l"l“ «

’.'{.l ..' " , ’

AR AN
N 'I,A.l". 5".‘:'-

»
l"

VAYSh

i@



-

- 4“..‘

S
[N

Y

e

)

o2 |
ol
»

Pl
.“ K A

.

fae!

R

Q!
s

Py

P

"W
Ll

‘- -& IR N RN -
.~ '{'),o\-",_q"(J'u'd‘.l‘f'.‘.l‘-fll'.".('.f.ﬁ)'.'\(_{fr

-

ot

169

T 3PwC VERTICAL
2mm SPACING —_‘.ﬁ._
HORTZONTAL
MT4PWC
VERTICAL
2mm SPACING
HORJZONTAL
.‘1‘" "”E!!H .
MTEPWC1
VERTICAL
2mm SPACING

ava X
[ RN X K

HORIZONTAL

FIG. 60. Beam profiles at MT3PWC, MT4PWC, and MT6PWC1 for the experi-

mental 245 GeV secondary hadron transport tune.
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Tunes for intermediate energies were calculated by scaling between experimen
tally determined optimum tunes at 245, 160. and 80 GeV. There were a number of
possible ways to do this, including simply scaling down from the 245 GeV tune and
1znoring the other tunes. or by scaling between the 80 and 245 GeV tunes. ignoring
the less thoroughly studied 160 GeV tune. The decision was to: (1) scale frow the
245 to the 160 GeV tune in 10 GeV increments: in scaling 1n the nonlinear region
of the magnetic excitation curves, these curves were used directly; (2) scale linearly
from the 160 to 80 GeV tune in 10 GeV increments; and (3) scale down from the 80
GeV tune linearly in 10 GeV increments to 20 GeV, and then in 5 GeV increments
to 5 GeV. Difliculties in this procedure arose from the fact that the MT4Q1, Q2
current ratio went from being greater than 1 to less than 1 at some point and the
fact that this procedure created sudden jumps in some magnet values when com-
paring intermediate tunes just above 160 GeV to those just below. Nomne of these
tunes were studied with an eye to experimental optimization.

These intermediate secondary hadron transport tunes were also used as the
basis for establishing the tertiary hadron and electron tunes. For the tertiary hadron
tunes, current settings from the 245 GeV secondary tune were retained for magnets
upstream of MT3TGT1 in order to transport 245 GeV secondary hadron beams to
the production target; then current settings for the desired energy to be transported
from this target were used for the downstream magnets. For the tertiary electron
tunes. tertiary hadron tunes were simply modified by setting the MT3SW magnet.
normally off. to its maximum allowed enrrent. (MT3CON1 would be used as a
converter just downstream of this sweeper magnet to produce electrons for further
transport.)

The exact central energy, as well as the actual energy spread, for all these

~

»

-" “\}V}\'l »

R

LI e Y

A

1.
.

RO R

R

S
-
-
o
i

o

.""'l,
-J . [ 4 “.::

]

.
'I“
o

£ r x
T

§
{
A

{‘ ;ﬁl ~A
3L

v 's:«.: g
WAn




Y

’ '-’"!‘

g
'-"v W ¢

-

L 4
a5

3

g )
B

N

e

\J . gl %) g gt Yo 4'ad" AP 1Y va Ate 4t 0 \ Ya p e gt & a.t » 0] . \
- 'J
Moy
l\:
LY.
oA
- ~
1 { 1 :\,.,_
NS
tunes has yet to be determined. The momentum tagging system 1s the only means :\:
available to experimentally find these values. Y
oL
v
-
o~
B.  Experimental Yields 7
e
Besides developing tunes. the most significant goal of the prelinunary beamline :‘;:.
o
V%
studies was to determine the yields for these tunes at the final CDF target area :',’.‘-
. . e . ) RS
over the full range of energies (10 to 245 GeV') for the available modes of operation Py
(secondary hadron. tertiary hadron. and tertiary electron transport). ':f.'-
N
._..N
Yield studies demonstrated that the MT beamline is a very flexible beamline. o
N
Y
able to trausport useful rates to the final target area at least over the energy range ®.
f_’.z
20 to 245 GeV for secondary hadron support, 10 to 140 GeV for tertiary hadron e
transport (higher energies are possible, but were not studied). and 10 to 220 GeV -
g
for tertiary electron transport. " e
S
Flexibility is further demonstrated by the fact that significant vields of sec- N
N
ondary hadrons are produced over a wide range of energies when using any of the N
2
three MT2TGT-series targets in the MMW2WD2 string. This string allows a wide [
'\‘,"d
S .
range of energies to escape the final aperture, although almost certainly many of oy
“7A
the particles making up the emerging beam are created by interactions inside the NN
G
~
magnets themselves. Note that the 80 GeV target, MT2TGT3, placed just before °
DAk
: : . N
the last magnet in the string. allows transport of the full range of energtes from 20 e
to 245 GeV. This is not surprising. since particles must only escape the apertures \'
Ay
of the very last magnet. e
The significant uncertainty in this yield data is in the actual composition of A
the transported beams. due to the lack of tagging devices in the beamline during Ry
DAY
the studies. This 1s particularly important in the case of the tertiary electron mode. . :
-‘-'
:'j-;'
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where vields are alreadv quite low. Even the presence of the MT4CON electron
absorber. not available at the time. would have given an indication of the fraction
of electrons actually in these heams.

The vield curves (hased on counts per spill from the MTSC16 coincidence
compared to those frow the MWI1SEM) for secondary hadron transport are plotted
in Figure 61. Curves are shown for production off of each of the three targets.
MT2TGTL. 2. and 3. In each case, the thickest (0.6”) Pb target was used.

Figure 61 shows that the maximum yield using the so-called 245 GeV target
actuallv occurs at 230 GeV, rather than at 245 GeV. Likewise, the so-called 160
GeV target produces a maximum yield at 150 GeV, instead of at 160 GeV. This
i1s expected, since the requirement to adjust the MW2WD?2 current settings to
transport an 800 GeV, rather than a 900 GeV, primary proton beam would select
correspondingly lower central energies. Figure 61 shows the energies which will be
produced at rates of 20,000 particles/spill or more in the case of 5 - 10" incident
primary protons/spill at the production targets.

The yield curve for tertiary hadron production off of the MT3TGT]1 target is
plotted versus energy in Figure 62. The 245 GeV secondary hadron beam was
transported to the thickest (0.3") Pb production target. It is significant that
production rates at the lower end of the energy range are no better than the
extrapolated values for secondary hadron transport at these energies. lmproved
production rates at the lower ene.gy end may be possible if lower energy secondary
hadron beams. instead of the 245 GeV beam, were delivered to NIT3TGTI1.

The tertiary electron beam yield curve versus energy is also plotted in Figure 62.
Again. the 245 GeV secondary hadron beam was incident on MT3TGT1's thickest

(0.3") Pb target. The thickest (0.3") Pb target in the MT3CONI converter was
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FIG. 61. Normalized experimental yields vs. beam energy for secondary hadron

transport. A minimum of 20,000 particles per spill reaching the CDF target area

for 5 » 10" primary protons per spill is marked by a line in the figure.
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used. Whale the 0.3" Pb target in the converter is nearly the optimum length
for Pb when used as a converter. the 0.3" production target in MT3TGT1 mav
not be of optimum length (due to early conversion of high energy photons i the
target . Ouly further studies with other thicknesses will deteruune this. Again,

contanunation studies are crucial because of low production rates.

C. Contamination Studies

Contamination studies would reveal the number of hadrons, electrons., and
muons 1n the beam for various modes of operation at selected energies. This is
particularly important in the case of electron transport, where production rates are
very low.

Electrons could be detected using one of the beamline electron tagging devices.
the threshold Cerenkov counter and the synchrotron radiation detector. or by using
the Central Electromagnetic Strip chambers mounted on the wedge fixture in the
final target area. These CES chambers are well understood detectors with excellent
resolution and rejection rates. Unfortunately. none of these devices were operational
during the preliminary beamline studies. The electron killer, MT4CON, which
would at least have provided an indication of electron beam purity. was installed
after these studies were completed.

The muon trigger created with the addition of strategically placed scintillation
counters in the CDF target area allowed for determination of muon contamination in
the secondary hadron beam for certain energy tunes. Percent muon contanunation
is plotted in Figure 63.

Fraction of muons in the secondary hadron beains was deternuned by comwpanng

the rates from the coincidence of MTOSCL. 20 3. “no- V.7 and MU compared to
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those from the coincidence of MTGSC1L. 2, 3. and "no-V:" data was taken when the
MT6EBS1 beam ~top was closed. While most scintillation counters are operating at
better than 990 ethciencv. MT6SCMU. placed behind the NIT6BS1 beam stop. 1»
onlv operating at 967 ethciency. This produces little error in the results. Because
mons lose about 1 GeV in energy while traveling throuch 1 1 of steel, the 9' thick
beam stop would «~bsorb muons of 3 Ge\ energy or lower. The total fraction of

muons with these energies reaching the beam stop is undoubtedly small.

D. TUpdated Computer Analysis

Preliminary beamline studies were conducted based on nominal tunes deter-
mined by computer analysis to transport 245, 160, and 80 GeV secondaryv hadron
beams. The original computer analysis found these to be the maximum vield en-
ergies for production and transport off of the MT2TGT1, 2. and 3 targets. respee
tivelv, and all analysis with TRANSPORT used each of these energies as the centril
energy of the central trajectory ray. But this analysis assumed that 900 Ge\ enerye
primary protons were incident on the MT targets and were also o be g
down the MW beamline.

In realityv. 8300 GeV energy protonus are dehivered roorhe SN W T
the current settings for these macnets bad 1o b0 e 00
transport the protons down rthe TIW feagidns ]
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TRANSPORT carries out calculations based on the concept of the central
trajectory, with a given central energy, so that tunes developed to transport an
assumed central energy that is in reality not the central energy leaving the magnet
string will not be the optimum tune for the assumed energy. For example, the
calculated tune to deliver 245 Ge\ secondary beams actually would deliver 245 GeV
particles (as long as the MW2WD2 string allowed particles of this energy through
its apertures)., but this tune does not allow for the maximum possible intensity
to be transported to the final target area. Since all other tunes were eventually
scaled from this one, all tunes, while still able to transport desired energies, are not
the best ones possible. (Remember also that the original calculations were made
assuming incorrect polarities for the MT4Q1/Q1 quadrupoles.)

For this reason, it was decided to recalculate the three primary tunes at
the correct central energies of 227, 151, and 75 GeV. TRANSPORT was applied
to determine nominal magnet field strengths and gradients (converted to current
settings using excitation curves), and TURTLE was then used to calculate initial
phase space acceptance, particle production and transport rates, and expected beam
profiles and momentum spreads reaching the final target area.

The nominal tunes for the three correct central energies are listed in Table
XII. Ultimately. these values will be used as the baseline to experimentally develop
optimum tunes for the three energies. Intermediate tunes will then be found by
scaling.

A comparison of the values in Table XII to those listed in Table XI for the three
original energies shows that these values are relatively close, as should be expected.
The greatest differences are in the current settings for the MT3WU string and for

the MT4Q1/Q2 quadrupoles; the differences in quadrupole settings are probably
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TABLE XII. Calculated magnetic fields and current settings for 227, 151, and 75 ::“;

GeV secondary hadron beam transport. v
L ]
-
:

Magnet | 227 GeV | 151 GeV 75 GeV o

MT2WU | 13.97 | 1457 | 9.31 [889.2| 4.66 |444.7 5;\;
MT3Q1 | 4.02 {78.97| 2.68 |51.32| 1.36
MT3Q2 | —4.32185.05| —2.88(55.15| ~1.45

(%]

(=]

o

g

-

2
¥,

o
3
~
=

o
o
-1
Qo
'

MT3WU | 8.10 {773.0| 5.40 [515.7| 2.70
MT4Q1 | —4.10] 80.5 | —2.74 |52.47 [ —1.36 | 26.04 o
MT4Q2 | 4.01 | 79.0 | 2.69 |[51.51| 1.33 |25.47
MT5E | 13.90 | 1445 | 9.26 |884.6| 4.63 |442.3 I

.':"

A
f

E NS
LU

It

a. For dipole magnets, magnetic field strength is given in units of kG; for

YN

5
PR AP

quadrupole magnets, the magnetic field gradient is given in units of kG/in.
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due more to the correction in magnet polarities than because of the new central
energies. This suggests that the original tunes developed are still quite useful until
time is available to find the optimum tunes, and that other results from updated
computer analysis, such as production rates, will not be significantly different from
earlier results.

Pion, proton, and kaon production rates for the secondary hadron tunes with
central energies of 227, 151, and 75 GeV were calculated using TURTLE with
the particle production package developed by Malensek. These hadron yields
were determined in particles per spill reaching MT3TGT1, the tertiary beam
production target, and reaching MT6PWC1, just before the CDF target area. These
calculations assumed 5 x 10'! 800 GeV primary protons per spill incident on the
thickest (0.6"”) Pb target at MT2TGT1, 2, and 3, respectively. TURTLE calculates
the number of particles by type leaving the production target per interacting proton
incident on a Be target of the desired thickness, and also determines the fraction
of particles reaching designated points along the beamline. To compute the beam
intensity for a given particle reaching one of these points, the following formula is
used: (number of primary portons per spill incident on the production target) x
(fraction of produced particles actually transported by the beamline to the point)
- (the etficiency fof the target) x (Malensek’s correction factor for Pb as compared
to Be).

Hadron vields at MT3PWC and at the CDF target area for 5 - 10'! incident
primnary protons per spill for the three primary energies are plotted in Figures 64 and
65. respectively. These curves give a rough indication of the yields to be expected
for intermediate energies.

TRANSPORT calculates transfer matrix elements R,, at designated points
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FIG. 64. Computed yields by particle type at MT3PWC for secondary hadron

transport at 227, 151, and 75 GeV.
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along the beamline. As discussed earlier. certain matrix elements have a direct
physical meaning in regard to beamline transport characteristics. R;; and Ra;
indicate spatial magnification in the horizontal and vertical planes, respectively, and
equal the image magnification M, and M,, respectively, at focal points. R,; and
R34 indicate the angular magnification, or focusing properties, of the beamline in
the Lonzontal and vertical planes, respectively. R;¢ gives the fractional momentum
spread & = Ap/p. Because the magnetic midplanes of the magnets in the MT
beamline are not all in the horizontal plane (due to the rolling of some dipoles),
calculated matrix elements R,, reflect correlation between the x and y planes.
However, Carey has developed a computer package that removes this correlation
between the matrix elements, so that values can be determined which directly relate
only to the horizontal and vertical planes.

Figures 66. 67. and 68 respectively plot Rz, R3gq. and 'Ry = Ap p versus
longitudinal distance z along the beamline for 227 secondary beam transport, using
uncorrelated matrix element values: for comparison. the location of magnets and
collimators is also indicated in the figures. A comparison of these values with those
matrix elements found for the 151 and 80 GeV tunes show only minute differences.
This is expected, since these two tunes use magnetic field strengths which to first
order are scaled down from those in the 227 GeV tune. Ounly the apertures in
the beamdine are not scaled down accordingly. but since TRANSPORT ignores
apertures in its calculations, this does not matter. Differences maiuly are the result
of the fact that the lower energy tunes each use a production target which i~ 12
farther downstream from the next

The initial phase space acceptance in (r.r' oy oy’ &4 at the MT2TGT wenes

targeis as caleulated by TURTLE for each corresponding primary enerigy s histed
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in Table XIII.

TURTLE also determined the beam profile in the horizontal and vertical planes,
the momentum distribution in the horizontal plane, and the total momentum spread
at the final target area for the three secondary beam tunes. Tae beam’s final spatial
extent in x and v and the momentum spread for the three primary energies are
listed in Table XIV. The greater spread in the horizontal plane is clearly illustrated.
Values for spatial extent can be used as benchmarks during experimental tuning.
Until momentum studies are conducted, calculated momentum spreads are relied
upon totally.

To better illustrate the beam characteristics at the final target area for the 227
GeV secondary hadron transport tune, Appendix D includes a full set of histograms
produced by TURTLE. These histograms include (1) particle distribution versus the
horizontal coordinate x, (2) particle distribution versus the vertical coordinate y.
(3) particle density in the x-y plane, (4) momentum versus x. and () particle
distribution over momentum values.

A very preliminary tune optimization for the new 227 GeV secondary hadron
transport tune was carried out by adjusting several of the calculated nominal values.
A comparison of these current values is made in Table XV, and Figure 69 shows
the heam profiles at MT3IPWC, MT4PWC. and MT6PWC1. Beam intensity was

40 of the calculated value.
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TABLE XIII. Calculated initial phase space acceptance at the MT2TGT-series

targets for secondary beam transport.

MT2TGT1 | MT2TGT2{ MT2TGT3
227 GeV 151 GeV 5 GeV
Ar lin] 1.1 1.1 1.1
Ar' mrad) 1.8 1.8 1.2
Ay lin] 1.3 1.2 1.2
Ay’ ‘mrad| 0.4 0.4 0.4
Ap/p %) 5.0 5.0 5.0

TABLE XIV. Calculated 227, 151, and 75 GeV secondary hadron beam dimensions
at the CDF wedge fixture. All values are FWHM.

Energy |Az |Ay| Ap |Ap/p
[in] | [in] | iGeV /]| (%]

227 Gev {2.210.8 10 4.4
710.8
TSHGeV 129110 4 3.3

-1
-
o

151 GeV | 2.

-----
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TABLE XV. A preliminary experimental tune for 227 GeV secondary hadron :
! transport. "
.
) gy
v Magnet |Magnet Currents [A] 4
L (
Nominal Exp K
i %
’ MW2WD?2 735 796 o
S:' MT2WU | 1457 | 14618 “:- ;
MT3Q1 79 78 .
w
~ MT3Q2 85 83 2
h'.I
‘:: MT3V - 100 (Rev) o
b
‘ MT3WU | 773 760 ‘
WY
:::: MT4Q1 80.5 74 :E
- MT4Q2 | 79 76 )
. e
ﬁ MT5E | 1445 1465 <
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CHAPTER IX R
SUMMARY :5:
e
PO
.
e
The CDF test beam facility at the Meson Test site is operational and tests
. . - e ]
will be conducted on detector components during the Fall 1987 fixed-target run. e
-:.:-:n
This was made possible by the contributions of many individuals in the CDF R
IR !
collaboration. My part in preparing the CDF test beam facility for operation “\’
o .
included: (1) assisting in the design and construction of the test beam facility gas 'f:.x_-:
"l..-l
. . . . . DA
delivery system, and (2) conducting preliminary studies of the MT beamline and
.W -
Ly
ey T . . A
its components to understand capabilities and limitations in meeting CDF beam y
. o
requirements. S
e
. . .. . AL
The test beam gas delivery system is complete and functioning. The final design .-.‘_f."
’ ro
Pt
incorporated all requirements to insure that the delivery system is flexible enough to -
provide support to all components during the Fall 1987 run and in the future. The ':::;3
-
.. . A
gas delivery system actually surpasses the original expectations of CDF test beam gL
N
I %
facility planners. It can deliver several different gas mixtures simultaneously, with °
SN
all necessary controls located outside the controlled-access fence. Storage of large o
amounts of gas mixtures on-site reduces downtime otherwise required by frequent L
\.A- ‘- 9
supply changes and assures that the composition of mixtures remains uniform for °
Py
- . . . . . .
long periods of time. An exact duplicate of the gas quality monitoring system in :\!"
(]
the CDF collision hall is operational at the test beam facility. A gas pressure buffer é :.:f
ALV
system for both the forward hadron and forward electromagnetic calorimeters is -
R
. . . L
mounted on the forward fixture. reducing the risk of chamber damage and allowing -::'.:
LY
Pt
for the testing of improved components to the buffer system because of the ease in ::;:.
vy
access. All safety requirements have been met, including continuous monitoring for ” L]
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ethane leaks while the gas is in calorimeter chambers.

The preliminary beamline studies have provided a solid understanding of the
general operation and capabilities of the MT beamline. despite constraints in
equipment availability and operational beam time. A vast amount of detailed
information was not expected nor would have been realistic.

The most significant finding was that the MT beamline has a great deal of
inherent flexibility. This was not altogether expected by the beamline physicists.
The MT beamline will produce and transport required beam intensities to the CDF
target area for several modes of operation (secondary hadron. tertiary hadron, and
tertiary electron) over a wide range of energies, although exact composition of the
beam in these modes is only partly known at this time.

With knowledge of the configuration, capabilities, and limitations of the MT
beamline, the originally requested CDF beamline parameters listed in Chapter IV
are reviewed to determine the ability of the MT beamline to meet these parameters.
Repeating these parameters:

(1) Supply hadron and electron beams from 1 to 300 GeV' energy. The
maximum safe operating currents for the MT2WU and MT5E magnet strings limit
the MT tune for secondary beams to about 245 GeV. Computer analysis gives a
momentum bite at this energy of +2.5%, so that the maximum expected momentum
will not be over 255 GeV, although rates for this momentum will be quite low. If
analysis of the secondary electron mode of operation proves this to be an effective
method to produce electrons, then electrons with energies up to 245 GeV can also be
cxpected with useful production rates. Tertiary production of hadrons and electrons
from an incident 245 GeV secondary hadron beam on MT3TGT1 will produce

useful rates from 10 to 245 GeV. Extrapolation of data assuming a primary proton
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beam intensity of 5 x 10'! particles per spill suggests that useful rates can be
achieved down to energies of 5 GeV. The very low energy end of the requested
scale cannot be achieved without the maximum primary proton intensity of 1 ~
10'% particles per spill. The possibility of achieving higher tertiary beam vields
using lower energy secondary hadron beams incident on MT3TGT1 has not been
tested, nor has the effect of tertiary production target and converter thickness been
investigated satisfactorily. Finally, the actual composition of hadron and electron
beams has not been determined at this time.

Flexibility of the MT beamline to produce a wide range of particle beam
energies has been demonstrated.

(2) Particle identification of hadrons and electrons to an accuracy better than
0.05%. This accuracy in particle identification is necessary in order to study the
rejection rates of the calorimeters, which in some cases are already known to be
better than 1 x 1073. Since the beam itself cannot be made “pure” in hadron or
electron content to the required level of 1/2000 impurities, it is necessary to employ

particle-tagging devices in the beamline. To this end the MT beamline includes

a threshold Cerenkov counter and a synchrotron radiation detector, both of which

will normally be used to identify electrons. They may be put in coincidence for
this purpose. Due to delays in installing necessary equipment to make both these
devices and the CDF test beam data acquisition system operational. neither device
has been studied at all at this time.

(3) Provide a muon beam. A muon beam per se is not produced by a beamline:
muons are a product of the decay of pions and kaons created at production targets
and by beam interactions with other matter along the beamline. Muons make up at

least 1% of secondary hadron beams. which is satisfactory for CDF requirements.
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In the MT beawline, muons are identified using the signals from a coincidence
of scintillation counters just upstream of the CDF target area and a counter placed
behind the MT6BS1 beam stop just downstream of the target area. With the
heam stop closed, it is assumed that only muons of energies of 3 GeV or greater
will penetrate the beam stop to reach the downstream counter (MT6SCMU). The
CDF data acquisition system trigger logic insures that false muon triggers are
rarely initiated. Ouce electron tagging systems are in place, this same trigger logic
will rarely produce false electron triggers. The greatest opportunity for improper
identification of particles can be expected for hadrons, which are tagged by a
no-electron. no-muon trigger. With the reliance on the MT6SCMU scintillation
counter, which currently has a 96°C operating efficiency, muons will occassionally
e tagged as hadrons.

(4) A momentum tagging system that can determine the momentum of each
particle to an accuracy better than 0.3°. Accurate knowledge of particle momentum
ix crucial to any response study of the calorimeters. Instead of using an analvzing
magnet whose excitation curve (magnetic field strength versus current setting) is
already known to great accuracy, the MT beamline momentum tagging svstem will
rely on the MTSE horizontally-bending dipole magnet string. These are the final
tmagnets i the string, so that momentum values determined at their location will
reflect those at the target area. Because these magnets only bend horizontally,
error in caleulations are reduced. Instead of using beam PWC's, for the first time
single wire drift chambers of a special design will be used to determine the position
of each particle with a high degree of resolution. These chambers will be used

in pairs upstream and downstream of MT3E. The distance between chambers 1n

each pair is large enough to reduce the effect of inaccuracies in the longitudinal
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e
. . . . NN
coordinate z. During the first run the current supplied to the MTSE string will w
‘ be accurately measured by a precision shunt and recorded by the data acquisition ,{:
ph
a
. . . . ’
-;, svstem. Following the first run, a detailed study will be conducted to determine the o
S
Ia
} . o ’
Q. string’s excitation curves to the necessary accuracy. ; :
i (D) Less than 20.000 particles but more than 20 particles per spill over the entire -oi'
-t e
o
. « . . . . " :
energy range. The maximum allowed beam intensity is determined by the dead time ]
LYy .F.{ .
' e . - .. Mg
:}; of the front-end data acquisition electronics (about 3.5 usec). Intensities above 1000 e
, particles, sec in a 20 sec spill increase the probability of two particles reaching the A
W -'\u
A Ly . . . . s
target area within the dead-time period of the electronics. in the case of secondary A
, N
. '.
b hadron beams. collimators must be used to reduce beam intensity reaching the CDF )
e v g s
. target area over a large part of the energy range from 10 to 245 GeV. depending 5%
-~ s
) on the exact intensity of the primary proton beam reaching the production targets. L
I
oy
. . . hats
i However. rates are so low in the range of 1 to 5 GeV for all modes of operation -"j-
that optimum tunes must be developed to transport enough particles to the final ;.:,n
- target area. even with the highest primary proton beam intensities. Exact rates \
s
1
. . . . y
. of production are not currently known since the electron-tagging devices are n.t bl
[
available. In particular. the electron beam may include a large fraction of other NN
particles, further reducing electron vields per spill reaching the target area. The e
= . . o
secondary electron production mode has not been studied at all. so that rates from ~
- - .
; this mode are unknown.
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APPENDIX A

THE CDF COLLABORATION

i (As of Sep 1987)
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APPENDIX B ]

dm ZZ2 WX
-rb?f

TEST BEAM GAS SUPPLY SYSTEM YN
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This appendix includes the floor plan for the CDF test beam facility gas supply

(1.'3*
e
'

A

-\
control area outside the controlled access fence (Figure 70). schematic flow diagrams =)
T _.:\ .
v, for the gas supply system up to each of the detector elements (Figures 71 to 76). and e
“a
. schematic flow diagrams for the gas pressure buffer systems loczted on the forward \..
¥ 3
7/ fixture and supporting the forward EM and hadron calorimeters (Figures 77 to 82). :-:_‘.
Yy
N
. ) - . ) ~
> Finally, Table XVI has the current equipment list for the gas supply system. The _\.;
V. ~

coded labels for each component matches the label in the schematic flow diagrams. -
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N
! TABLE XVI. Equipment list for the CDF test beam facility gas supply system.
o
»
a
S 10/20/87 o
. CV-0l-cmumammmacmaaanacaanns OIL CHECK VALVE (2" W.C.) o
N CV-02-emmmecmmmamnnnannaanens OIL CHECK VALVE (2" W.C.) N
1 (oY 1 OIL CHECK VALVE (2" W.C.) -
CV-04-cnamaeoeteaiacnaaaans OIL CHECK VALVE (2" W.C)) -
< ol . OIL CHECK VALVE (2" W.C)
-y CV-06-cnmmremmmmmmaanaanaaaans OIL CHECK VALVE (2" W.C.) N
) 1 HUMPHREY VO062E1-2-10-21-35 NC .
v EV-02-ceremunmmraneeaaamciaannnas HUMPHREY VO062E1-2-10-21-35 NC
~ EV-03--cmceamamiaacnaamaaaanas HUMPHREY VO62E1-2-11-21-35 NO N
- EV-08---ccreemmeaammaaacaaancnaas HUMPHREY VO62E1-2-11-21-35 NO :
EV-05-c-cememmreaanmcaacmcaannns HUMPHREY V062E1-2-10-21-35 NC .
- EV-06---ccmmemmmmaacaamcaaanas HUMPHREY VO062E1-2-10-21-35 NC
EV-07-ceremmmraamrannraanaaaas HUMPHREY VO62E1-2-11-21-35 NO N
EV-08--vncremmraammanncaaanaaans HUMPHREY VO62E1-2-11-21-35 NO A
- Y V1§ O VICTOR #1125-0301 '
I MV-02--nsemmmmammaamaameaananas VICTOR #1125-0301 Ve
Y A7 1 P NUPRO #SS-4P4T4 N
1Y RV 1 7 S NUPRO #SS-4P4T4 Kl
o 1Y 72 1 1 NUPRO #SS-4P4T4 A
o 1Y AV 1 T NUPRO #SS-4H-TW it
¥ VN 1 NUPRO #SS-4H-TW N
MV 08 -eemmememiaainiiaaaaans NUPRO #SS-4BK-TW
h\ Y AV 1 1 NUPRO #SS-4H-TW -
’ Y T s NUPRO #SS-4P4T4 T
L T NUPRO #SS-4P4T4 ~
v Y NUPRO #SS-4P4T4 .
- . O NUPRO #SS-4H-TW I
MV B4t NUPRO #SS-4H-TW
- 1 L I NUPRO #SS-4BK-TW
A L NUPRO #§S-4H-TW
) MV 17 oot NUPRO #SS-4P4T4
. Y I F NUPRO #SS-4P4T4
N MV.19 e NUPRO #SS-4P4T4
. MV -20-ccmmmemmnaneanaanenas NUPRO #SS-4H-TW
1Y 2% 3 NUPRO #SS-4H-TW !
w MV 22t ee NUPRO #SS4BK-TW -
- Y s X NUPRO #SS-4H-TW e
- MV 24 e NUPRO #SS-4P4T4 oy
" [ LV S NUPRO #SS-4P4T4 >
’ MV 26--cmmeeoiiaaaiaaaaa NUPRO #SS-4P4T4 )
! MV 27 oo NUPRO #SS-4H-TW )
Y 2 X NUPRO #SS-4H-TW -
o MV 29 e NUPRO #SS4BK-TW R
'4': »:‘:ﬁ
N o
hed
e
~T
N
.................................................................... ) ::1

..............................
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TABLE XVI, Continued ;2
.
N
M "\vl‘ ]
¥ Y
- '\*
&
3 %
MV-30-memmmmmimaeeaeeeeaes NUPRO #SS-4H-TW
Y T P NUPRO #SS-4P4T4 20
e MV-32 e NUPRO #SS-4P4T4 ]
- MV-33 e NUPRO #SS-4P4T4 50
) MV-34-e e NUPRO #SS-4H-TW o
. MV 38 NUPRO #SS-4H-TW -
< MV-36-cnmmamemnammeacaeacennns NUPRO #SS-4BK-TW v
MV 3T e eeeeeeee NUPRO #SS-4H-TW a0
MV-38-eooemmimiiiies VICTOR 1125-0301 P
3 MV.-39 e VICTOR 1125-0301 bt
. MV-40-emmmenimae e NUPRO #B2454 o
¥ A "2 ¥ P NUPRO #B2454 .2
MV42n e NUPRO #B2454 N
- MV-43 L NUPRO #B2454 oy
- MV-84. iy NUPRO #B2454 N
‘ MV-45-coumeonamamnacnnnaonaaes NUPRO #B2454 =l
‘i 3 T NUPRO #B2454 L
3 (5 1 S VICTOR #SR-450ME 0*'".
PI-02---cccimmmmmmecieeaeeees VICTOR #SR-450ME N
> PI-03-ennmmmmee e HELICOID OR USG o
- PI04- e HELICOID OR USG N
PI-0S--neeimem e HELICOID OR USG s
PI-06--ceemmmemmmmnaammmmmcmmnnn HELICOID OR USG Xo,
g ] O e HELICOID OR USG e
) 1 1 MAGNEHELIC #2005 o
PI-09 - HELICOID OR USG s
o PI-10----cmmmenm e, MAGNEHELIC #2005 e
5 2 T T HELICOID OR USG o
[ 0 B T TP MAGNEHELIC #2005 I
- PI-13-eeeemme e HELICOID OR USG e
Pl-14-mmmmmeeeiee e MAGNEHELIC #2005 o
L PL-1S e HELICOID OR USG P
PI-16- - ccccmmmmmmmmeeeeeees MAGNEHELIC #2005 <
o~ PI-17 e HELICOID OR USG o
[N PIo18eceemm e HELICOID OR USG o
Pl-19 e HELICOID OR USG
. PI-20---- - cememmmmmmmeeeeeas MAGC™NEHELIC #2005 e
o | J ) O PHOTOHELIC 3002 i
g PI-22- e, PHOTOHELIC 3002 NN
PI-23 e PHOTOHELIC 3000-0 o
o PE-24 e PHOTOHELIC 3000-0 N
) PI-25-- e MAGNEHELIC 2002 S
PI-26---ccmcmammmmeeeaas MAGNEHELIC 2002 N
-~
’
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1 15 P PHOTOHELIC 3002

| £ TSR PHOTOHELIC 3002

3 PO 1 U, PHOTOHELIC 3000-0

011 PSR PHOTOHELIC 3000-0

3 T} PR MAGNEHELIC 2002

3 P 7 TR MAGNEHELIC 2002
PRV-01---nremsmmammmememacaoaanns VICTOR #VTS-252A
PRV-02---nnremmmemameracaamaaas VICTOR #SR-450ME
PRV-03---snmmmemmmmnemnnanaanns VICTOR #VTS-450B
PRV-08---wnnmmnmamomamacncanooas REGO #2403-SR9-S
PRV-0S5---nnnmmemmmmmcomecanaans REGO #2403-SR9-5

PRV -06---nnnnmmmemeramaeancnnas REGO #2403-SR9-5
PRV-07--nnnmmcmmmmamaencacanaas REGO #2403-C
PRV-08--nvemmmmrmmomaoraaanes RECO #2403-C
PRV-09--csnnmmnmanmramcannnnnas REGO #2403-C
PRV-10---wnsmmememmormamaraaanaas REGO #2403-C

3. 8'25 § PO REGO #2403-C
PRV-1dnmmcmmmmroracananananaaas VICTOR #SR-450ME

13,3725 F PSR REGO #2403-SR9-5
PRV-16--c-ncmmmmmmmmaommeaoaeaes REGO #2403-C

SV-01--nmvnnn-- (24 PSIG) ----- ANDERSON GREENWOOD 83MC46-4
SV-02--nnmnmnn- (24 PSIG) ----- ANDERSON GREENWOOD 83MC46-4
SV-03-cnvmamnen (24 PSIG) ----- ANDERSON GREENWOOD 83MC46-4
SV-04--mnmnmnn- (24 PSIG) ----- ANDERSON GREENWOOD 83MC46-4
SV.05---nnnnne- (1"W.C) --n-- OIL SAFETY VALVE
SV-06---------- (1"W.C) ----- OIL SAFETY VALVE
SV-07--ennnnne- (2"WC) --e-- OIL SAFETY VALVE
SV-08---nnnmnn- (2"WC) --e-- OIL SAFETY VALVE
SV-09----nn--- (1"W.C) ----- OIL SAFETY VALVE
SV-10---emnnnv- (1" W.C) ----- OIL SAFETY VALVE
SV-llesmmnnnn- (2°WC) ----- OIL SAFETY VALVE
SV-12emnnamne- (2"W.C) --e-- OIL SAFETY VALVE
SV-13-amennnnn- (3"WC) ----- OIL SAFETY VALVE
SV-14-mmean-- (3" WC) ----- OIL SAFETY VALVE
SV-1S-aenennnn- (3" WC) ----- OIL SAFETY VALVE
SV-16--mnnnmnv- (3"WC) ----- OIL SAFETY VALVE
SV-17-mcmnnene- (3" WC) ----- OIL SAFETY VALVE
SV-18--nvnnnne- (3"WC) ----- OIL SAFETY VALVE
REFRIGERATORS----<-=exsereeenes NESLAB RTE-210
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APPENDIX C D

]
W] r)
2

MESON WEST BEAMLINE “’?

g The beamsheet for the Meson West (MW) beamline is at Table XVII. A

N N
. . . . . . RN

schematic diagram with the MW beamline components plotted (not to scale) in

RO

o~ the horizontal coordinate x versus the longitudinal coordinate z up to the MWG )
[ .-!F ]
. enclosure 1s in Figure 83. .9
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APPENDIX D

BEAM TRANSPORT HISTOGRAMS

This appendix includes histogramms produced by the TURTLE program package
used to analyze beam transport capabilities of the Meson Test (MT) beamline
in producing and transporting 227 GeV secondary pions to the CDF target are.
The program “threw™ 30.000 rays to simulate secondary pions produced at the
MT2TGT1 (0.6" Pb) target. All histog ams plot the resulting rays reaching the
MT6PWC1 proportional wire chamber just upstream of the CDF target area.
Information plotted includes: particle distribution versus horizontal coordinate x
(Figure 84), particle distribution versus vertical coordinate y (Figure 85). particle
density 1 the x-v plane (Figure 86). particle momentum versus x (Figure 87). and
particle distribution versus momentum (Figure 88). These results are quite sinular
to those for the transport of other 227 GeV secondary hadrons as well those for the

trasport of 151 and 75 GeV secondary hadron beaws.
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FIG. 88. Particle distnibution vs. momentum at the CDF target area.
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VITA

Heurv Gerhart Franke III was born in Fort Wayne, Indiana. on 26 September
1955. Hix parents are Henry G. Franke. Jr. and Gisela Franke. He graduated
from Copperas Cove High School in Copperas Cove, Texas. in 1973. He attended
Texas ALM University asx a member of the Corps of Cadets and graduated with
a Bachelor of Science degree in Chemcal Engineering in 1977, Upoun graduation.
he was commissioned a Second Lieutenant in the Umited States Armv Chemical
Corps. He has served with the 101st Airborne Division (Air Assault) at Fort
Campbell. Kentucky, the 2d Infantry Division in the Republic of Korea. and the
32d Airhorne Division at Fort Bragg. North Carolina. where he commanded the
21st Chemical Company { Airborne). His permanent mailing address 1s: 518 Louise

Street, Copperas Cove, Texas 76322,
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