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ABSTRACT 

\\'e have measured the product.ion of secondary particles in collisions of 800 

< ;<' V protons with various nuclei. Previous experiments have measured leading 

part id<' production by protons up to 400 Ge V. A differential Cherenkov count.er 

was used to tag t.he secondary part.ides as pions, kaons, protons or ant.iprot.ons. 

Target nudei used were beryllium, aluminum and tungsten. Most. of this produc­

t ion data were taken at ±530 GeV, although a small amount was also obt.ained 

;d -200GeV and at -400 GeV. Negative particle data were taken at. a production 

;inglf' of 8=0 mrad; positive data were taken at 8= 1.4 mrad. Angular acceptance 

\Yas typirnll~· /.8 = ±0.5 mrad. The tuning, the performance and the charac­

t erist in• of the new Fermilab MW-beamline which was used in this study are 

rlisrmse<l. The <lifferential Cherenkov count.er is also described along with its use 

to tag the minority part.ides. Finally t.he results on yields and A-dependence are 

presented along with a comparison with the existing data from other experiments 

ancl the predictions of current theoretical models. 
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Chapter 1: Introduction I 

1. INTnODllCTION 

For many years it has been realized that studying hadron-nucleus collisions 

at high energies provides important and unique insights into strong interact.ion 

physirsll),(21. Due t.o int.ranuclear rescaHerings, t.he nucleus is the only tool avail-

able fort he experimental study of: the space-time development of particle produc-

tion; the interact.ion of resonances with nucleons; and the interact.ions of 'almost' 

free quarks. 

In this introduC"tion I will disC"uss an intuitive picture of the hadron-nudeus 

interaction due to Busza131 and then give a review of the theoretical models and 

recent experiments closely related to my thesis work. I first start by defining a. few 

parameters which are extensively used in the hadron-nucleus literature and which 

are very useful in interpreting the dat.a. 

A measure of the average mult.iplication of particles inside a nucleus is given 

by: 

(1.1} 

where < n >A is the average number of charged relativistic particles (/3 ~ 0.7) 

produced in an inelastic incoherent interaction between a hadron and nucleus A. 

< n >p is the average number of charged particles produced in an inelastic collision 

of the same hadron with a proton. 

A parameter that reflects the nuclear thickness, and at the same time takes 
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a rrn1111t the differing opacit.ies for different incident hadrons (h) is ii, defined as: 

_ AO'hp(incla5tic) 
v= (1.2) 

O'hA(inela5tic) 

,-, ran he thought of as the average number of inelastic collisions h would make 

wi1 h nucleons in the nucleus if, following each collision, it remained as a single 

hadron h. From experimental measurements it turns out. that: 

For prot ons!20J: 

D:::: 0.7 A0
·
31 ( 1.3) 

For pionsf20l: 

ii:::: 0.74A0
·
25 ( 1.4) 

in agreemen1 with a naive nucleus model with large A and radius R""A 113• 

:\ rnm·enien1 parameter for describing the longitudinal motion of relativistic par-

tirles is 1he rapidity, y, defined in any frame by: 

(1.5) 

where E is the total energy of the particle and PU its longitudinal momentum 

in that frame. A Lorentz transformation to another frame traveling with speed 

r = ~fr along t hf' rRpidity axis <"orrel'lponds to a rapidity y•, in t.11e new frame: 

. - - ! 1 (1 + ;3) 
y - y 2 n (1 - ;3) (1.6) 

Thus, t.he shape of a rapidity distribution will be invariant under such a parallel 

Lorentz boost. 
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In some experiments on particle product.ion, only laboratory angles are mea-

!'med. In those cases the pseudorapidity variable 17 is used: 

ylab :'.::::'. 17lab = - ln( tan elab/2) 

The approximation is excellent. provided: 

p-p11 __ .:.;...:'.:::'.1. 
E-pll 

( 1.7) 

( 1.8) 

One way to look at. hadron-nucleus interact.ions is t.o consider the interact.ions 

as Yiewed in the rest frames associated with the groups of part.ides producedf31. 

\Ye rnnsider three cases: 1) the secondaries have rapidity near t.hat of the beam 

projectile (within ±1.5 units); 2) the secondaries are at rest in the cent.er of 

mass of the projectile and the target (rapidity far from either projectile or target) 

and; 3) the secondaries have rapidity close t.o that. of the nucleons in the target 

nucleus. In t.11e first case, since the beam particle rapidity is close to that. of 

the reference frame, the beam particle is moving very slowly. The target nucleus 

however is far away in rapidity, moving very, quickly through the interact.ion and 

is highly Lorentz contracted (Fig. 1( top)). In this figure, each line represents a 

contracted nucleon in the nucleus, and the circle represents the beam particle. The 

secondaries in this region will be "produced" at a time after the nucleus has passed 

through the beam particle and hence will not have the chance to interact in the 

nucleus. However, the secondaries can recombine with pieces of the beam particle 

sinre these fragments move slowly in this frame. Another way to describe this 

case is that the formation length, increases with momentumf4l. At high energy the 

format.ion length is greater than the absorption length or even the radius of the 
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nnrlrns. The heam part.ide, unlike t.he secondaries, it.self can int.era.rt. repeatedly 

with different nucleons. In this rapidity region we observe, first, secondaries which 

co11ld not h~l\'e reint eracted in the nucleus, and, second, fast. beam fragments. This 

rapidity range is called the leading partide or beam fragmentation region. The 

nwal'memcnt s made for my thesis work are in this kinematic region. 

In t lw !"eroncl rase, secondaries are at. rest in t.he renter of mass system. Both 

llir hram ancl the target are highly Lorentz contracted and move rapidly t.hrough 

llir intrrnrtinn (Fig. l(middle)). Secondaries produced in this rapidity region will 

n·rnmhinC' without reinteracting. Also, there will be no beam or target fragments 

I., hC'lp t hC' hadronization. Part.ides produced in this rapidity region, called the 

1-rnl ml or central field region, should not depend on the beam or target type but 

on]~· on the amount of energy left by the fields of the passing beam and target. 

Jn the third rase, the nucleus has rapidity close to that of the reference frame 

and will be moYing slowly while t.he beam particle will be highly contract.eel (Fig. 

I (bottom)). Secondaries produced in this rapidity region will be formed inside the 

nurl<'ns. They will have the chance to int.eract with other nucleons before leaving 

the nucleus, each interaction producing slow secondaries which can themselves 

interact. Thus, the presence of these particles can lead to a cascade of interactions 

that will depend on the size of the nucleus and somewhat on the impact parameter 

of the original hadron-nucleus interact.ion. This rapidity region, called t.he target 

fragmentation region, contains slow particles, most. of which come from secondary 

interact.ions inside the nucleus. 

The discussion above emphasizes the important distinction between projectile 

and serondary collisions inside the nucleus. A projectile collision is an interact.ion 
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0 .( 
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I_~ 

L > 
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Figure 1: Hadron Nucleus Collision as viewed in the rest frame particle 

groups for three different cases: (target is indicat.ed at the right and the beam 

projectile at the right in these figures.) a) Beam fragmentat.ion region. (middle): 

Central region. (bottom): Target fragmentation region. 



Chapt~r l: Introduction 

l1f'1 wrrn llw indtlC'nl bPnm partidr nn1l a nurkon in t.he nucleus; the project.He 

rn;iy rollide with more than one nucleon and in general it does. The number of 

projN·t ile rnllisions is a measure of the thickness of the nucleus along the line of 

t hr inkrartion. The impact parameter is related to the number of the projec-

I ii" rnllisions. A small impact parameter means t.hat t.he beam interacted near 

I he rent Pr of the nucleus and so statistically will have t.he maximum number of 

projrctik rnllisions. In projectile collisions, the difference in rapidity bet.ween t.he 

prnjrd ilr an<l target is large. Secondary collisions usually occur when a particle 

pr11d11cecl in a projectile collision has rapidity close to that of the target so that it 

is f, 1nnrd inside the nucleus and then int.erads before leaving. 

Thf'nrit>s of hadron-nucleus interactions may be grouped into general categories 

deprnding on how they treat t.l1e projectile collisions. Collective modelsl5J,[G] treat 

I h<' int era ct ion as having only one collision between the incoming hadron and some 

"effecti,·e targef' which depends on how many nucleons were st.ruck in the nucleus. 

Finall~· there are models which t.reat the collisions explicitly as quark-quark (or 

pa rt on-part on) interactions. 

The collective models arrive at predictions without specifying any dynamical 

properties of the hadrons and most of the times don't agree with the data. Thus, I 

will concentrate in describing two parton models that offer the hope of a complete 

desniption of hadron-nucleus interactions based on the "Standard Model"[71. 

The addit.ive quark model of Nikolaev and Ostapc.heckl8l and the dual part.on 

model of Capella and Tran Thanh Vanl9l [IO) are both based on int.eractions be-

tween single partons in the beam particle with single partons in the target. nucleus 

(see Fig. 2 ( t.op )). The additive quark model views a hadron, h, as consisting of a 

~I 

I 



Chapter 1: Introduction i 

d..flnit,.. m1111hrr "f !<:Jl~finlly ~Ppnr;itrd rnn!':fit11('nt qm1rks, whni;e fh1vo11r cprnnt11m 

m1111bers are the same as those of the corresponding valence quarks111l. The sea 

quarks, sea antiquarks and gluons form a virtual doud of a const.it.uent quark. In 

a11~· of hadron-hadron, hadron-nucleus or nudeus-nudeus collision, some quarks 

from the projectile interact inelastically with quarks from the target. losing a con­

!'i<lerahle fraction of their initial moment.a. The remaining quarks in both t.he 

proj('dile and the target. pass t.hrough as t.he leading or spectator quarks, retain­

ing their initial moment.a. The hadronization process can be broken into steps 

which lHn·e different characteristic lengths. First., new quarks will be formed with 

probabilities described by the fragmentations functions that depend both on the 

quarks in the collision and the spectator quarks. Second, the quarks recombine to 

form hadrons. The characteristic length for t.he second process is long compared 

to that of the first~ so the two are treated separately. The formation length for the 

quarks. as was discussed earlier, may be longer or short.er than the nucleus depend­

ing 011 the moment.um of t.he quark being produced. In this model each quark in 

the projectile may only interact. once in the nucleus. The hadrons produced in t.he 

projectile fragment.at.ion region are dominated by the product.s of the hadroniza­

tion (fragmentation and recombination) of the leading quarks from the projectile. 

The additive quark model was developed further by many peoplel12],[14],[14],[16] and 

can explain most of the features of hadron-hadron and hadron-nucleus collisions 

data. In the last. chapter of this thesis the addit.ive quark model predict.ions as cal­

culated by Dar and Takagil12],[I 3l, for the A-dependence of the inclusive react.ions 

p+A- c+anything (c=7r±, K±, p and p) in the projectile fragmentation region, 

are compared with my data. 

In the dual parton model (Fig. 2 (bott.om)), as a consequence of the interact.ion 
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Pach rnllitling hadron splits into t.wo colored systems, a quark and ant.iquark syst.em 

I in I lw case of a meson) an cl quark and diquark systems (in the case of a baryon). 

Tog.Pt lwr t hc-s<" two systems carry all the moment.um of the colliding hadrons. In 

a rnsr of n inelttstir collisions oft.he projed.ile wit.h n nucleons of the t.arget. there 

will hr 2n <1uark-antiquark chains and only two chains can be init.iat.ed by colored 

systems containing Yalence quarks of the projed.ile. The remaining 2n-2 chains 

will he in it ietl eel by quarks or antiquarks oft.he projectile sea. 

The nrnin difference between the additive and dual part.on models, is indicated 

111 Fi~. 2 "·hich shows a hadron-nucleus interaction with t.wo project.ile collisions 

111 rarh model. lTnlike the additive quark model, in the dual part.on model t.he 

q11ark-etnl iquetrk chain between the projectile and target. quarks appears twice 

(th<' out side chi'\ ins). Each additional collision adds two more chains bet.ween a 

sPH quark and the target and a sea antiquark and t.he target. (the inside chains). 

Final particle rapidity distributions are formed by summing up the cont.ribut.ions 

from each chain. To do this one needs to know t.he moment.um distribution of the 

end quarks in the chain. This requires knowing the distribution i'n the beam, target 

and sea, and the fragmentation function of quarks into hadrons. Some examples 

of the predictions of the dual part.on model and the additive quark model, are 

compared with the data in Fig. 3. It should be mentioned that both models have 

sufficient flexibility to encompass most of t.he current data. 

l\fany reviews of the experimental dat.a on hadron-nucleus collisions have been 

published recently [3),(l 7],(lS],(l9],[20l. Previous experiments have measured leading 

part.icle production by protons up to 400 GeV l2l],[22],[23l·[24],[26l. Barton et. alJ24), 

measured t.he inclusive production of 7r±, ](±, p and pin 100-GeV proton collisions 
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Figure 2: Diagrams of proton-nucleus interactions wit.11 t.wo project.He c.olli-

sions in the Addit.ive Quark Model (top) and iu the Dual Parton Model (bott.om ). 
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Figure 3: (top): R(y) is the ratio of the cross-sect.ion 011 the nuclear target to 

that. of hydrogen. Comparison of streamer chamber datal251 with additive quark 

model calculations (from Busza131). (bottom): Comparisou of data of Bart.on et 

al.1241 for the different.ial multiplicit.ies for 1"± product.ion with the dual part.on 

model rnlculat.ions110l. 
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with C', Al, Cu, Ag, and Pb targets and made a <"ompilation of the world dnta on 

t lw A-dependence of leading part ides produced in high energy proton collisions. 

\\"f' measured the indusi\"e leading partide production in 800-GeV proton collisions 

"·it h Be. Al, and \V. The last chapter of this thesis compares our results with other 

experiments. Except from the A-dependence of t.he inclusive cross-sections t.l1e 

h~·pot hesis of limiting fragmentationl2i] can be tested by comparing our incident 

proton data at 800 GeV with those of Bart.on et. al.l24l at 100 GeV. According to 

this h~·1)0thesis. one expeds the measured indusive cross sections in the projectile 

fra~ment at ion region to scale with energy, that is, to be functions of only the PT 

e11Hl the Feynman x (xr ). 

The parts of the Ei06 I was primaril~· involved with were: a) Construction of 

the he1dronic pi' rt of the Ei06 Liquid Argon Calorimeter; b) Const.ruction and 

operntion of the differential beam Cherenko\" count.er; c) Bringing into operation, 

tuning and understaudiug the M\\'-beamline; d) Developing the Moute Carlo pro­

gram to simulate the performance of the Cherenkov count.er so t.o be able to 

separate 7r from I\ at 530 Ge V; e) Acquisition oft.he data employed in this thesis; 

f) Analyzing the data for the A-dependence .presented in this thesis. 
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2. l\1'Y-IlEAl\ILINE AND E-706 SPECTilOl\IETER 

In this chapter I describe the MW-Beamline and the E-i06 spectrometer. I also 

give an overview of the different. modes of operation used in t.he beamline. 

2. l. f\l\\"-BEAMLINE 

The f\1eson West (f\fW) beamline is one oft.he newest fixed target. beamlines at. 

Fermilab. It is a reasonably high intensity secondary beamline with mass definition 

provided by a Cherenkov counter. Two experiments have been approved to use this 

beamline: the Direct Photon Experiment, E706, and the Hadron Jet. Experiment., 

E6i2. The init.ial beam requirements of the Ei06 experiment were, ,...., 107 
7r- /sec 

in a -530 GeV secondary beam and a beam spot. of"" lcm2 plus the capabilit.y of 

tagging 7r+ in the positive 530 GeV beam!37l. 

Design of the MW beamline began at the end of 1982. The beamline was 

designed to transport secondaries with energies between 1000 Gev and 25 Gev. 

First. beam on target was recorded on li June 1987. 

Preliminary tunes of magnet current settings, were done to maximize yields, 

reduce losses and optimize beam profiles at the E706 experimental target. Tunes 

for several energies required by E706 were determined at the beginning of the run 

period (Jun. 1987). 
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There were two primary running modes, positive and negative, whi<-h were dif­

ferent from eaC"h other for safety reasons. In addition during the 1987-88 run there 

was a dedicated C"alibration run. All the beam running modes will be described in 

dt't ail in the following d1apters. 

2.1.1 Beam configuration 

The spatial rnordinates (x, y, and z) used t.o describe the MW-beamline are 

specified as follows: The z axis points along the direct.ion of motion of the primary 

proton beam (that is, it points downstream). Looking downstream, positive x 

points in the horizontal di red ion to the left and positive y points up in the vertiC"al 

diredion. 

The exad loC"ation of beamline components and the origin of the z coordinate 

system is determined by the survey personnel. The position of the MW beamline 

rnmponents and their associated device names are listed on the MW beamsheet 

in Table 1. The locations given in Table lare those of the geometric centers of 

each component. The horizontal displacement of the MW-beamline components 

is plotted as x versus z in Fig. 4. Commonly used symbols for beamline devices 

are shown in Fig. 5, along with a.n "xplanat.ion of the beam device names. 

The MW-beam is a secondary beam since it is used to transport particles of 

a fixed energy that. are produced by colliding the proton beam, directly from the 

accelerator, ont.o a production target. The polarity and the momentum selection 

of the particles transported by the MW-beamline is initially done by the first 
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MW SECONDAllY 

Z CENT. 

1424.• 
UH.I 
1444.2 
1411.2 
1417. I 
104 •• 
UH.• 
un.• 
nu.• 

11n.1 
1114.I 
1171.1 
1111.I 
1111.1 
1111.1 
HU.I 
1111.1 
HU.I 
1111.2 
IH7 .2 
1111.2 
1111.2 
1771.1 
1711.7 
1712.7 
llU.t 
1114.7 
UU.7 
1111.2 
UH.I 
lHl.7 
1114.1 
1141.1 
IH7.l 
•.111.1 
llH.l 

POSITION 
X CENT. ELEMENT CODE 

12.71 BEGINNING OF BEAM 
12.11 EAllTLY BEND MAGNET 
II.I• EAllTLY BEND MAGNET 
II.ti EAllTLY BEND MAGNET 
14.tl DUMP' COLLIMATOll • 211• 
14.71 Sl SP'OILEll • 11• X 12 X t• 
11.H IUH 
H.41 IUH 
11.14 SP'OILEll - 144 X II X 111 

WCI • t .rlll VACUUM. SWIC 
BEAM STOP' 

II.II VEllTICAL COLLIMATOR • 11• 
18.11 HORIZONTAL COLLIMATOR • 11• 
11.H IQIH 
17.71 12 BEND MAG~ET 4 X 2 X 241 
H.24 IQ1H 
H.11 IQUI 
H.tt IQlH 
41.47 IUH 
4•.H IQ1H 
41.22 IQ1H 
41.41 VEllTICAL VERNIEll , X 4 XII 
41.82 VEllTICAL VERNIER , X 4 X II 
41.71 HORIZONTAL VERNIEll 4 X 4 X II 
41.11 SWIC • tMY, VACUUM 
44.11 VERTICAL COLLIYATOll • 11• 
44.11 HOlllZONTAL COLLIMATOR • 11• 
44.14 IUH 
41.H llllH 
41.11 SI - SPOILER - II X II X 14• 
41.41 12 IEND MAGNET 4 X 2 X 24• 
47.tl 12 IENO MAGNET 4 X 2 X 241 
41.11 S4 • SPOILER - 18 X 11 X 241 
O.H IQ1H 
41.lt IUH 
H.U IQlH 
l•.1• SI • SPOILER • 18 X II X 104 
11.H IQ1H 

Tnble 1: MW Beamsheet 

POWER 
SUP'P'LY 

MWIW-1 
MWIW•I 
MWIW-1 

llW75·1 
MW7Q1•1 
11117Q1-2 
MWJS-2 
YW11C1 
MW7BS 
llW7CY1 
MW7CH1 
ll'.f7Q2-1 
llW7W1 
YW7Q2•2 
llW7Ql-1 
Y117Ql•2 
llW7Q4-1 
MW7Q4-2 
MW7QI 
llW7Y-1 
MW7V-2 
MW7H 
MW11C2 
MW7CY2 
MW7CH2 
MW7Ql-1 
llW7Ql•2 
llW1S·I 
MW7W2-1 
llW1W2·2 
MW7S•4 
UWIQl•l 
llWIQl-2 
MWIQ2 
WW1S-I 
MWIQl•l 
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,q 

IHl.e u.u IUH MW11l1•2 
llU.l 11.11 IUH MWlll4 ...... 11.11 II IEND MAGNET • X I x 141 MWJWl•I 
HO.I ..... VERTICAL VERNIER , • x 4-X •• MWIVl•l ....... 11.11 VERTICAL VERNIER 1 • x •:x .. lfWtvl-1 ...... .. •• 1 I 1111 VACUUM IWIC • AIR lfWHCl 
UH.• H.H DJ,,, CERENKOV COUNTER -~lll FT. 
2111.• 8•.•4 I MM VACUUM IWJC • AJR :; llWHC2 
1114.1 8 .... VERTICAL COLLIMATOR • •t• llWICV 
1114.• U.H HORIZONTAL COLLIMATOR • te• llWICH 
110.1 u.•I IUH ........ , 
2111.T 11.11 IUH Hlll5·2 
2211.8 12.u YEiT, CALJI. llAO. • I X 8 X 11• llWIO ...... n.n IUH ........ , 
1112.l 84.11 IUH llWllll-2 
1121.1 84 ... llllll MWlll'r 
1111.8 H.14 IUll ........ , 
un.1 81.71 IUH Hllll-2 ...... 11.u IUH .. ..... 
2114,8 IT.41 VERTICAL VERNIER, • x 4 x .. HIVl•l ...... 11.84 VERTICAL VERNIER, • x • x .. MWIVl•2 
un.8 11.8• HORIZONTAL VERNIER, • x • x .. llWIH 
UH.• et.71 1 llM HJC iMfHlf-
2451,8 et.II ENO OF IEAM LINE EX'ERJllENTAL TARGET 

TRble 1: (Continued) 
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string of dipole nrngn,.ts (1\nY<i\\'). fly Riljnsiing the rnrrents in thf>se magnds, 

the sernnclaries with the desired polarity and momentum are bent west through 

th<" hole of a dump collimator and then t.ransport.ed through the beamline. 

2.1.2 Naming Convent.ion for Beamline Devices 

All the beamline components are monitored and cont.rolled remotely t.hrough 

the experimental areas central PDP-11 computer, using t.he Experimental Areas 

Beam line Control Sy sf em (EPICS )1 2Rl. CAl\1AC electronics were used fort.he phys­

ical rnnnedion between t.l1e central computer and t.he beamline devices. Fermilab 

nses its own non-st.andard serial communications CAMAC electronics. 

Beam line components are given device names int.he EPICS computer's memory 

which are used when they are controlled remotely. Each device name has the 

format A B C DDDN-M which specifies at. least four t.ypes of informationl29l : 

(1) A - Area in which the device is located. 

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

(3) C - Enclosure (building) in which the device is located. 

(4)- DDDN-M - Type, function, and label, N-M, oft.he device. Device types 

and functions are designated by the following codes: 

Q = Quadrupole magnet 

W = Dipole bending magnet that bends to the west 

E = Dipole bending magnet that bends to the east 
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Figure 4: MW Beamline Components plotted in horizontal position versus 

longit.udina) posit.ion. 
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Figure 5: Beamline component symbols. 
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l1 = Dipole bending magnet that bends t.he heam up 

D = Dipole bending magnet that bends the beam down 

V = Trim magnet that bends in the vertical plane 

H = Trim magnet. that bends in the horizontal plane 

S = Spoiler magnet 

C'H = Collimator with horizontal collimating jaws 

('\" = Collimator with vertic-al collimating jaws 

TGT =Target 

P\\'(' = Proportional wire chamber 

SE:t--1 = Secondary emission monitor 

SC = Scintillation counfrr 

CC = Cherenkov counter 

SRD = Synchrotron radiation detector 

BS = Beam stop 

BD = Beam dump 

A typical device name would be MW7Wl-1, where: 

M = Meson area 

\\
7 = West. beamline 

7 = Enclosure 7 

W = Dipole magnet. that bends to the west 

1-1 = First magnet. in the magnet string MWiWl. 

19 
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In most of the beamlines magnf't.s arr employed in strings, or series of magnets. 

All magnets in a string have t.he same current sett.ing, and are connected t.o t.he 

sanH' power supply. 

For radiation safety purposes, t.he beamlines are in underground tunnels and 

are divided into sections identified by the endosure which allows access t.o that 

region of the beamline. The M\V-beamline is divided into two sections, enclosures 

1\1\\"i and l\t\\'8 (Fig. 6 (t.op)). The experiment.al hall is in the endosure M\V9. 

2.1.3. Critical Devkes 

Critical devices are beamline components which can shutdown the beam in 

case of an emergency. In the case of the MW beamline the MW6W magnet st.ring, 

1\1\\'iQl, and MWiBS are the critical devicest3o],[3lJ. These devices are the only 

rnmponents in t.he M\V secondary beamline that. cannot. be controlled by the beam 

users ( i.e the Ei06 experiment.ers) only by the Experimental Areas Operations 

personnel. If safety gat.es or doors are opened, or radiation safety safety limits 

exceeded, the critical devices are used to shut off the beam. Failure of any of the 

MW critical devices would trip both the magnet string MWlW and the MW2BS 

beam stop (used as backups) assuring t.hat no primary beam is reaching the MW 

primary target. 

For any controlled accesses in the MW9 enclosure, the Experimental Areas 

Operations personnel had t.o shut. off MW6W and MW7Ql and dose the MW7BS 

beamstop. Any cont.rolled access in the MW7 or MW8 enclosures required the 
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ndtlitiunnl dosi11g of the l\1'Y2DS. 

2.1.4. The Spill Cycle 

Beam is sent to the experiment.al areas on a cyclic basis, called t.he "spill cycle". 

Protons are accelerated in a series of bunches in the Tevatron until they reach 800 

Ge\'. They are then extracted from t.he Teva.t.ron ring int.o the Swit.chyard, where 

1 he primary proton beam is split and distributed to the experiment.al areas. 

The spill cycle is 5i.2 sec long, and is divided into six precise segments called 

T-times (see Fig. 6 (bottom)). The actual "spill" of beam to the experiment.al 

areas begins at the st.art of T.5 and is complete by t.he beginning of T6, a t.ime 

span of 23 sec. Beam intensity should remain constant. throughout the spill, but 

this is not. always true. 

To conserve energy and reduce the chance of overheating, most. beamline mag­

nets are operated with the desired current only when the beam spill is present. and 

no current. at. other times. This is called "ramping" because of the characteristic 

nature of an oscilloscope display of the current in these magnets. 

2.1.5 Radiation Safety 

There are t.wo categories of radiat.ion safety considerat.ions, both of interest to 

the experime11tersl32J.[33J. One concern is the muon halo which must be kept below 
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Figure 0: ( t.op ): MW Beamline <"?mponent.s in t.he different. enclosures. 
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some nominal average level t.o meet t.11e int.egrated long t.erm human dose limits. 

The other is the single pulse accident scenario by which levels cannot exceed a 

one pulse limit. In t.11is scenario it. is assumed that the full Tevat.ron intensity 

somehow strikes the MW primary target. giving rise to an intense secondary beam 

that. int.eract.s along t.he beamline. In this scenario it. is assumed that. the intensity 

from the accelerator is at. it.s maximwn of 3 x 1013 particles per spill. This could 

give a secondary intensity of up t.o 3 x 1010, thus some way to dump the primary 

beam upstream must. be used. 

The background muons in t.he .M\:V Spectrometer hall come from 71'- and 71'+ 

which are produced at the primary target. and decay. Other sources are K decays 

and µs produced direct.ly in the primary target.. The muon levels are reduced 

with spoilers which deflect t.he muons in the vertical plane; negatives up and 

positives down. Averaging over some reasonable area in the MW Hall shows a 

muon background of 0.1 mrad or less, which satisfies safety requirements. However, 

this muon flux limits the integrated int.ensit.y of primary prot.ons to the MW target. 

to 5.7 x 1017 prot.ons per calendar yearl341. 

During the negative mode of operation the dump magnets MW6W bend the 530 

GeV negatives 6 mrads west along the dump collimator aperture (Fig. 7 (top)). 

The 800 GeV primary protons bend east, away from the dump collimator aperture 

by 5.3 inchesl35l. Increasing the dump magnet. current. increases the separat.ion, so 

there is no need for an overcurrent trip on the MW6W power supply. 

If the MW primary beamline for the positive running were the same way as for 

the negative running mode, the separation bet.ween the primary 800 GeV proton 

beam and the dump aperture would be only 0.27 inches for a secondary beam of 
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530 GeV. This would he dangerous from a radiation safety point of view. This is 

ht>rnHse the dump magnets must. steer the positive secondary beam towards t.he 

dump aperture and as t.he secondary energy approaches t.he primary energy so 

does the primary beam approach the apert.ure (Fig. 7( top)). Any small excursion 

of the pre-target quad or trim magnet current, or any over-current. on the dump 

magnets could aim t.he primary prof.on beam into the MW secondary beamline. 

Thf' solHtion to this pot.ential radiation hazard is simply t.o aim the beam away 

from 1 he dump aperture and accept a non - zero degree product.ion angle for the 

!"f'COncluy beaml36l (Fig. 7(boHom)). 

2.2. E-iOG SPECTROMETER 

The EiOG spedromet er (Fig. 8 ( t.op)) consists of a set. of silicon st.rip detector 

(SSD) planes, upstream and downstream of the experiment.al target, an analyz­

ing magnet (p~ck =4.50 MeV), a set. of mult.iwire prqport.ional chambers (PWC), a 

liquid argon calorimeter (LAC) with both electromagnetic and hadronic sections, 

and a forward calorimeter. Downstream of the forward calorimeter is a muon 

measurement. system provided by E672 consisting of a toroid, PWC's, scintillation 

counters, and absorbers. An iron hadron shield is positioned in front of the spec­

t.romet.er t.o attenuate hadronic halo. The hadron shield is 4.7 m long and has a 

10 cm wide vertical slot along the beamline. The t.wo iron slabs that fill the slot. 

are removable by overhead crane allowing the beam to be scanned in the vertical 

direction during c.alibration. Two arrays of scintillation counters (VW) shadow 
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Figure 7: (top): Zero production angle for the MW Primary target. (bot.-

t.om ): Non zero production angle for the MW Primary target. 
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t hC' sped romet.er and are me<l to reduce the cont.aminat.ion of triggers by halo 

111\1011 s. 

The SSD's[38).[39) consist. of i X-Y modules (14 planes), with a total of 7,120 

adiYe strips. All SSD's have a 50 µm pitch and a thickness of 300 µm. Three of 

the X-Y modules, C"onsist.ing of 9 cm2 wafers, are located before the target, and are 

used to define the t.rajedory of the beam particle. The other four modules, one 

made of 9 nn2 wafers and the other three made of 25 cm2 wafers, are positioned 

Rfter the target and measure the t.rajedories oft.he produced part.ides in front of 

the analyzing magnet (Fig. 8 (bot.tom)). 

EiOG has an adive target consisting of a target. material and silirnn wafers. 

During most of the data run, the act.ual target. consisted of t.went.y 2 mm-t.hick 

beryllium plates separated by 1.6 mm gaps. The cent.er of the experiment.al target. 

is 1029.0 ft (313.64 m) downstream of the primary target.. 

The P\VCs[42l rnnsist. of 4 sets of XYUV modules (16 planes in total) with a 

I ot al of 13,400 instrumented channels and a 2.54 mm pit.ch. The dimensions are: 

l (1.22 mxl.63 m); 2 (2.03 mx2.03 m); and 1 (2.44 mx2.44 m). The PWC's 

are used to determine the moment.a and the directions of the charged particles in 

conjunction with the SSDs. They had a rate capability greater than 1 Mhz and 

an angular segmentation smaller than 1 mr as seen from the target. 

The e]edromagnetic calorimeterl40J,[41J (EMLAC) is used to measure the posi­

t.ions and energies of all particles showering electromagnetically(;, e-, e+). It has 

a transverse size of 3.1 m and is divided into quadrants. Each quadrant contains 

66 layers of 2 mm-thick lead plat.es int.erleaved with 1.6 mm thick GIO radial (r) 

or azimuthal (¢) anode readout. boards (r and ¢each have 33 readout boards). 
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The anode boards are fort her subtlivi<lecl into octants (Fig. 9 (top)). The argon 

gaps are 2.5 mm thick. An r-coordinate readout board consists of 254 concentric 

radial strips each .5.5 mm wide. The st.rips of sequential layers focus on the target.. 

The ¢-coordinate strips are divided into inner and out.er regions. Each inner q'> 

strip subtends an azimuthal angle of 16.4 mrad while each outer</> strip covers an 

angle of 8.2 mrad. The readout. of t.he elect.romagnet.ic calorimeter is divided lon­

gitudinally into t.wo sect.ions: t.he front. sect.ion consists of 22 layers ( 10 radiation 

lengths) and the back sect ion has 44 layers ( 20 radiation lengths). The front. face 

nf the ELAC is 105i.i ft downstream of the primary target.. 

The hadron ralorimeter is used to measure the posit.ions and energies of hadrons. 

It rnnsists of .52 one inch thick stainless steel plates, interleaved with 53 readout 

units railed "rookies''. The hadron ralorimet.er has a t.ower readout. structure with 

each tower consisting of a series of triangular readout pads (Fig. 9 (bot.tom)). 

The triangles grow in size in proportion t.o the distance from the target. from a 

height of 4.4 inches in the front. to a height. of 5.5 inches in the back. The hadron 

calorimeter is also segmented longitudinally into a front section (two interaction 

lengths) and a back section (six int.er act.ion lengths). 

The two LAC sections are mechanically independent of each other and reside 

within a common cryostat. (Fig. 10 (top)). The two calorimeters are attached 

with steel rods to a gantry structure which can move transverse to the beamline, a 

feat.ure essential for the assembly and the calibration of the calorimeters. A helium 

filled beam pipe, about 40 cm in diameter, passes through the center of the LAC. 

A thin-walled steel vessel, filled with low density foam (Rohacell), is fastened in 

t.11e cryostat in front of the detector to reduce the number of interactions lengths 
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Figure 9: (top): A view of the electromagnetic calorimeter. (bottom): a) A 
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a cookie. 
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in front of thf" c~lorimt"ter1;. 

The forward calorimet.er[43] is a steel and scintillator calorimeter divided longi­

tudinally into t.hree sections, for a tot.al of 10 hadronk interaction lengths. EaC"h 

!"<'dion has a diameter of 114 cm and contains 28 st.eel plates spaC"ed 6.3 mm apart 

int er leaved with 29 sC"intillat.or sheets. Each steel plate is 1.9 cm thick and eaC"h 

sC"int.illator plate is 4.6 mm thick. The light was collect.ed through wave shifter 

rods that were inserted longitudinally int.o the calorimeter (Fig. 10 (bot.tom)). 

2.3. I\IODES OF OPERATION 

During t.he 1986 - 8i "shakedown" run of E-706 the beamline was used t.o 

transport. seC"ondaries with momentum of 530 GeV to the experiment.al target .. 

All of the direct photon data were taken at this momentum. The momentum of 

530 GeV was picked sot.hat. pions would have the same incident momentum per 

valence quark as for 800 GeV protons. 

In order to study the response of the electromagnetic and hadron calorimeters 

it was also necessary to produce and transport. hadrons and electrons of various 

momenta. For this purpose there were several calibration run modes. 

2.3.1. Negative (pion) mode 
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Thi!' WM onP of the two standard morles of opnation of 1.l1e J\nY-heamline 

during the last run. It is often called t.he negative pion mode since -530 7r- are 

I hP JHPdominant. part.ides produced and t.ransport.ed (9i .03 ). There are also a 

fc>w ]\"- (2.9%) which are t.agged using t.he Cherenkov count.er and a negligible 

amnnnt of p (0.23). 

In this mode a primary target. of O.ii int.eraction lengt.hs of Al was used initially. 

This tttrget was replaced near the end of the run with an 1.0 interaction length Al 

I arget with the same lateral dimensions in order t.o improve the secondary particle 

~-if' lei. In this mode the production angle was 0 degrees and the init.ial moment.um 

se)ed ion was done by the J\HV6\V st.ring of dipoles. 

A drnrnderistic of t.his mode was the limited secondary intensity. The maxi-

11111111 sernndary flux obtained was 2 x lOi secondaries per spill for 1 x 1012 inci-

dent 800 Ge V protons on t.he 1.0 interact.ion length Al target. A study has been 

maof'f44l of reconfinguring the MVV'-beamline in order t.o increase the acceptance 

and achieve a flux of 3.6 x lOi secondaries per spill for 1 x 1012 incident 800 GeV 

protons. Replacing some of the present 3Q120 (3 inch diameter) quadrupoles with 

tQ120 (4 inch diameter) quadrupoles will further increase the secondary flux to a 

total of 5 x 107 secondaries per spill per 1 x 1012 incident protons. 

2.3.2 Positive (proton) mode 

In this mode 530 Ge V a finite production angle of 1.4 mrad was used. Posi-

t.ive secondary fluxes were very large. Some collimators were closed to limit the 

I 
I 
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sernndary intensity and prevent radiation trips along the beamline. The t.ypical 

secondary intensity was 6..'j x 107 part.ides/spill, wit.h the MW7CH2 collimator 

opened to 0.50 in. compared t.o 4.0 in. for t.11e negative running. 

The positive beam contains 7 .23 71"+, 1.53 K+, and 91.33 p. During the 

positive running mode the Cherenkov counter was used to tag 71"+, and there was 

no dedicated K+ run. Using t.he beamline t.o transport the 800 GeV primary 

prof on beam during the next run will require the use of two pinhole collimatorsl45J 

ups1ream of the primary target in order to at.t.enuat.e the primary beam intensity 

hy a factor of 5 x 10-4 . 

2.3.3. Calibration mode 

In the calibration mode, negat.ive beam energies of -25, -50, -100, -200 and -400 

Ge V, were used to st.udy the response of the liquid argon calorimeter. There were 

two calibration runs; the first in December of 1987 and the second in February 

1988. It. was determined by Monte Carlo studies that up to the energy of 100 

Ge V there would be enough electrons in the beam to calibrate the electromag­

netic calorimeter. The electrons were distinguished from the hadrons by using the 

differential Cherenkov counter, and/or by rec:onst.ruding t.he energy deposited in 

the electromagnetic calorimeter and checking that the shower was consistent with 

that of an electron. 

In the first. calibration run, the beam c.onfiguration remained intact, t.he SSD's 

target system was rolled out of the beam and the calorimeter was moved. The 
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bcam was steered up and down the face of the calorimeter by the calibration 

dipole f\1W8D. In this case the maximum beam deflect.ion angle O.ii mrad was 

dct ermined by the diameter of the vacuum pipe at. t.11e end of the hadron shield 

( 1.:-. inch inner diameter). The beam was limited t.o Y = ±4.83 cm at. t.he EMLAC 

front face. However t.he dead region bet.ween t.wo quadrants in EMLAC extended 

from 1· = ±2.9 cm, t.o Y = ±4.0 cm. Thus, t.he window for t.est.ing t.he LAC 

consisted of two regions wit.h widths varying from 0.83 cm to 1.83 cm. Only t.he 

200 Ge\" and 400 GeV moment.a were used in this run. The Cherenkov count.er 

was not used since it was not possible to distinguish electrons from pions with the 

C'herenkoY at these moment.a. 

The second calibration run was the main calibration run in which the posit.ion 

dependence of the calorimeter response was studied. In this calibration run all 

I he beamline magnets downstream of the MVv8D calibration magnet (they were 

hung from t.he ceiling instead of being anchored to the floor), were moved out. of 

the beam. The hadron shield cent.er insert., t.he veto wall, the SSD's, the anal­

ysis magnet and some of the chambers were also moved so as not to limit the 

ac<"ept.ance. 

The LAC was moved horizontally to several X positions and for each position 

the beam was steered up and down so as to hit the LAC at several positions. Fig. 

11 shows all the calibration runs giving t.he positions where the calibration beam 

hit. the front face of the LAC. The underlined numbers indicate runs with the 100 

GeV beam. Run 3131 is the only 25 GeV calibration run, and the rest of the 

numbers are for 50 GeV beams. The Cberenkov was used to tag electrons or pious 

during the 50 GeV calibration runs. 
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Figure 11: Run numbers during the second calibration run, superimposed in 

lhe front. face of the LAC. 
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In both calibration runs t.he beam intensity was adjusted using the collimat.ors 

( 11rni11l~· the f\1WiCH2) t.o about 104 part.ides per second t.o avoid pileup of signals 

in t lw <lrt ed ors. The moment um spread oft.he the calibration beam was typically 

±2.o~·;_ (H\\'HM). 

As mentioned before, the initial momentum selection of all the calibration mo­

menta was done by the MW6\V string of dipole magnet.s. At. t.he end oft.he run a 

more pn•C"ise determination of the momenta was done by using t.he current. values 

and the exC"itation curves of all the bending dipoles in the MW-beamline as it 

will be explained in the next chapter. Acrnrding to that determination the 110111-

inRI val11es .50, 100, 200, 400 and 530 GeV should be understood as 56.4 ± 0.6, 

102.~ ± O.R. 189 ± 1, 3i9 ± 3 and 508 ± 5 GeV respectively. 



Chapter 3: MW-Beamline Studies and Particle Yields 3i 

3. 1\1\Y-DEAl\ILINE STl1DJES AND PARTICLE YIELDS 

In this chapter I describe the design characteristics of the MW-beamline and 

the way the beamline performed during the first. E-i06 run. Computations of 

pilrtide yields fort.he beamline, using Monte Carlo programs, are compared with 

the Rdual yields. 

3.1. BEAM OPTICS 

A beam of charged particles can be transported in a way analogous t.o the 

focusing of light by an optical lens and the dispersion of light into colors by a prism. 

Particle beams can be deflect.ed, focused t.o a small spot, and have their part.ides 

selected by momentum. All these functions can be accomplished by beamline 

magnets which have their fields oriented perpendicular t.o t.he beam direct.ion. 

A collection of charged particles is considered t.o be a beam when the part.ides 

are all moving essentially in the same average direction with nearly the same 

momentum and have a small spatial separation transverse to the general direction 

of motion. The spatial extent of the beam must be small enough to pass through 

the apertures of the magnets and other beamline devices. A charged particle in a 

magnetic field B experiences a force F given by the expression 

p = F = q( v x B) (3.1) 

Here q is the charge of the particle, v its velocity, and p its moment.um. Since 
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th<' veludty is the t.iine derivat.ive of position we could use Eq. 3.1 to formulate a 

differential equation of motion wit.h t.ime as the independent variable and find the 

particle's position as a fund.ion of time. However, in charged particle opt.ics we 

are not so much interest.ed in finding a particle's posit.ion as a fund.ion of time as 

in determining the path it. follows. Thus the independent variable is then taken 

to be the distance along the beamline axis. 

A beam of part.ides at. any time can be represented by a collection of points in a 

six-dimensional phase space. The phase space location of a single particle has three 

coordinates specifying the position oft.he part.icle and three giving its moment.um. 

From the region of phase space occupied by the particles a single point. is chosen 

to be the reference particle. It.s path through the magnetic system is known as 

the reference trajectory and its momentum is the reference momentum. 

The posit.ion and momenta of all the other part.ides may be defined in terms 

of the reference particle. All spatial points on the reference trajectory define a 

Ion git udinal axis, s, in the direction of the reference momentum. The two traverse 

coordinates, x and y, are perpendicular to the s axis, with :r = y = 0 on the s axis 

(Fig. 12). 

The momentum of a beam particle is specified by three quantities. The two 

directional tangents and the fractional deviation from the reference momentum p0 • 

The direct.ion tangent.s :r' and y' are equal to the ratios of transverse t.o longitudinal 

components of momentum so that 

z' = Pa: y' = P11 
p, p, 

(3.2) 

Since Pa: and p11 are small compared to p,, :r' and y' are approximately equal to 
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Figure 12: Curvilinear coorclinat.e system used in derivation of the equation 

of mot.ion1461. 
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I he horizontal and vertical angles with resped to the reference momPnhtm. The 

frad ion al momentum deviation is given by 

p = po(l + <4i) (3.3) 

The three spatial coordinates are the t.ransverse distances x and y from the 

reference trajectory, and I, the difference in path length bet.ween a given trajectory 

and the reference trajectory. llsing these coordinates system we can describe the 

ad ion of a charged particle beamline on a collection of beam particles. 

The beamlines contain magnets to bend the t.raject.ories of the part.ides and 

focus the beam. In most of t.he beamlines the magnets are oriented so that. the 

pole profiles are symmetric about. a horizont.al plane, known as t.he median plane. 

There is no horizontal component. of the magnetic field in this plane and the 

system is said to posses midplane symmetry. The reference trajectory is bent. 

entirely in the horizontal plane and t.o first order there is no dependence of the 

\'ert iral coordinates on h. 

llsing a moving coordinate system whose origin. is always on the central tra-

jectory and considering a system with midplane symmetry, we can derive the 

. equations of motion with the distance s along the reference trajectory as the in­

dependent. variable f46l. The resulting equations are 

z" + (1 - n)h2z = h6 

II h2 0 y + n. y = 
(3.4) 

where n is a dimensionless parameter defined in terms of the vertical magnetic 

field component as 
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(3.5) 

The two Equations ( 3.4) are linear second-order differential equations. We can 

write the general solution of these t.wo differential equations as 

:r(s) = :rob:r(s) + :r~c:r(s) + 6d:r(s) 

y(s) = yoby(s) + ybcy(s) 
(3.6) 

where b:r,y( s) and C:r,y( s) are linearly independent solutions of the homogeneous 

equations for :randy, while the dispersion function, d:r(s), is a particular solution 

f o f he inhomogeneous equation in :r. The coefficients :ro and Yo are the initial 

trans verse coordinates, and :r~ and Yh their initial derivatives with respect. t.o the 

Ion git u<linal coordinate s. To first order, :r~ and Yh are the initial angles the 

t rajedory makes with the reference trajectory. 

The general form for the homogeneous equation for both the horizontal and 

vertical planes has the form 

(3.7) 

Beam lines &re comprised of magnets separated by drift spaces. Within any mag­

net, the value of k2 is constant, and Eq. (3.7) can be easily solved. 

If k2 is posit.ive, the trajectory executes harmonic mot.ion and the two indepen-

dent. solutions are 

q(s) = b(s) =cos ks 

1 . k = -sm s 
k 

(3.8) 
q(s) = c(s) 

If k2 is negative, the trajectory is divergent and the general solut.ion can be ex-



42 

pressed as 
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q( s) = b( s) = cosh ks 

q(s) = c(s) = i sinh ks 

The rnlues for k· are derived from Eq. ( 3.5) and sat.isfy the relation 

k2 + k2 = h2 
z :v 

(3.9) 

(3.10) 

The solution of the inhomogeneous Eq. (3.6) for d:i:(s) can be expressed in terms 

of the charnderistic functions b(s) and c(s). In a region where kz and h are 

i11rlepenrlent of s we can writ.ef46l, 

h 
d:i:= k2(1-c:i:(s)) 

z 
(3.11) 

where this expression is independent. of t.he sign of k;. 

3.2. FIRST-ORDER MATRIX FORMALISM 

One can express the solutions for z,z' ,y, and y' in terms of matrix equations 

(3.12) 

Each magnetic element in a beamline has its own characteristic matrix (transfer 

matrix) describing the transformation of trajectory coordinates as a particle passes 
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t hrongh t ht1t PJ,.nu•nf. The effect of N successive elements, each with a trnnsff"r 

matrix R,, is given by the tot.al transfer matrix oft.he syst.em Rs which is the 

product of the individual transfer mat.rices[48l. 

(3.13) 

llsing the transfer matrix notation we need not. solve equations (3.5) for the general 

rnse. Instead we find solutions for sect.ions of a beamline where the magnetic field 

and its trans verse derivatives are independent of s. The general solution can be 

represented as the product. of the transfer matrices representing the solutions for 

t hC' individual sections. 

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

midplane symmetry is146l 

:r( s) Ru R12 0 0 0 R16 :ro 

:r' ( s) R12 Rn 0 0 0 R26 :r' 0 
y(s) 0 0 R33 R34 0 0 Yo 

- (3.14) 
y'(s) 0 0 ~3 ~4 0 0 y~ 
l( s) Rs1 Rs2 0 0 1 Rs6 lo 

6(a) 0 0 0 0 0 1 60 

where the coordinate I is the difference in path length between the arbitrary and 

the reference trajectory. The zero elements R13, Ra, R23, R24 R31, R32, .Ru, ~2, 

R3s, and R46 in the R matrix are a direct consequence of midplane symmetry. If 

midplane symmetry is destroyed, these elements will in general become non-zero. 

The zero elements in column five occur because z,z' ,y,y', and 6 are independent 

of the path length difference l. The zero elements in the sixth row are a result. of 

static magnetic fields, which make the scalar momentum a constant. of the motion. 
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Tlrns, with cent ml plnne symm,.try and with all bf>nding t.aking plnC'e in t.he 

horizontal plane, we can writ.e 

(3.15) 

and 

(3.16) 

The matrix elements have special physical meaning. ':Vhen plotted versus the 

Ion git udinal posit ion along the beamline the transport. characteristics oft.he beam 

bC'rnme apparent. In particular, Ru and R33 are relating spat.ial magnification 

in the horizonf al and vertical planes respectively; R12 and R34 are related t.o the 

angular magnification, or angular properties, of the beamline in the horizontal 

and vertical planes, respectively, and R16 is related to the fractional momentum 

i;pread. 

So far we have examined the transmission charact.erist.ics of individual particle 

trajectories. However, a beamline transmits many trajectories with a variety of 

initial rnordinat.es, so it. is useful to have a met.hod to treat many trajectories at one 

time. An extension of the matrix algebra discussed before allows one to represent 

the beam to first order as an ellipsoid in the six-dimensional spacel481. The extend 

of this ellipsoid is termed "the beam envelope", and the ellipsoid contains the 

region of space containing the particle trajectories. This ellipsoid is called the 

"beam ellipse". 

The t-quation of the ellipse is 

(3.17) 
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where X 1 is the transpose of the coordinate vector X and u is a real, positive 

definite, synunetric matrix. Given an init.ial ellipsoidal represent.at.ion cr(O) of the 

beam, t.he ellipse's t.ransformat.ion through t.he beamline is given by 

cr(s) = Rcr(O)Rt (3.18) 

so that. the beam ellipse matrix remains an ellipse under first-order transforma-

t ions. As a result of Liouville's t.heorein the volume of the region endosed hy the 

ellipse remains unchanged under a transformation by the transfer mat.rix. All of 

the import.ant. physical parameters of the beam ellipsoid can be expressed as func-

tions of t.he matrix elements of t.he sigma matrix at. the location in quest.ion. In 

particular, t.he square roots of the diagonal elements ( ../Uii) are the project.ion of 

the ellipse upon the coordinate axes and t.hus represent the maximum extent. of the 

beam in t.he various coordinate directions. The correlation between components 

(orientation of the ellipse) is determined by the off-diagonal terms (the cr1/s). 

In order to illustrate t.hese concepts we consider a two-dimensional ellipse. The 

ellipse matrix in a two-dimensional phase sp'a.ce z,x' would have the form 

tT = ( tru 
0"12 

(3.19) 

and the inverse 

(3.20) 

where £2 is the determinant of O'. 
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The expansion of the matrix equation Xtu- 1X = 1 is the equation of the ellipse 

(3.21) 

Th(' (:r.:r') plane beam ellipse represented by Eq. 3.19 is shown in Fig. 13 (top) 

along with the physic-al meaning oft.he sigma matrix elements. 

The area oft he ellipse is given in t.erms of the determinant of the ellipse matrix 

A _ (I I )112 _ , _ . , 
- 1T er - 1TXma::rXint - 1TXmtXma:z: (3.22) 

The rnrrelation between :r and :r' depends on the off-diagonal term u12 and is 

(3.23) 

The correlation r12, measures the tilt of t.11e ellipse and the intersect.ion of the 

dlipse with the coordinate axes. 

Figure 13 ( bot.t.om) shows an example of the transformation of the ellipse uo 

by a two-dimensional R matrix representing a drift space of distance L: 

(3.24) 

In working with beam ellipses, we can determine the region of the initial phase 

space which can be transmitted by a given beamline. This region is called the ini-

ti al phase space "acceptance" of the beamline and can be specified in the variables 

:r, :r' y, y' ,and 6. The phase space volume transmitted by a beamline is limited by 

the effective apertures of the components of the beamline, including the magnets 

and collimators. 
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Figure 13: (top): Dimensions of a two-dimensional phase spac.e ellipse iu 

terms of ellipse matrix elementsl481. [(bottom): Tbe two-dimensional ellipse (a) 

after traversing a drift. space, becomes ellipse (b ).) 
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3.3. f\I Ar.NETIC' ELEMENTS 

3.3.1 Dipole Magnets 

Dipole magnets are so called because they have two poles of opposite polarity. 

The pole faces are flat and parallel and the magnetic field is uniform in the cent.ral 

region of the magnet. A cross section of a dipole magnet perpendicular to the 

reference trajectory is found in Fig. 14(t.op ). 

The dipole magnets serve two main functions in a beamline. The first is to 

change the direction of the beam by bending the particle's trajectories. The second 

is to provide dispersion, or a correlation of traverse position with momentum, since 

different momenta are deflected by different. angles by a dipole magnet. This allows 

a restricted range of moment.a to be t.ransmitt.ed by the beamline and permits 

precise momentum definition. 

The physical quantities needed to describe a bending magnet are the effective 

magnetic length L, the reference trajectory magnetic field Bo, and the normalized 

field index n. lf the field index n is between 0 and 1, the effect of the magnet is 

focusing in both planes. If the field index is less than zero, the magnet is hori­

zontally focusing and vertically defocusing. If the field index is great.er than one, 

the magnet is horizontally defocusing and vertically focusing. Thus, a secondary 

£unction of a bending magnet is it provides focusing in one or both transverse 

coordinat.es. 

In most of the beamlines, it is desirable to focus and bend with separate magnets 
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so that different focal rnnditions can be achieved without relocation of beamline 

elements. At high energies, bend angles become very small and magnet lengths 

hernme long. In these beamlines the bending magnets are both zero-gradient and 

rf'dangular, instead of bent in an arc t.o follow t.11e beam trajectory. Rectangular 

ZC'To-gradient bending magnets are simple t.o manufacture and can have high fields 

on the cent.ral orbit .. 

Thf' transfer mat.rix for a zero gradient. rectangular bending magnet. in the x 

hencling plane is written as 

( 

1 p sine p( 1 - cos 6)) 
R = 0 1 0 

0 0 1 

( 3.25) 

The focusing act.ion of the dipoles in these beamlines is small compared to that 

of the quadrupoles. For high energy beamlines, the arc length traveled by the 

beam is nearly the effective length of the bending dipole (Fig. 14(bottom)), and 

the bending angle 6 for a moment.um po is given by 

mrad = B[T]L[m] 
B[ J 0.0033356p[GeVJ 

(3.26) 

In the MW-beamline all the strings of bending magnets are used to bend the 

beam west. The % and a position of each dipole in the MW beamline along with 

the nominal bending angle is shown in Fig. 15. The dipole MW7Wl is also used 

to introduce dispersion in the horizontal plane. As a result we have a moment.um 

dispersed first focus and a momentum selection of the transmitted momenta can 

be done by using the horizontal collimator MW7CH2. In addition to the west. 

bending dipoles there is a dipole magnet. MWSD used to bend the beam vertically 

for calibration purposes. 
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Figure 14: (top): Dipole magnet cross section showing Band Force compo-

nents and the cent.ral trajectory coordinat.es. (bottom): Charged particle pat.11 in 

I.he bending plane of a dipole magnet. 
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Figure 15: MW secondary beam bend points. 
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3.3.2 Qtrndrupole Magnets 

A <pu1drupole is so named because it. has four magnetic poles with a cross-

i:;eC'f ion al configuration shown in Fig. 16. The two physical parameters used to 

describe the magnetic field in a quadrupole are Bo, the magnitude of the field at. 

the pole-tip radius, and a, the pole-tip radius. 

The magnetic field component.s can be expressed as 

B~ =Boy 
a 

B 
_ Bo:r 

y-
a 

= gy 

= g:r 

(3.27) 

where the quantity g is the constant. of proport.ionality between the magnitude of 

I he field and the radius. 

Si11<"e there is no net field along t.he axis of the quadrupole magnet the curvature 

h of the reference trajectory is zero, and the field index n is zero. We define 

k2 = J_ 8By = qg 
q po 8x Po 

(3.28) 

Since there is no dispersive term, the transfer matrix for a quadrupole is two by 

two in both planes. If the pole-tip field strength is positive, then the magnetic 

· field tends to restore the trajectory toward the optic axis in the horizontal plane 

and to deflect it away from the optical axis in the vertical plane. The quadrupole 

is then horizontally focusing and vertically defocusing. The equations of motion 

in the two planes become 

z" + k2z - 0 q -

y" - k;y = 0 
(3.29) 

If the pole-tip field is negative, the foe.using and defocusing characteristics oft.he 
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y 

y 

Figure 16: (top): Cross sectional configuration of a quadrupole magnet. 

showing t.11e B components (top), and the Force component.s (bottom). 
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two plant>s are reversed and the signs in Eqs. (3.29) are interchanged. 

The t ran sf er matrix for a quadrupole in terms of k9 and the effective magnetic 

len~t h L in the focusing plane is 

J; sin k9L) 
cos k9L 

(3.30) 

In the defornsing plane the transfer matrix is: 

l ) k;L 
cosh k9 L 

(3.31) 

If L ___. 0, but k~L 1s finit.e, then the transfer matrix for a quadrupole in the 

fornsing plane is 

Rt= ( ~1 ~)' (3.32) 

where y = k·~L is the focal length of the quadrupole in the focusing plane. Thus a 

single quadrupole can be approximated by a thin lense with a focal length f that. 

is focusing in one plane and defoC"using in the other. This is the reason that a 

quadrupole magnet is represented by a convex (convergent) lens or by a concave 

(divergent) lens symbol, depending on which of the quadrupole planes is being 

shown. 

Quadrupoles are usually employed in combinations in beamlines to form lens 

systems which focus in both planes. The two most common systems are quadrupole 

dou blet.s and triplets. 

There are four types of imaging which lens systems may be used to achieve: 

point to point (position independent of the initial angle), point to parallel (angle 

independent of the initial angle), parallel to point (position independent of the 

initial position), and parallel to parallel (angle independent of position). 



Chapter 3: MW-Beamline Studies and Particle Yields 55 

Fur monof'nPrg,.fic poi11t-fo-poi11t i111nging in the x-plane, the nu1g11ifinifion of 

a lens system is given by 

and in the y plane by 

:r(s) 
llfz = - = R11 = bz(s) 

:ro 
( 3.33) 

( 3.34) 

A doublet lens consists of two magnets (or magnet strings) with opposit.e po-

larity, often of the same length. A doublet is not. necessarily symmetric in its 

fnrns in the vertical and horizontal planes, resulting in different. magnifications 

in the two planes and causing a first-order image distort.ion. Figure Ii (top) ii-

lustrates the doublet's propert.y of ansymmet.ric focusing and Fig. Ii (middle) 

and Ii (bott.om) show how doublets can be used to achieve point-to-point. and 

point-to-parallel 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 op-

posite polarity and twice the length, all with the same field gradients. That 

configuration can result in equal foci in both planes with no first order image 

distortion. 

In the MW beamline both quadrupoles doublets and triplets are used to achieve 

the different necessary functions. The initial point is the image at the primary 

target. MW6TGT. An asymmetric triplet (MW7Ql, MW7Q2,3 and MW7Q4,5) is 

used to produce the first focus at MWiCH2 (momentum dispersed focus). The 

quadrupole singlet MW7Q6 acts as a field lens and bends the dispersed momenta 
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Figure 17: (lop): U nsynunetric focusing by a quadrupole doublet. (middle): 

Point.-to-point focusing with a quadrupole doublet. (bottom): Point-to-parallel 

fornsing with a quadrupole doublet (All from Sedmaul561). 
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into the cent.er of the aperture of the remainder of the beamline. The field lens is 

followed by a doublet. (MW8Ql,2 and MW8Q3,4) which produC'es a parallel section 

(point to parallel focusing). Finally an asymmet.riC' triplet. (MW8Q5, MW8Q6,i 

and M\'l/8Q8,9) is used t.o focus t.11e beam on the experimental target. (parallel to 

point foC'using) . 

. ).4. COMPlTTER ANALYSIS AND DESIGN CONSIDERATIONS 

Beamlines are designed and analyzed using charged particle t.ransport. C'omputer 

simulation programs. At Fermilab, the TRANSPORT[4s],[5o],[5I] and TllRTLE[52l 

programs are used. 

TRANSPORT is a computer program used to design charged-particle beam 

transport systems by finding t.he first-order (or the first and second order if needed) 

matrix multiplication solution for a set of sequential magnetic elements wit.h static 

fields. In first. order, this is done by fitting t~e transfer matrix R representing the 

transformation of an arbitrary ray with respect to a reference trajectory and/or 

fitting the phase space ellipse matrix CT representing a bundle of rays transformed 

by the system. The program can vary the physical parameters of the elements 

comprising the system. These parameters include the magnetic fields and their 

gradients, magnetic lengths and shapes, drift spaces, and the initial beam ac.cepted 

into the system. 

After the beamline configuration is finalized, the TRANSPORT program is used 

in determining the magnet current settings necessary to transport a given initial 
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plrn!=:e !'JHH"e ellipse with a given central momentum (nominal tune). For each t.une 

t lw program can give the R and q mat.rix elements at specified locations along 

I lie beamline. 

TRANSPORT is not a ray tracing program. It only transforms an initial six­

dime11sional 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 

devices. This is done by the TURTLE program which is used after the application 

of TRANSPORT. TURTLE is a ray tracing program with no fit.ting capability and 

is applicable to beamlines with small phase space acceptance. Through a Monte 

Carlo process, it generates (from the product.ion target rays) of part.ides over the 

full transport.able ranges of moment.a and product.ion angles. It then tracks each 

ray through the beamline and calculates the fraction of rays (and thus the initial 

phase space acceptance) which are transported through the entire beamline. This 

is done by solving the equat.ions of motion directly, accounting for apert.ures and 

for chromatic and geometric aberrations due to second order effects caused by the 

beam line's magnetic devices. 

TURTLE can calculate, at any point along the beamline, histograms giving the 

distribution of rays in any of the phase space coordinates. An additional feature is 

that TURTLE does these calculations for a given particle type (normally protons, 

pions, and kaons) produC'ed at the t.arget, taking into account the decay of unstable 

particles. 

A special version of TURTLE, called RAYGEL, has been developed to deter­

mine elect.ron-positron production and transport based on the ( 1!'
0 --+ -y-y, -y --+ 

c+ c-) cascade process. This program was used to determine e± rates for the 
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rnlihrntinn mnclt> of opf'ration. 

The :r-.nV-beamline was designed t.o be a t.wo stage high resolution secondary 

beamline, with mass definition, able t.o transport. a high int.ensit.y secondary beam 

for a wide range of secondary moment.a. In t.11e first stage a moment.um dispersed 

focus was produced and a range of moment.um was selected by the horizontal 

rollimat.or M\\'iCH2. A field lens M\ViQ6, located at the first. focus 380 ft. away 

from the primary target is used t.o bend the dispersed moment.a into the cent.er of 

the aperture of the remainder of the beamline. A quadrupole doublet (Mv\T8Ql,2 

:t-.l\\"8Q3,4) was used to produce a 200 ft. long parallel sect.ion for the differential 

C'erenkoY cotmter used t.o t.ag t.he beam part.ides. Finally a triplet. was used to 

focus the he am at the experiment al target 1030 ft.. away from the primary target. 

TRANSPORT was used t.o calculate transfer matrix elements R;j at. designated 

points along t.he MW beamline. As was discussed earlier, certain matrix elements 

ht1ve a direct physical meaning in regard t.o beamline transport. characteristics. 

Figures 18 and 19 plot. R12, R34i and R1s versus longitudinal distances along the 

beamline. The location of magnets is also indicated in t~ese figures. Each symbol 

represent. a group of magnets with the sanie polarity and field. The u matrix 

elements were also calculated. Figure 20 shows v'i11 = Zmaz, and Ji33 = Ymaz 

versus a. 

The transfer matrix elements Rij are only a function of the beam optics. How­

ever, in order to calculate the u matrix elements the initial phase space that. can 

be transported by the MW beamline must be determined. This was done by using 

the TURTLE program which takes into account the apertures of the beamline 

elements. 
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Figure 18: R12, R34 matrix for the MW-beamline plotted versus the longi-

tu<linal distance s along the beamline. 



0.0 

-0., 

-0.2 

-0.3 

-0.4 

Chapttr 3: MW-Btnmlint Studits and Particlt Yields 61 

MW BEAM LINE R16 

r·, 

--- _·_;- - __.. 
\ / 

\ I/ 
\ I 
\ I 
\ I 
\ I 
\ ',..." I 
\ I " I 
\ 'J 

I 
\ I 

\ I 
,1 

0 100 200 300 400 500 600 700 800 900 1000 

s - FEET 

Figure 19: R16 matrix element for the MW-beamline plotted versus the 

Ion git udinal clisf.ance s along the ~eamline. 



Ii:.? 

MW 

6 

5 

~ 4 
u 
>­
x 3 

2 

Chllptrr 3: MW-Bramlinr Studirs and Partidr Yields 

BEAMLINE SIGMA MATRIX 
TRANSPORT CALCULATIONS 

LEGEND 

511 

533 

0 100 200 300 400 50Q 600 700 800 900 1 000 

S - FEET 

Figure 20: JUil and .;u33 mat.rix elements for the MW-beamline plot.t.ed 

Vt"rsus t.he Jongit.udiual distanC'e s along the beamline. 
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The primary 800 GeV proton beam at the M'V primary production target has 

t lw following parameters 

(A:r) = 1 mm, (Ay) = 1 mm, and (Ap/p) = 0.13 (3.3f1) 

where the numbers refer t.o the tot.al extent. The profile of t.he primary beam in 

the horizontal and vertical planes as recorded just upstream the MW production 

t ;nget is shown in Fig. 21. 

The phase space acceptance of the MW beamline was calculated to be 

(:r 0 .:r~.yo.y~.~,Ap/p) = (0.1 cm,0.51 mrad,0.1 cm,0.38mrad,0.0,12.5%) (3.36) 

The beamline angular acceptance with all collimat.ors wide open was 0.6l11sr and 

the total acceptance was 8µsr3. For the positive running mode the collimator 

f\1WiCH2 was closed to 0.5in. (FWHM) and the acceptance was 0.511sr%. 

TllRTLE was also used to determine the beam profile in t.he horizontal and 

vertical planes, t.he momentum distribution in the horizontal plane, and the beam 

divergence for the different secondary momenta and running modes. The beam 

profiles in z and y at the experimental target as calculated by TURTLE and the 

beam profiles obtained by the SSDs' are plotted in Fig. 22, 23. The calculated 

momf"ntnm distributions for the two beam running modes (positive, negative) a.t. 

530 GeV are plotted in Figs. 24, 25. Also shown on these figures are Gaussian fits 

t.o the distributions. According to those plots, the moment.um bite of the beam 

was Ap/p = ±7.0% HWHM for the negative mode and Ap/p = ±1.63 HWHM 

for the positive mode. 
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Figure 21: Profile of tbe Primary 800 GeV prot.011 beam before the MW-

Primary h\fget .. ( t.op ): Horizontal plane. (bot.t.om ): Vertical plane. 
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Figure 22: Beam profi1es at t.he experimental target. for the negat.ive running 

mode. (f.op ): TURTLE caku)at.ious. (bot.I.om): SSD profiles. 
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Figure 24: Beam momentum dist.ribution for the negative running mocle 

calculat.ed by TURTLE. 
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Figure 25: Beam momentum dist.ribution for t.l1e positive running mode 

<"akulatecl by TURTLE. 
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The TRANSPORT and TllRTLE calculations (tunes), produce opt.imum mag­

Jl('f current. sett.ings and collimator positions which t.ransport. secondary part.icle 

h('ttms with the maximum possible yields, opt.imum beam profiles at. t.he final t.ar­

g<>t ar<>a and a high degree of parallelism in t.he region oft.he Cherenkov count.er. 

These t.unes are t.he starting point. for t.he actual tuning of the beamline which 

is an extremely time consuming process requiring a certain amount of hands-on 

exp<>rience. A beamline's actual tunes are continually improved upon and are 

rt>c101w wht>n the beamline configuration is changed or the primary beam is alt.ered 

h~· the Switchyard. 

For the MW beamline, nominal tunes were first def.ermined usmg TRANS­

PORT for the 530 GeV secondary momentum. The t.unes for the of.her secondary 

moment ct were def ermined, to the first order, by simply scaling down the opt.imum 

exp('riment al 530 GeV tune using the magnets excit.at.ion curves. 

3.5. PARTICLE YIELDS 

An empirical particle production formula has been used in the TURTLE pro­

gram to calculate particle yields for secondary high energy beamlines. The particle 

product.ion formula is for proton beams int.eracting wit.h t.hick t.argets (up t.o one 

int.eraction length) and was developed by A. Malensekl53],[54] by fitting the ex­

perimental data taken by Atherton et al.!231, who made precise measurements of 

part.ide production from 400 Ge V protons incident on Be targets. 

According to Malensek 's formula the number of particles produced per ( sr-Ge V-
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incident proton) on a 500 mm Be target is given by 

82 N - (1 - X)A(l + 5e-DX) 
8P80. = l\p (1 + pt/!lf2)4 

(3.3i) 

w hf're 

1\=B/400 

X=p/J>rnc 

p=laborntory moment.um of the produced part.ide 

fl1nr=incident primary proton moment.um 

,,,.,,..trnnsn•rse momentum of the produced particle 

an<l A, B, D, and J.J2 are constants dependent. on the particle produced and 

are gi"en in reference [53]. This formula fits the data within 203[531, 

The original formula can be modified for other target lengths and materials. 

To rnrred for different target lengths (still assuming a Be target) of thickness L 

(in cm), the empirical formula is multiplied by the factor f'(L)/f'(50), where f' 

is the target product.ion efficiency given by 

(3.38) 

where .As is the absorption length (in cm) for the produced secondary part.ides 

(which may be protons) a.nd Ap is the absorption length for protons. This 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. For secondary 
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proton produdion, >.s = >.p and Eq. 3.14 simplifies to 

(3.39) 

All the >.s are t.aken from Carrol et. aI.[5iJ. Figure 26 shows a plot. of Be target. 

production efficiency J8 versus L/ >.s for production of 11'-, where L is the t.arget 

thickness and >.s is the absorption length for 11'- in Be. This plot can be used t.o 

cl et ermine necessary target. thickness for other materials besides Be. 

To rnrred for different target materials, plots of conversion fad.ors versus A 

n11cl .Y that. are given by Ref. [.53] are used to multiply the empirical formula, Eq. 

( 3.13 ). for t.he final result.. 

Applicat.ion oft.he empirical formula gives the initial beam flux at. t.he end of 

the target. To def.ermine t.he beam flux at. another point downstream of the target, 

the initial flux is integrated over the accepted phase space region for the point of 

the beamline being considered. Special packages of TURTLE including Malensek 's 

empirical formula are used to calculate t.he rate of secondary hadron product.ion 

from the target per interacting proton, plus the fraction of these particles which 

reach the final target area. Decay is also taken into account. The result need only 

be corrected for the target production efficiency and for target materials other 

than Be. 

Using the package of TURTLE with the above procedure, we calculat.ed the 

yields at. the experimental target for different particles ( 71'-, K-, p) and different. 

beam momenta for the MW-beamline and the negative running mode. The result.s 

are summarized in the Table 2, below. 
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Chapter 3: MW-Beamline Studies and Particle Yields i3 

TABLE 2 

P (GeV) 7f' - ]\"- p Total 

25 3.7x107 5.ix106 2.1 x106 4.5x 107 

50 1.2x1011 1.6x107 6.2xl06 1.4x 108 

100 2.4x108 2.3x107 7.2x106 2.7x1011 

200 2.6x108 2.3x 107 5.9xl06 2.8x108 

300 2.lx108 1.6x107 2.8x 106 2.3x108 

400 1.3x108 6.3x106 9.0x105 1.4x108 

530 4.1x107 1.0x 106 8.0x104 4.2x107 

TABLE 2: Negative particle yields for 1012 incident 800 GeV primary prot.ons 

on the 3 / 4 interaction length Al target. 

The t.otal negat.ive particle yield at. t.he experiment.al target at. 530 Ge V from 

t.he 3 / 4 interaction lengt.h Al target was measured and found 2.4 x 107 part.ides 

per 1012 inc. protons which is a fact.or of 1.75 less than the calculated tot.al particle 

yield from TURTLE and is considered accept.able for this kind of cakulat.ion. 

In the positive running mode, the producJion angle was 1.4 mrad. A modified 

version of TURTLE was used in order to calculate the positive particle yields. The 

results are summarized in Table 3. The total positive particle yield from the long 

( 3 / 4 interaction length) Al target at 530 Ge V, was not measured directly, because 

of radiation problems. Instead, we used a smaller W target (1/10 interact.ion 

length) to measure the total yield as a function of the momentum slit. c.ollimat.or 

MW7CH2, and compared the yields from the two targets at a fixed MW7CH2 

posit.ion (0.58"). We estimated the total positive yield from the 3/4 interact.ion 

Al target at. 530 Ge'V to be 1.5 x 108 particles per 1012 incident protons which is 
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a fador of 3.6 t.imes less than the cakulate<l one. The hadron yields for the MW 

lwamline for 1012 incident protons on the 3/4 interaction Al t.arget versus beam 

monH'n1um are plott.ed in Fig. 2i. The yields were normalized to the measured 

Ei06 \"C\]nes at 530 GeV. 

TABLE 3 

P (GeV) -rr+ ]\·+ p Total 

100 2.7x108 3.5x10; 6.0 x lOi 2.7x108 

200 3.8x108 5.1x10; 2.3xl08 6.6x108 

300 2.4x 108 4.ixlO; 4.lxl08 7.0x108 

400 1.3x108 2.9x10; 5.2x108 6.8xl08 

530 3.1x10; 9.ix 106 .).0x108 .5.4x108 

TABLE 3: Positive particle yields for 1012 incident. 800 GeV protons on the 

3/4 in1eraction length Al target. 

We used R AYG EL t.o calculate electron product.ion rat.es from the normal cascade 

processes in the long (3/4 interact.ion Al) production target. The number of 1!' 0 s is 

chosen to be i<1!'+ + -rr-) and the Malensek empirical formula is used to calculate 

the 11'+ and 11'- rates. The results are summarized in Table 4, which follows. 

TABLE 4 

P (GeV) e - e- /Total 3 

25 1.3x108 74 

50 1.2x108 46 

100 7.2x107 21 

200 1.6x108 5.0 
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Figure 27: Calculated particle yields for the MW-beamline (3/4 int.era.C'tion 

Al t.arget.), normalized to the E706 measurements at 530 GeV. 



76 Chapter 3: MW-Beamline Studies and Particle Yields 

TADLE 4: Elf"dron yields for 1012 incident. 800 GeV primary protons on the 

3/4 interadion length Al target.~ 

The electron yields were not measured direct.ly. An est.imation of the percent.age 

of electrons in the beam for various moment.a was done by looking at. the energies 

deposited in the electromagnetic and hadron calorimeter. Charged particles that. 

deposited all their energy in the elect.romagnet.ic calorimet.er, were called elect.rons. 

The energy deposited in bot.h calorimeters (EMLAC/HALAC) and the energy 

deposited only in the eledromagnet.ic calorimet.er for 50, 100 and 200 GeV, are 

plotted in Figures 28, 29, and 30 respectively. 

Anording to that. method the percent.age of electrons in the beam is measured to 

he 381/(., 22%, and 5.i% for 50, 100 and 200 GeV secondary momenta respectively. 

The measured values are within 203 of the calculated ones. 

• RAYGEL does not take into account the effect of synchrotron radiation which becomes 
important for nry high energy elf'ctrons going t]uough large magnetic fields. The energy IJE 
lost by an elf'ctron of energy E bent through a circular arc by a dipole magnet of length L 
and witb a uniform magnetic field of shengtb B is given by 

~E[MeV] = 0.0013(E[GeV])2 (B[T])2 (L[m]) (3.40) 

The MW beamline has only a few bends and the bend angles are small so the effect of tbe 
synchrotron radiation is very small. For example, the total energy ~E lost by synchrotron 
radiation from a 100 GeV electron in tbe MW beamline is ~Efo0 = 10.iSMeV, while tbe 
energy loss by a 200 Ge V electron is 6 E]00 = 1 i1 Me V. 
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Figure 28: (top): Energy deposited in the whole calorimeter for the 50 GeV 

rnlibrat.ion run. (bottom): Energy deposited in the electromagnetic calorimet.er 

for t.he 50 GeV calibrat.ion run. 
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Figure 20: (top): Energy deposited in the whole c.alorimeter for the 100 GeV 

rnlibration run. (hot.tom): Energy deposit.ed in the electromagnetic calorimef.er 

for t.lu.· 100 Ge V calibration run. 
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Figure 30: (top): Energy deposited in the whole c.alorimet.er for the 200 Ge V 

rnlibrat.ion run. (bottom): Energy deposited in the electromagnetic. c.alorimet.er 

for t.he 200 Ge V calibration run. 



80 Chapter 3: MW-Beamline Studies and Particle Yields 

3.G. ABSOLllTE BEAM f\fOMENTtTM 

The ahsolut.e beam moment.a were def.ermined from the current.s in the bend­

ing magnets in the beamline (MWiWl, M\ViW2-l,2). The currents values were 

rnnvert ed to magnetic field values using t.he excit.at.ion curves of the magnet.sf55l. 

The absolute momentum oft.he beam was calculated from the magnetic field val­

ues and the nominal bending angle of each magnet.. Table 5 lists the cakulat.ed 

absolute momentum values next to the nominal ones. Through out this thesis I 

will be using the nominal values. 

TABLE 5 

BEAM MOMENTUM (GeV) 

Nominal Value Calculated Value 

50 56.4±0.6 

100 102.8±0.8 

200 189.±1. 

400 3i9.±3. 

530 508.±5. 

TABLE 5: Quoted and calculated values of the beam momentum. 
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4. MW-CHERENKOV COUNTER 

In this chapt.er, I will first describe t.he main characteristics of a Cherenkov 

counter that determine it.s performance and then the MW-Cherenkov count.er it.-

self. Finally, I will describe how the MW-Cherenkov was used t.o tag t.he minorit.y 

particles during t.he Ei06 run. 

4 .1. lNTRODlTC'TION 

Cherenkov radiation was disrnvered in 1943 by Vavilov and Cherenkov!58l and 

was explained t.heoret.ically by Tamm and Frank!59) in 1937 who developed a clas-

siral t.heory to account for the radiation. A quant.um-mechanical theory of t.he 

effect. was given by Ginsburg!60l in 1940. 

The relat.ion between the angle of Cherenkov radiati.on, 8, the velocity of the 

particle, /3, and the refractive index of the niedium, 77(>.), is: 

1 
cos 8 = /317().) 

Relation (4.1) can be rewritten as: 

VJi ht cos 8(>.) = g 
Vputicle 

(4.1) 

(4.2) 

which shows that the angle of emission of light is directly related to the ratio of the 
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veloc-it y of light in the radiat.or t.o the part.ide velocity. The optical measurement. 

of Ow emission angle of the light., along wit.h the knowledge of the velocity of light. 

in the same medium, determines t.he velocity of a particle. For high-energy charged 

part ides, measuring their relative velocity /3 via Cherenkov radiation toget.her with 

an independent determination of their momenta p is practically the primary way 

Io identify the particles. 

By using t.he Cherenkov effect., the velocity can be measured to a percentage 

acrnracy in the range of 10-3 to 10-i, with the corresponding accuracy in mass, 

m, of a single particle given by: 

dm/m = -, 2(d/3/p) + (dp/p) ( 4.3) 

where dp/p is the moment.um spread of the beamline. Due to the large -y2 fact.or 

at high energies, the ability t.o identify particles by this mass definition is limited 

by the velocity resolution of the particular Cherenkov detector. 

There are three basic types of Cherenkov detectors that are used for particle 

identification at high energiesl61l: 

a) The threahold counter, which is used to detect particles that have velocity /3 

above a given threshold velocity /30. 

b) Thr differential counter, which distinguishes among different. particles by 

the angle of their Cherenkov light. In a differential counter the reflected ring 

of Cherenkov light is focused into an annular diaphragm. The light that passes 

through the aperture of the diaphragm is detected by a number of photomultipliers 

equally spaced around the annulus. 
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c) The Jiffcrrnfiol i~oehrnnnu~ ulf-eollimafing counter (DISC'), which is a dif-

frr<>ntial rnunt.er equipped with an optical system which corrects for geometric and 

chromatic aberrations. 

All three types of counters are illustrated schematically in Fig. 31. 

In a high energy beam of moment.ump the velocity resolution Af3 of a CherenkoY 

counter is defined in terms of the range of the Cherenkov angle accepted by the 

counter: 

A/3 = tan (} A(} ( 4.4) 

The approximate velocity difference Af3momi bet.ween t.wo particles wiih masses 

mo. and m1 and the same moment.um is given by 

( 4 .. 5) 

with m1 >mo. 

The limiting mass separation of a Cherenkov counter corresponds to the finest 

velocity resolution Af31imit that the counter can achieve. For the limiting separa-

tion of t.wo particles one must have: 

(4.5) 

In practice, Af31imit is chosen so that 
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Figure 31: Basic. Types of Chere11kov Detectors. 
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( 4.6) 

As a numerical example, the mass separation between pions and kaons at. 300 

GeV is ~/3mnmi,....., 10-5• To resolve bet.ween pions and kaons at. this energy using a 

Cherenkov counter demands a small value for the Cherenkov angle from Eq. ( 4.4 ), 

and consequent.ly a small value of t.he refraction index ( T/ - 1 ). Therefore at. high 

energies one considers only gas-filled Cherenkov counters. 

Before I go on t.o describe t.he MW Cherenkov count.er I will discuss the main 

charaderistics t.hat <let.ermine t.he performance of a Cherenkov count.er. 
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·1.2. Pi::nrnnMANC'E C'JIARAC'TERISTics or A CHERENKOV CotrNTER 

4.2.1 The light yield 

The numher of photons N per unit. wavelength >. in a count.er of finit.e length 

L is gi"en by: 

d
2 
N _ .:

2
21T'o ( L )

2 
(sin\ )

2 
• 2 

d).d COS(} - ). A \ Slll (}, 
( 4.8) 

\ ( (}) = 7r ~ ( 11( ~ )/3 - cos(}) ' (4.9) 

: c is the charge of the particle, a is t.he fine structure constant and 77( >.) is the 

refraction index of the radiator. 

In the limit. (L/>.-+ oo), sin x./x becomes ah-function and 

J! N z2211"a (L) 2 
• 2 

d>. d cos 8 = >. c5(x) >. •m 8 (4.10) 

whic-h, when the Ii-function is integrated over all angles, reduces to: 

( 4.11) 

Due to the z2 dependence, a particle with a large charge can ge·nerat.e sufficient 

Cherenkov light intensity to be recorded on photographic emulsion. However, for 
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singly drnrgecl part.ides, the light. yield is quite small. For example, the energy 

loss by Cherenkov radiat.ion in t.he wavelength bandwidth from 200 to 600 nm is 

ahout H·cV, which is about. 100 times less than the energy loss by ionization. 

As we see from Eq. ( 4.11 ), t.he light. yield is proport.ional t.o t.he lengt.h of 

f he radiator and increases wit.h decreasing wavelengths. Thus, many efforts have 

been made to improve t.he light. transmission and ext.end the sensit.ivit.y of t.he 

photodet.ect.or into t.he ult.raviolet. region where the number of photons is great.er. 

A f long wa\'elengt hs t.he detect.ion by the counter is limited not. only by the reduced 

C'herenkov light emission but. also by the cut. off threshold of the photomultiplier 

phofocat.hodes. 

4.2.2 Quantum Efficiency and Noise 

The detect.ion efficiency of a given Cherenkov counter is obtained by folding t.he 

quantum efficiency of the photodetect.or used wit.h the optical transmission prop­

erties of the counter, both of which are a function the Cherenkov light spectrum. 

By using ultraviolet-transmitting materials such as fused silica, the Cherenkov 

light c.an be detected to wavelengths of about 150 nm. 

The effective detector efficiency of a photodetector and its the associated elec­

tronic equipment can be measured if one knows the bandwidth to be transmit.t.ed 

by the standard Cherenkov optics. The standard Cherenkov optics are those that 

are used in conventional threshold counters and consist of: (a) one front-aluminized 

mirror, especially coated for reflection at ultraviolet wavelengths and containing a 
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protective int.erference layer of '>../2 t.hickness of MgF2 at. 350 nm, and (b) one exit. 

window of ultraviolet-transmit.t.ing fused silica which has an antireflect.ion coat.ing 

of ;i );iyer of ">../4 thickness of MgF2 at. 3.50 nm. With this standard set of Cherenkov 

opt iC's it is possible to experiment.ally measure and compare the performances of 

different. types of photomult.ipliers. 

For a Cherenkov count.er of length L and Cherenkov angle 8, the number of 

photoelectrons N produced by t.he passage of a single charged high-energy particle 

is p;i,•en by: 

N = AL92 ( 4.12) 

wlwre A characterizes the phot.odetect.or, taking int.o account. the Cherenkov light. 

spectrum ;ind the transmission properties oft.he optics. Values of the parameter 

A have been measured in several laborat.ories[621, and are in good agreement. The 

most sensitive phot.omult.ipliers available today, consisting of fused silica entrance 

window and a bialcali (K-Cs-Sb) phot.ocathode, have a value of the parameter 

A from about 100-150 cm-1• Photomultipliers having a photocathode of lower 

quant.um efficiency and a UV-glass entrance window have a value of A from 50-60 

cm-1• For example, if L=42.1m,8=5.0 mrad and A= 150 cm-1 then Eq. (4.12) 

gives: 

N = 16 Photoelectrons/particle 

The noise pulses in a photomultiplier, mainly arising from single photoelectrons, 

are indistinguishable from true signals since the threshold of the detect.ion elec­

tronics is generally set below that level. To avoid counting noise, in the differential 

t.ype of Cherenkov counter, the light output is divided among several photomulti-
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pliers, 1rnd their out put signals required t.o satisfy a coincidence requirement. Jn 

this way t.he accident.al count. rat.e can be reduced to an extremely low level at. t.he 

expense of reducing t.he overall counting efficiency of the detect.or. 

For a differential Cherenkov count.er with q phot.omultipliers, t.he efficiency for 

the q-fold rnincidence is: 

(4.13) 

where N is the number of phot.oelectrons. 

For example, when q=6, E6 = 0.64 for N =16 photoelect.rons. 

4.2.3 Optical Dispersion in the Radiator 

In Eq. ( 4.1 ), the Cherenkov angle 9 is a function of the wavelength A of t.he 

light due to variation of the refractive index of the radiator as a fund.ion of A. As 

a consequence, there is a spread or dispersion in the angle of the emitted photons 

due to variation of the refractive index of the radiator as a function of A. The 

range of the chromatic dispersion is given by: 

ATJ 
ABDJSP = TJ(A) tan 9(A) (4.14) 

where AT/ is the change in refractive index over the range of the detectable wave-

lengths. If one defines an average wavelength A2 (which is the mean of the dis-
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t ribu1 ion of de1eded photoelectrons versus wavelength), and wavelengths >.1, A3 

corresponding to 1 he limits of the spectral range, then 

( 4.15) 

where 

( 4.16) 

The parameter 11 characterizes the optical dispersion in the radiator. Table 

G rn11tains values of the refradive index (at 1 ahn and 20°C) and of the parameter 

,, for some rnmmonly used gas radiators for wavelengths consistent with fused silica 

op1 irs and the sped ral response of a biakali photocathode ( >.1 = 280 nm, >.2 = 3.50 

nm. A3 = 440 nm). As it is clear from t.he table, t.he inert gases have the largest. 

,·alues of 11 and consequently the smallest chromatic dispersion. 

TABLE 6 

Gas (no - 1) * 106 (no - 1) * 106 ( n.o - 1 ) * 106 v 

(280 nm] (350 nm] (440 nm] 

He 33.27 32.90 32.67 54.5 

Ne 64.07 63.37 62.85 52.2 

H2 140.6 135.3 132.0 15.7 

N2 294.8 287.0 282.0 22.5 

CH4 447.8 430.3 419.7 15.3 

TABLE 6: Values of the parameter v for some commonly used gas radiators. 

A precise expression for the refractive index of inert gases as a function of 
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wavelength at. 0°C and 760 mm Hg was obtained by Dalgano and Kingston[66l. 

This useful expression for He is: 

2 - 1 - 6 92"" 10-5 (i 2.24 * 105 5.94 * 1010 1.72 * 1016 ) 
17 - • I * + A 2 + A 4 + A 6 + ... ( 4.1 i) 

4.2.4 Optical Aberrations 

l\1ost. differential Cherenkov counters use a spherical mirrors to reflect and focus 

t.he Cherenkov light. ont.o an annular diaphragm. 

In a differential counter, a spherical mirror of radius of curvature R and focal 

length f( = R/2) focuses the cone of Cherenkov light in the differential counter 

into a ring image of radius r, given by: 

r = f tan8 ( 4.18) 

The total radial spread ~r of the ring image is determined by the spherical and 

coma aberrations which to the third order, are given by: 

( 4.19) 

In this expression the first term is the spherical error, the second is the coma, 

d is the useful diameter of the mirror, f is the focal length and 8 is t.he Cherenkov 

angle. 
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Timi:, thr Rng11ll\r hroadc-ning ABoPT of the ring image due to the opt.ical 

aberrations is given by: 

Ar 
ABoPT = -

f 

4.2.5 Energy Loss, Scat.tering, and Diffraction Effects 

(4.20) 

As the particle traverses the radiator it loses energy, primarily by t.he process of 

ionization, which changes the value of its velocity J3 and hence t.he Cherenkov angle 

oft he radiated light. However, the ionization loss, which is about 2MeV*g-1*cm- 2 

for most materials, is negligible at. relativistic energies. Multiple Coulomb scat.t.er-

ing of the particle also causes a broadening of the Cherenkov angle. The angular 

spread Afl M sc (root mean squared projected angle) due to mult.iple scat.t.ering of 

a particle with momentum p can be expressed as[68l: 

(
14.1 Mev) fL[ 1 ( L )] 

A8Msc = p/3 v La 1+2log LR (4.21) 

where L is the radiator length and LR its radiation length. For a gas radiator of 

length L, Eq.(4.21) can be rewritt.en as 

l 

ABMsc = (14.1 Mev/c) [ pL(77 -1)] 
2

, 
PP (110-l)LR 

(4.22) 

where p is the gas density, LR is the radiation length, '70 is the refractive index 



Chapter 4: MW Cherenkov Counter 93 

of t.he gas for a given wavelength of light at the temperature of the counter and 

pressure of 1 atm, and 17 is the refractive index at the same wavelength at. the 

t.emperat.ure and pressure oft.he counter. 

The broadening oft.he Cherenkov angle AB DI FF by diffraction is approximately 

given by: 

D.9 - ,\ 
DIFF - (L sin 8) ( 4.23) 

where ,\ is t.he wavelength of light., L is t.he length of the radiator and (J is the 

Cherenkov angle. Since the gas-filled counters used to identify individual particles 

at ultra high energies operate at. Cherenkov angles from 5 t.o 10 milliradians and 

are made tens of meters long (in order t.o obtain sufficient. light.) diffract.ion etf ect s 

are negligible. For example the diffraction broadening for a 42.1 m long counter 

wit.h 8=5 mrad and A=350 nm is: 

ABDJFF = 1.66 * 10-6r~ds = 1.66J.irads 

4.2.6 Finite Momentum Bite 

Usually the beamlines where the Cherenkov counters are located are not monochro-

matic. The angular broadening of the Cherenkov light. due to a finite moment.um 

bit.e is given by: 
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68 = (6p/p) (m2) 
() p2 (4.24) 

where ~p/p is the moment.um bit.e and m is t.he mass of the particle. From this 

relation we see that the larger the mass of the part.icle the larger the broadening. 

If 8=5 mntd and p=530 GeV, t.he broadening caused by a 103 momentum bit.e is 

~8rm~ = 1.4 µrad for 7r's, li.3 µrad for K's, and 62.6 µrad for p's. 

2. 7 Ile am Divergence 

Any divergem·e in the beam will broaden the angular width of the Cherenkov 

rnne by an equal amount. This is the reason t.hat most. Cherenkov counters are 

located in the parallel sections of the beamlines where the divergence of the beam 

is deliberately minimized. Typical values for beam divergence in the parallel sec-

tions of a beamline are about 0.02-0.10 mrad. The beam divergence in the MW-

Beamline varied between 0.025-0.065 mrad depending on the running mode. 

4.2.8 Thermal Stability 

For Cherenkov counters which employ a gas radiator, one changes the refractive 

index merely by changing the operating pressure of the counter. The resulting 

change in the index is given by the Lorentz-Lorenz law: 
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( 17
2 

- 1) _ ( R ) 
( 172 + 2) - }vf p 

( 4.25) 

where R is t.he molecular refract.ivit.y, M is the molecular weight, and p is t.he gas 

density. For pressures that are not too high (less than 3 atm) Eq. ( 4.2.5) can be 

approximated by: 

( 17 - 1) = ( 110 - 1 )P ( 4.26) 

where 170 is t.he refractive index of the gas for a given wavelength of light., at. 

the temperature of the count.er, and at a pressure of 1 at.m. The pressure P is 

in atmospheres. From t.he last equation we see that the refract.ive index depends 

upon the gas density, which depends upon the temperature and pressure according 

to t.he equation of st.ate of the gas. Any temperature gradient along the count.er 

can cause variat.ions in the index of refract.ion and degrade the velocity resolution 

achievable by the counter. It turns out that: 

(4.27) 

where p is the gas density, P the pressure and T the temperature. So in order 

to achieve a resolution of t;,.{3 = 10-7 with a Cherenkov angle of 5 mrad we must. 

have a t;,.T = 2°C or smaller along the length of the counter. 
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4.3. THE M\V CHERENI<OV DETECTOR 

4.3.1 General description 

The f\l W-Cherenkov det.ect.or is a gas filled differential counter without. an 

a<"hromatizer. It has however a second larger radius annulus of photodet.ectors 

which C'an be used as an additional particle detect.ion channel or for a veto channel. 

It is sits in the 6i m long parallel sect.ion of the MW-beamline, 708.44 ft (215.93 

m) downstream oft.he M\\' primary target, and 320.8 ft. (9i.8m) upstream of the 

PXperiment al target. 

The rnunter has a total radiator length of 130 ft. (42.1 m) and the Cherenkov 

anJ?;le is 4.998 mrad. The counter's pressure vessel consists of two 36 ft .. and two 

1 R ft. stainless steel pipe sect.ions bolt.ed together, plus two 15 ft. long aluminum 

extension pipes at. t.he upstream end t.o give it a longer radiator length. The inner 

diameter of the st.eel pieces is 19.250 in. (48.89cm) and the thickness is 0.375 in. 

(0.95cm) (Fig. 32). 

The counter ~ses a long (1275.5 in.) focal length mirror to focus the light and 

two rings at different radii, each with 6 photomultiplier& to collect the light. The 

innf"r ring of phot.omumpliers (designated as the coincidence channel) has a radius 

of 6 3/8 in. (10.19 cm) and the outer ring (anticoincidence or veto channel) has a. 

radius of 7 5/8 in. (19.3 cm). 

The count.er used He as radiator and the index of refraction was changed by 

changing the gas pressure. The vessel was checked for leaks and could ma.int.a.in a 
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vacuum of 1 mTorr with a rate of rise of 1 mTorr per day. The operating pressure 

was 4-i psia and was read remotely by two pressure transducers with an accuracy 

of ±0.01 psia. However it was possible to attain 1.2 atm (17 psia) before the 

pressure relief valve blew. We used two 0.01 in. thick Ti foils for the entrance and 

exit. windows of the count.er. Two 4 x 4 in.2 scintillation counters, one upstream 

and one down st.ream of the Cherenkov count.er, were used in coincidence t.o define 

beam part.ides which passed through t.he entire count.er. 

Finally, the vessel of the count.er was covered by a 1 in. thick layer of Flex-Sulat.ion 

X (a foam plastic material) for t.hermal insulation. The temperature inside the 

counter was monitored by 6 platinum RTD (resistant transition detect.ors) that 

were placed every 18 ft along t.be count.er and measured the temperature with an 

accuracy of ±0.2°C. 

The MW Cherenkov counter was designed to separate pions from protons at a 

530 Gev beam momentum, but the final performance of the counter was such that 

we were also able to separate pions from kaons. In Table 7 I tabulate the effect.s 

the various performance characteristics discussed previously had on the resolution 

of the MW Cherenkov counter at a 530 GeV mean momentum. We also list. the 

11"-/\" and 11"-p separation at 530 GeV for comparison. 
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TABLE 7 

Parameter A/3 A8(mr) Ar( mm) 

7r p Separat.ion 1.53 x 10-6 0.306 9.9 

1r K Separation 4.04 x 10-7 0.081 2.6 

Beam Divergence 1.0 x 10-7 0.020 0.65 

i.0% Moment.um Spread 6.10 x 10-s 0.012 0.40 

Temperat.ure t.o 2°C i.8 x 10-s 0.01.) 0.48 

1\1 ult.iple Scattering 1..5 x 10-8 0.003 0.09 

Chromatir Spread 2.25 x 10-7 0.045 1.46 

TABLE 7: Performance characteristics of the MW-Cherenkov counter at .5'.lO 

GeV. 

4.3.2 The gas system 

The gas syst.em for the Cherenkov count.er starts at 'the MW-Gas house in t.he 

MW9 enclosure. We used bottles of welding (99.9953 pure) He gas. The He 

bottles were connected at a four station manifold with a Matheson gas regulator 

and a Scott Speciality moisture trap. 

On the upstream end of the counter, and somewhat further downstream, t.11e 

He gas goes through two more filters before entering the Cherenkov vessel. The 

first filter was a "shop made" filter consisting of copper brillo pads that were 

cleaned with freon; this filter is used to prevent oxygen and debris from entering 

the count.er. The second filter is a Scott Specialty gas moisture trap. Before and 
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aft f'r the filters there were pressure gauges to measure any pressure drops. 

Aftc>r the filters, the gas went through a regulat.or and valve set-up. The valve 

was usf'd to keep a posit.ive pressure on t.he regulator. The gas was allowed into the 

rnunt f'r by an elect.rir valve. This valve could be operat.ed locally, if the controls 

were in the "local" mode, or remotely from t.he experiment.al counting house, either 

from a remote control panel or from a personal computer. To prevent overfilling 

we used a 1.2 atm pressure relief valve located in the middle of the count.er. 

The Chere11kov count er could be evacuated locally or remotely. The evacuation 

s~·sfem used two Guardian "PET 1418" programmable electronic timers that. broke 

the system into three sections. The first opened a solenoid valve, referred to as 

n "<lifferential pressure module", which allowed the pump and the count.er t.o 

f'<JUalize in pressure, preventing any concussion that. could damage t.he count er 's 

optics w heu the gate valve was opened. 

Thf' second timer opened the gate valve just before the starting of the pump. 

The gate valve was a VAT VACUUM VALVE, series 10, bought from VAT Inc. 

in Woburn Mass. It. was found that the best setting was for the valve to be fully 

open about two seconds before the pump started. 

The third timer started the pump and the blower at the same time. The 

pump was an EDWARDS E2M40 with a mechanical booster model EH500A with 

hydrokinet.ic drive. The pump had a pumping sp~d of 400 ft. 3 per min at. 1 at.m. 

The pressure of the counter was read from a mechanical pressure gauge and 

from two pressure transducers. The mechanical pressure gauge was located at the 

counter and could be read out at the counting house via TV camera and monitor. 

The pressure transducers were made by OMEGA and were located at the upstream 
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and clownst.ream end of the count.er. Both the transducers were read by a Zenit.h 

personal computer using an OMEGA interface card and a terminal box. The gas 

system is pict.ured schemat.ically in Fig. 33. 

There was also a separate gas system for purging the Cherenkov phot.otubes 

with nitrogen, to prevent. the phototubes from being contaminated with He (fused 

silica and natural quartz are permeable to helium). In front of t.he photomulti-

pliers there were ult.rasil (a type of fused silica) windows 3 in. in diameter. The 

phot omultipliers fit. in a housing around the windows and sat about 1 /2 in. away 

from them. A gas tight seal was made around the phototubes and the housing to 

permit a constant. nitrogen purge around the phototubes. 

The nitrogen gas for the purging comes from a nitrogen dewar outside the 

experimental building. A line was tapped into the dewar for gas only and the 

nitrogen was brought. to t.he gas house where there was a check valve and a reg-

ulator. Aft.er the regulator, the nitrogen was piped to the count.er, where it. went 

through a manifold. This manifold distributed the gas to each of the phot.otubes 

for purge. A set of 12 oil bubblers on the manifold gave visual evidence that. there 

was a gas purge across the front face of each phototube. 

4.3.3 The Optics 

The counter optics consisted of a spherical mirror, the conical reflector, the 

light guides, the phototube windows, and the phototubes. 

a) The ~pherical mirror. The mirror that is used to focus the Cherenkov light 
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is a front alumiuized spherical mirror with a focal length of 12i5.5 in. (32.4 m). 

I 

The mirror (made by Unertl Co. of Philadelphia PA.) has a useful diameter of 

L~ 18.5 in., and is mount.ed on a aluminum base that. is capable of tilting in t.he x and 

y plane for fine adjustments. The mirror was coated with Al plus a 'Ji./2 thick layer 

of MgF2 to protect. the Al from oxidizing and enhance the ult.raviolet reflect.ance. 

b) The conical reflector. The conical reflector consists of a cylinder ( 4.5.72 cm 

long), the front part of which, 16.5 cm, is inclined with a slope of 34.6 mrad. The 

inner diameter of t.l1e cylinder is 29.72 cm (Fig. 34). On top of the cylinder fits 

a cylindrical cap that has a length of 15.3 cm and a slope of 38.31 mrad, so that 

there is a gap of 5mm between the cap and t.he front. surface of the cylinder (fig. 

3.!) ). Both inclined surfaces are aluminized to reflect the light while the rest surface 

of the cylinder and t.he inner surface of the cylindrical cap are painted black to 

absorb light.. In the back of the cylinder fits a ring with openings for the light 

guides. The counter is tuned by varying the He pressure so that. t.he Cherenkov 

light of selected or (tagged) particles goes through t.he .Smm aperture and lands 

on the inside ring of phototubes (coincidence channel). 

The Cherenkov light from particles with masses different from those of the 

detected particle will hit one of the inclined reflecting surfaces and will end up in 

the anticoincidence channel of phototubes, or will directly land in the anti-ring of 

tubes. Of course, if the mass of a part.ide is much smaller than the mass of the 

tagged particle, the Cherenkov light of that particle will end up inside the cylinder 

of the conical reflector and will be lost. 

The optical design of the Cherenkov counter was done with the objective of 

separating 11'.!I from ps at the highest possible secondary momentum which was 
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Figure 34: Parts of the Conical Reflector. (top): Main cylinder. (bot.t.om): 
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ronsiclerecl to be iOO GeV. For a 700 GeV beam A/311 ,p = 8.778x10-7 and A/311,K = 

2.21''.l >- 10-i. Thus, fort.his count.er l:l.9 11 ,p = ~~;J' = 0.176 mrad, A9tr,K = 0.0457 

mrnd. Assuming that the tagged particles are pions, t.he distances, AR, between 

t lie fornl rings are: 

~R"·I' = 6.375" - (1275.511 )t.an(4.822 mrad) = 0.22411 = 5.703 mm ( 4.28) 

an cl 

~R".1\· = 6.37.5" - (127.5 .. 5")t.an(4.953 mrad) = 0.05711 = 1.459 mm ( 4.29) 

These separations of t:wo particles have t.o be modified by the effects of diver­

gence of the beam. The beam divergence is, f:l.(}bd = ±0.02.5 mrad. Thus t.he 

spread due t.o the beam divergence is given by: 

ARbd = ±ftan{9bd) = ±0.0318" = ±0.81 mm {4.30) 

Now we have to take into account the light spread due to the change in the 

index of refraction with the wavelength (chromatic spread). The chromatic spread 

was designed to be confined to the region 0.8 mm from the inner and outer radii of 

the coincidence ring aperture, to compensate for the smearing due to the beam di­

vergence. In other words the particle's light. was restricted to a ring with a width of 

( 5.0-1.6) mm=3.4 mm=0.1338 in. centered in the cent.er of the coincidence chan­

nel. To rest.rid the pion or proton light. to the desired ring (3.4 mm width), special 

windows were introduced to block light. with wavelengths which corresponded to 
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undesirable angles. To determine t.he transmission properties needed for the win-

dows, one wants t.o posit.ion the longest wavelength t.o which the photocathode is 

sensit.ive to (-600 nm), at the smallest. Cherenkov angle (Jmin· Assuming that the 

tagged particles are pions: 

( 6.375" - 0.1~38") 
(J~in = = 4.9455 mrad 

1275.5" 
( 4.31) 

so: 

ll' 1 
"m·n = --- = 1.0000122.50 ., 1. 1:J {Jll' 

/Jll' COS min 
('1.32) 

In order to avoid overlapping between pion and proton light, we must have the 

proton light with the smallest. acceptable wavelength lying 0.8 mm away from the 

5 mm aperture, i.e: 

( 6.375" - 0·1;ss" - 0.-0315") 
(JP - = 4.896 mrad 

maz - 1275.511 
( 4.33) 

so: 

1 
Tfmaz = /3 fJ!: p COS maz 

= 1.000012884 ( 4.34) 

We must also confine the pion light with the smallest acceptable wavelength 

inside the 0.1338" diameter aperture, i.e: 
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( 6.3i5" + 0.1~38") 
911: - = 5.0505 mrad 

ma:i: - 12i5.5" 
( 4.3.5) 

i-o: 

1r 1 
77maz = ,2 (J7r 

1-111: COS maz 
= 1.000012ii5 (4.36) 

Now taking into arcount the variation of the index of refraction with the wave-

lt>11gth at iOO GeV (Table 8), we conclude that we must limit the Cherenkov light. 

to be between 220-600 nm. A window can be used to prevent. the light. below 

220 nm from hitting the phototubes. Nothing needs t.o be done about the light. 

a hove 600 nm berause there are very few photons. For comparison we also list. the 

similar table for .530 GeV (table 9). 

From this table we can see that 71' and p are completely separated at. all t.he 

wavelengths that the photocat.hode is sensitive to. In this case the windows reduce 

the chromatic dispersion of the Cherenkov light. and help separate the kaon and 

pion light. The Cherenkov was used at -530 Ge V to tag K-. In this case we 

adjusted the Cherenkov pressure so that to position the kaon light with the smallest 

arreptable wavelength (300 nm as will be explained later) just inside the 0.133811 

diameter apert.ure in the coincidence ring i.e at 6.44211 (Table 10). The pion 

light will t'nd up in the coincidence ring and will overlap with the kaon light for 

wavelengths larger than 390 nm. 

c) The light guide a. The light guides are used to guide the light through internal 

refled.ions t.o the phototubes. They are made of plastic cold coated internally with 
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CERENKOV ANGLES WERE CALCULATED AT A MOMENTUM OF 7H. CEV/C 

• HEIGHT AT WAVELENGTH INDEX AT THETA HEICHT AT THETA THETA HEICHT AT 
ANGSTROMS 6.64 PSI PIONS DETECTORS KAO NS DETECTORS PROTONS DETECTORS 

(N-l)•E-6 IN MR IN IN. IN MR IN IN. IN MR IN IN. 

16"". e.1364670 6.2 8.834 6.2 8.677 6 .0 8 •• ns 
1800. e.1336068 s.2 8.688 6.1 8.631 

6 ·" 
8.368 

1700. 0.1321137 s.1 8.662 S.1 8. 4'94' 
s ·" 

8.330 
1800. e.1300925 5.1 8.521 6.1 8.4'83 ".9 8.298 
1900. 0.1298789 6.1 8.4'98 6.0 8."38 ".9 8.272 
2000. 0.1290278 6.1 8.4'74 6 ·" 8.4'18 ".9 8.250 
2100. 0.1283067 6.1 8.4'68 5 .0 8.398 ".9 8.231 
2200. 0.1276873 6 .0 8 .4'41 5.0 8.382 ".9 8.215 
2300. 0.1271535 6 .0 8.4'27 6.0 8.389 ".9 8.201 
2400. 0.1286893 6.0 8.4'15 6.0 8.367 ". 9 8.189 
2600. 0.1282829 6 .0 8.405 5 ·" 8.346 ".8 8.178 
2600. 0.1259251 6.0 8.398 5 .0 8.337 ". 8 8.189 
2700. 0.1256083 6 .0 8.388 5 .0 8.329 ".8 8.180 
2800. 0.1263285 5 .0 8.381 5 .0 8.322 ".8 8.163 
2900. 0.125074'6 6 .0 8.374 6 .0 8.316 ". 8 8.148 
3000. 0.1248484 6 .0 8.369 4.9 8.310 4.8 8.140 
3100. 0.1248448 6 .0 8.383 4.9 8. 304 4.8 8.136 
3200. 0.1244803 6 .0 8.359 4.9 8.299 ".8 8.130 
3300. 0.1242930 6 .0 8.354 4.9 8.295 ".8 8.125 
3400. 0.1241408 

5 ·" 
8.350 4.9 8..-291 4.8 8.121 

3500. e.1240018 
6 ·" 

8.347 4.9 8.288 4.8 8.118 
3800. 0.1238746 6 .0 8.344 4.9 8.284 4.8 8.114 
3700. 0.1237677 6 .0 6.341 4.9 8.281 4.8 8.111 
3800. 0.1238503 

6 ·" 
8.338 4.9 8.279 4.8 8.108 

3900. 0.1235512 
6 ·" 

8.336 4.9 8.278 4.8 8.108 
4000. 0.1234598 6 .0 8.333 4.9 8.274 ". 8 8.103 
4100. 0.1233747 6.0 8.331 4.9 8.271 ".8 8.101 
4200. 0.1232980 5.0 8.329 4.9 8.269 ".8 8.099 
4300. e.1232220 6.0 8.327 4.9 8.287 ". 8 8.097 
4400. 0.1231648 6 .0 8.325 4.9 8.288 ". 8 8.095 
4500. e.1230910 

6 ·" 
8.323 4.9 8.264 ". 8 8.093 

4600. 0.1230318 6 ·" 
8.322 4.9 8.262 ".8 8.092 

4700. e.1229780 6 .0 8.321 4.9 8.261 4.8 8.090 
4800. 0.1229239 6 .0 8.319 4.9 8.280 4.8 8.089 
4900. e.1220150 6 .0 8.318 ". 9 8.268 ". 8 8.088 
6000. 0.1228290 6 .0 8.317 ". 9 8.257 ". 8 8.086 
5100. 0.1227868 5.e 8.318 ". 9 8.256 4.8 8.085 
6200. 0.1227460 

6 ·" 
8.315 ". 9 8.255 ". 8 8.084 

5300. 0.1227068 ".9 8.314 4.9 8.254 4.8 8.083 
5400. e.1226103 ".9 8.313 ". 9 8.253 ".8 8.082 
5500. e.1228380 ". 9 8.312 4.9 8.262 

"· 8 
8. 081 

6600. 0.1228035 ".9 8.311 ". 9 8.261 ". 8 8 .080 
5700. e.1225728 4.9 8.319 ". 9 8.251 ".8 8 .080 
5800. 0.1225438 ". 9 8.309 4.9 8.250 4.8 8.079 
6900. 0.1226180 4.9 8.309 4.9 8.249 ". 8 8.078 
8000. e.1224897 4.9 8.308 ". 9 8.248 ".8 8.077 

Table 8: Variation of the index of refraction of He and the Cherenkov angle 

of different iOO Ge V particles wit.h the wavelength. The index of refract.ion of 

Ile was cakulat.ed at a pressure of 5.54 psi and at 20°. *(Height at the clet.ed.ors 

means radius at. t.he photot.u bes). 
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CERENKOV ANGLES WERE CALC\A.ATED AT A MOMENTIAI OF 530. GEV/C 

WAVRENCTH INDEX AT lliETA HEIGHT AT THETA HEIGHT AT lliETA HEIGHT AT 

ANGSTROMS 5.55 PSI PIONS DETECTORS KAO NS DETECTORS PROTONS DETECTORS 

(N-l}•E-5 IN MR IN IN. IN MR IN IN. IN MR IN IN. 

1500. 0.1356216 5.2 6.634 5.1 6.535 4.9 6.248 

1600. 0.1337679 5.2 6.589 5.1 6.489 4.9 6.199 
1700. 0.1322743 5.1 6.552 5.1 6.451 4.8 6.160 
1800. 0.1310516 5.1 6.521 5.0 6.420 4.8 6.127 
lg()(), 0.1300368 5.1 6.496 5.0 6.395 4.8 6.100 
2000. 0.1291846 5.1 6.475 5.0 6.373 4.8 6.078 
2100. 0.1284616 5.1 6.456 5.0 6.355 4.7 6.058 
2200. 0.1278425 5.0 6.441 5.0 6.339 4.7 6.042 
2300. 0.1273080 5.0 6.427 5.0 6.325 4.7 6.027 
2400. 0.1268432 5.0 6.416 4.9 6.313 4.7 6.015 
2500. 0.1264364 5.0 6.405 4.9 6.302 4.7 6.004 
2600. 0.1260782 5.0 6.396 4.9 6.293 4.7 5.994 
2700. 0.1257610 5.0 6.388 4.9 6.285 4.7 5.985 
2800. 0.1254788 5.0 6.381 4.9 6.278 4.7 5.978 
2goo. 0.1252265 5.0 6.374 4.9 6.271 4.7 5.971 
3000. 0.1250001 5.0 6.369 4.9 6.265 4.7 5.965 
3100. 0.1247961 5.0 6.363 4.9 6.260 4.7 5.959 
3200. 0.1246116 5.0 6.359 4.9 6.255 4.7 5.954 
3300. 0.1244441 5.0 6.354 4.9 6.251 4.7 5.949 
3400. 0.1242917 5.0 6.350 4.9 6.247 4.7 5.945 
3500. 0.1241525 5.0 6.347 4.9 6.243 4.7 5.941 
3600. 0.1240251 5.0 6.344 4.9 6.240 4.7 5.938 
3700. 0.1239082 5.0 6.341 4.9 6.237 4.7 5.935 
3800. 0.1238006 5.0 6.338 4.9 6.234 4.7 5.932 
3900. 0.1237013 5.0 6.335 4.9 6.231 4.6 5.929 
4000. 0.1236096 5.0 6.333 4.9 6.229 4.6 5.927 
4100. 0.1235247 5.0 6.331 4.9 6.227 4.6 5.924 
4200. 0.1234458 5.0 6.329 4.9 6.225 4.6 5.922 
4300. 0.1233726 5.0 6.327 4.9 6.223 4.6 5.920 
4400. 0.1233043 5.0 6.325 4.9 6.221 4.6 5.918 
4500. 0.1232406 5.0 6.324 4.9 6.219 4.6 5.916 
4600. 0.1231811 5.0 6.322 4.9 6.218 4.6 5.915 
4700. 0.1231255 5.0 6.321 4.9 6.216 4.6 5.913 
4800. 0.1230733 5.0 6.319 4.9 6.215 4.6 5.912 
4900. 0.1230243 5.0 6.318 4.9 6.214 4.6 5.910 
5000. 0.1229783 5.0 6.317 4.9 6.213 4.6 5.909 
5100. 0.1229350 5.0 6.316 4.9 6.211 4.6 5.908 
5200. 0.1228942 5.0 6.31'5 4.9 6.210 4.6 5.907 
5300. 0.1228557 4.9 6.314 4.9 6.209 4.6 5.906 
5400. 0.1228194 4.9 6.313 4.9 6.208 4.6 5.905 
5500. 0.1227851 4.9 1.312 4.9 6.207 4.6 5.904 
5600. 0.1227526 4.9 6.311 4.9 6.207 4.6 5.903 
5700. 0.1227218 4.9 6.310 4.9 6.206 4.6 5.902 
5800. 0.1226926 4.9 6.309 4.9 6.205 4.6 5.901 
5900. 0.1226649 4.9 6.309 4.9 6.204 4.6 5.901 
&000. 0.1226386 4.9 6.308 4.9 6.204 4.6 5.900 

Table 9: Variation of the index of refraction of He and the Cherenkov angle 

of clifferenf 530 GeV part.ides with the wavelength. The index of refract.ion of He 

was cakulated at. a pressure of 5.55 psi and at 20°. 
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CERENKOV ANGLES WERE CALClUTED AT A MOMEN'TUI OF 530. GfY/C 

i WAVaENGTH .INDEX AT THETA HEIGHT AT THETA HEIGHT AT THETA HEIGHT AT 
L c ANGSTROMS 5.86 PSI PIONS DETECTORS KAONS· DETECTORS PROTONS DETECTORS 

(N-l)•E-5 IN MR IN IN. IN MR IN IN. IN MR IN IN. 

1500. 0.1431098 5.3 6.816 5.3 6.719 5.0 6.440 
1600. 0.1411538 5.3 6.769 5.2 6.672 5.0 6.390 \ 

I 

1700. 0.1395777 5.3 6.731 5.2 6.633 5.0 6.350 
1800. 0.1382874 5.3 6.699 5.2 6.601 5.0 6.317 

I __ 1900. 0.1372166 5.2 6.673 5.2 6.575 4.9 6.289 
2000. 0.1363174 5.2 6.651 5.1 6.553 4.9 6.266 
2100. 0.1355545 5.2 6.633 &.1 6.534 4.9 &.246 
2200. 0.1349012 &.2 6.617 5.1 6.517 4.9 &.229 
2300. 0.1343372 6.2 S.603 5.1 6.503 4.0 6.214 

I __ '~ 2400. 0.1338468 &.2 6.591 5.1 6.491 4.9 6.201 
2500. 0.1334175 5.2 6.580 5.1 6.480 4.9 6.190 
2600. 0.1330395 &.2 6.571 5.1 6.471 4.8 6.180 
2700. 0.1327048 &.1 6.562 5.1 6.462 4.8 6.171 
2800. 0.1324070 5.1 6.555 5.1 6.455 4.8 6.163 
2900. 0.1321408 &.1 6.548 5.1 6.448 4.8 6.156 
3000. 0.1319019 &.1 6.543 5.1 6.442 4.8 6.150 
3100. 0.1316866 5.1 6.537 5.0 6.437 4.8 6.144 
3200. 0.1314919 5.1 6.532 5.0 6.432 4.8 6.139 
3300. 0.1313152 5.1 6.528 6.0 6.427 4.8 6.134 
3400. 0.1311543 &.1 6.524 5.0 6.423 4.8 6.130 
3500. 0.1310075 5.1 6.520 5.0 6.419 4.8 6.126 
3600. 0.1308730 5.1 6.517 &.O 6.416 4.8 6.123 
3700. 0.1307496 &.1 6.514 5.0 6.413 4.8 6.119 
3800. 0.1306361 &.1 6.511 5.0 6.410 4.8 6.116 
3900. 0.1305314 5.1 6.508 5.0 6.407 4.8 6.114 
4000. 0.1304346 5.1 6.506 &.O 6.405 4.8 6.111 
4100. 0.1303450 5.1 6.504 5.0 6.403 4.8 6.109 
4200. 0.1302618 6.1 6.502 5.0 6.400 4.8 6.106 
4300. 0.1301844 &.1 6.500 s.o 6.398 4.8 6.104 
4400. 0.1301124 5.1 6.498 5.0 6.397 4.8 6.102 
4500. 0.1300452 &.1 6.496 5.0 6.395 4.8 6.101 
4600. 0.1299826 &.1 6.495 s.o 6.393 4.8 6.099 
4700. 0.1299237 5.1 &.493 5.0 6.392 4.8 &.097 
4800. 0.1298687 5.1 6.492 5.0 6.390 4.8 6.096 
4900. 0.1298170 5.1 6.491 &.O 6.389 4.8 6.095 
5000. 0.1297684 5.1 6.489 5.0 6.388 4.8 6.093 
6100. 0.1297227 5.1 6.488 5.0 6.387 4.8 6.092 
5200. 0.1296797 &.1 6.487 6.0 6.386 4.8 6.091 
6300. 0.1296391 6.1 &.486 5.0 6.385 4.8 6.090 
5400. 0.1296008 &.1 6.485 5.0 6.384 4.8 6.089 
5500. 0.1295646 6.1 6.484 5.0 6.383 4.8 6.088 
5600. 0.1295302 &.1 6.483 &.O 6.382 4.8 6.087 
5700. 0.1294977 5.1 6.482 5.0 6.381 4.8 6.086 
5800. 0.1294669 &.1 6.482 5.0 6.380 4.8 6.085 
5900. 0.1294377 &.1 6.481 5.0 6.379 4.8 6.084 
6000. 0.1294099 5.1 6.480 5.0 6.379 4.8 &.084 -

Table 10: Variation of the index of refraction of He and the Cherenkov angle 

of cliff erent 530 Ge V particles with the wavelength. The index of refract.ion of He 

was calrnlat.ed at a pressure of 5.86 psi and at 20°. 
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Al and they have a conical shape with a round top. 

d) The ]'hofotube windou'-'· The windows in front of t.he phot.ot.ubes have a 

<linm<'l<'r of 3 in. (i.62 cm) and the ones in front of the inner (coincidence) ring 

of phototubes have a thickness of 1/2 in. (1.2i cm) while t.he ones in front. of 

tht> outer (anti-coincidence) ring of phototubes have a thickness of 3/4 in. (1.91 

<"Ill). All the windows in the coincidence channel are made of Ult.rasil and they 

eff <'rt iwly transmit light down to 225 nm (Fig. 36 ). In the anticoincidence or outer 

ring. t hf' windows were made of an unknown type of UV glass whose trausmission 

dropped se\·erely below 300 nm. 

e) The phnfofllbo. HAf\IAMATSll R1332X photot.ubes with quartz windows 

"""'"" ll~<"rL whid1 are C"apable of detecting light down to 160 um. The phototubes 

hnw· a 2 in. (.51 mm) diameter and use a bialkali photocat.hode for high quantum 

C'fl!<"iency ( 25% at 385 nm). The quantum efficiency of t.he photot.ubes is plotted 

versus wavelength in Fig. 3 i. 

4.3.4 Logic and Electronics 

The signals from all the phototubes and the two scintillation counters upstream 

and downstream the Cherenkov counter are transported using coaxial cables to 

the upstream lat.ch house where they go through the electronics. 

The Cherenkov trigger logic is depicted schematically in Fig. 38. The phototube 

signals are first amplified by a programmable amplifier, set to a gain of ten, and 

then go t.11rough a discriminator (along with the signals of the two scintillators). 
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Aft.er the discriminator, t.11e signals go to a programmable logic delay/fan-out unit 

for t.iming. This unit has three output streams. 

The first stream of out.put signals goes to a series of 4508 LeCroy programmable 

logic- units used to do the final Cherenkov coincidence logic. The 6 Cherenkov coin-

cidence logic combinat.ions outputs along with t.he two signals from t.he scintillation 

c-ounters, go through an ECL/NIM convert.er, then to a prescaler and finally to 

I ~ a sc-aler from where they are recorded. These signals were used to obtain the 

I 

Cherenkov pressure curves. The Cherenkov coincidence logic combinations used 

'~ were: 

DN1 l'N2: Ni or more phot.otubes in the coincidence channel firing with lf'ss 

than Nz phot.ot.ubes firing in the anti-coincidence channel ( 1 ::; Ni.2 ::; 6 ). In this 

not.at.ion D st.ands for the coincidence channel and V for the anti-coinc-idence (veto 

channel). 
I ~· 

D231'2: [(1.AN D.3.AN D.5).0R.(2.AN D.4.AN D.6)] .AND.F2 where the num-

hers correspond to photomultipliers in the coincidence channel if one st.arts count-

ing them from the top and goes clockwise looking downstream along the direction 

of the beam. 

A second and the third streams of signals go to latches designed by our Uni-

versity of Minnesota collaborators. For each event the content of the Cherenkov 

lat.ches were written to a tape along with the other event informat.ion. Out. oft.he 

16 data bits available in the Cherenkov latches, 6 were used to store the informa-

tion from the phototubes in the coincidence channel, 6 to store the information 

from the phototubes in the anti-channel and 2 to store the information from the 

two Cherenkov scintillators counters. 
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All t.he high voltage signals were controlled by a Le Croy 1440 programmable 

mult.ichannel high voltage supply. 

4.4. MONTE CARLO SIMULATION AND COUNTER PERFORMANCE 

4.4.1 Monte Carlo Simulation and Pressure Curves 

The M\V-Cherenkov count.er was used extensively during t.he E-i06 shakedown 

nm to t.ag part.ides at. different moment a in the range 50-530 Ge V and at. + and 

- polarities. In Fig. 39, 40, 41 and 42 a set of pressure curves taken at. several 

different. moment.a and polarities are shown. As we can see from the pressure 

curves, there is a separation (alt.hough not complete) bet.ween 7r and /\ even at 

.530 GeV. 

A Monte Carlo program was developed to simulate the counter's performance in 

order to help us estimate the exact kaon and pion fraction at 530 Ge V, and the 

various contaminations. The Monte Carlo program generates particles of specified 

masses taking into account the momentum dispersion of the beam. Each particle 

emits Cherenkov radiation at random points along its path through the counter. 

The photons are generated uniformly within a wavelength range accepted by the 

counter's optics. For each wavelength the refractive index of He was calculated 

using the Dalgano and Kingston expression (Eq. 4.17), and then was converted to 
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t lir pn•ssure Rnrl ff'mpera1 ure oft he counff'r using t.he Lorentz-Lorenz law and t.he 

law of gases. The emission of photons was considered t.o take place at. a cone polar 

ringl<> fl= rns- 1 (1/w~) and t.o be uniform in¢. Finally each photon was weight.eel 

with 1he probability dN/d').. = (27ra/).2 )Lsin2 8, where dN/d').. is the number of 

photons per wavelength, L is t.he counter's length, and a is the fine st.ruct.ure 

must ant. The beam divergence of the beam was added as Gaussian dist.ribut.ion 

in the Angle fl. 

The emit t eel photons are reflect.ed from the mirror and are followed through the 

rount er. The ones tha1 make it. to the phot.ot.ubes are transformed into photoelec­

trons using the quantum efficiency curves. Using the number of phot.oelect.rons the 

rn riom eledronic efficiencies are cakulat.ed and plot.fed as a fun ct.ion of pressure. 

The Monte Carlo pressure curves were also used t.o qualitatively show the effect. 

of the chroma1ic dispersion, the beam divergence and t.he beam moment.um bite 

on the counter's resolut.ion. Figures 43, 44 and 45 show the effect. that. each oft.he 

<p1antities mentioned above had on t.he Cherenkov pressure curve at. -.530 GeV. 

The par1 ides fract.ions used in t.hese examples were def.ermined from the data. 

Figures 46, 4i show the Monte Carlo pressure curves superimposed on the act.ual 

pressure curves for the ±530 GeV and the D5V2 coincidence level (for the 3/4 

interaction length Al target). The agreement between the calculations and the 

data is good. 

Although the optical properties of the mirror, the phot.ot.ube windows and the 

phot.otubes are well known, there was some unc.ertaint.y conc.erning the optical 

properties of the various light guides. After studying the efficiencies for the six­

fold coincidence (D6) achieved by the counter (- 8.03), we concluded that. we 
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Figure 43: Effect of the beam divergence on the resolution of the Cheienkov 

count.er at -530 GeV. Solid line: Perfect count.er. Dashed line: Count.er wit.h only 

beam divergence (0.025 mrad). 
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,,-

p 
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Figure 46: Comparison of the Monte Carlo pressure curve to the exper-

iment.al cl at.a one at. -530 Ge V for the 3 / 4 interaction length Al target and the 

D.Jf2 coinddence level. 
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were getting 1.1 photoelectrons per photot.ube per particle which is about half 

of wlrnt was expect.ed, if the counter's optics were reflecting down to 220 nm as 

expedC'cl. This suggests the fact. t.hat most oft.he short. wavelength photons were 

ah!'orhed by the plastic light guides. This loss of light. was responsible for the low 

observed efficiencies but also had a beneficial effect. which was an improvement. in 

the counter's resolution because the chromatic dispersion decreased. As a result 

I he 'fr-/\. resolution improved. This observation was also confirmed by t.11e Monte 

C'arlo program (Fig. 48). The best estimate of the actual accepted wavelength 

range is 300-600 nm. 

4.4.2 Negative Beam Tagging 

The negative 530 GeV beam that was used during the last E-706 run was 

rnmposed mostly of 'fr- (- 973) and K- (,..., 33 ). The fraction of ant.iprotons was 

small,..., 0.23. The Cherenkov counter was used to tag the minority particles (K-), 

and everything that was not tagged as a K- was called a 1r- (the antiprotons were 

ignored). 

The coincidence requirement that was chosen for tagging was D4V2 which was 

the most efficient with sufficient separation between 1rS and Ks. The pressure point 

at. which the counter was set was chosen so as to tag as many K-s as possible, 

with the smallest possible contamination. 

The exact composition of the negative beam at 530 Ge V was determined by 

fit.ting t.he M.C pressure curve to the experimental one for the D5V2 coincidence 
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Figure 48: Effect of the accepted wavelength range on the resolution of t.l1e 

Cherenkov count.er at -530 GeV. (t.op): 220-600 nm. (bottom): 300-600 nm.(97% 

1fS and 33 Ks) 
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Figure 49: Comparison of the Monte Carlo pressure curve to the exper-

imt>nt.al data one at -530 GeV for the 3/4 interaction length Al target and the 

D4 l' 2 coincidence level. 
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n- contamination under the J(- peak at -530 Ge V for t.l1e 3 / 4 

int.eradion Al target and the D4 V2 coincidence level. 
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rt"quirf'ment (Fig. 4i). The romposit.ion was determined to be: (2.90 ± 0.2)3 

l\·-, (!HUl ± 0.2)% 71'-, (0.20 ± 0.01)% p(the percentage of electrons and muons 

is on t lie order of 1 % ). The Mont.e Carlo wit.h the fixed particle ratios and beam 

p<trnmeten was then used to t.o est.iiuate the contamination t.o the K-s due to the 

7!'-s at the operating pressure point. for the D4F2 coincidence level (Fig .. 50). The 

experiment al D4f2 pressure curve with the Monte Carlo curve superimposed on 

it is shown in Fig. 49. Since there were two negat.ive runs, and the pressure points 

whPre t hf' C'otmter was set were not exactly t.he same (mainly due to different 

IPmperatures). the perC'entage of the beam tagged as K- and the contaminations 

"·pre run dependent. 

For the first negative run (16-25 Jan. 1988L the Cherenkov counter was -58';~. 

Pfficient using the D4f2 coincidenC'e requirement, and 1.203 of the beam part.ides 

were tagged as J\- with less than 0.5% contamination due to 7T'- (less than 0.5% 

of the 1.20% tagged as /\- were 7T'- as was determined by Monte Carlo). For the 

i;econd negative run (9-14 Feb. 1988), the Cherenkov efficiency was the same and 

1.6.5% of the beam particles were tagged as K- with less than 53 contamination 

due to 7T'-. In both runs everything t.hat was not tagged as a K- was called a 7T'-. 

The contamination of the 11'-S by K-s was less than 13. 

4.4.3 Positive Beam Tagging 

The positive 530 Ge V beam was composed mostly of protons ("' 903 ), some 

71'+ (- 73) and a few K+ (- 1.53 ). In this case, it was not possible t.o use 

~ I 
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Figure 51: Comparison of the Monte Carlo pressure curve to the experiment.al 

<lat.a one at 530 GeV for the 3/4 interaction length Al target and t.he D3l'2 

coincidence level. 
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the Cherenkov count er to tag kaons as in the case of the negative beam, unless we 

wt1nf<'d to have a dedicated kaon run because both t.he proton and pion fluxes were 

largr. ]nl'tead, we med the Cherenkov t.o tag 7r+s, considering the J(+s negligible 

t111d rnlling all the particles t.hat. were not t.agged as 71"+, protons. 

The Cherenkov pressure was set. at. the pion peak and then we selected t.he 

rnincidence requirement, D3l .2, which had the biggest. efficiency and the smallest 

contamination. 

The com posit ion of the positive beam was determined as before by first fit.ting 

th(' D.r)rz curve (Fig. 48). The beam population was determined to be: (i.2 ± 

0.2((. 71'+, ( l.i ± 0.1 )3 /\·+,and (91.2 ± 0.1 )% p(The percentage of electrons a.nd 

muon!' wt1s smaller than 0.5% ). The contamination under the 71"+ peak due t.o 

K + for the D3 f2 coincidence was determined from the Monte Carlo to be about 

~fir.. while the contamination due t.o protons was negligible (Fig. 52 ,53). The 

experimental D3l .2 pressure curve with the Monte Carlo curve superimposed on 

it is shown in Fig. 51. 

At the D3F2 coincidence level we were 78.0% efficient and (6.3 ± 0.1 )% oft.he 

beam was tagged as 71"+ with 8.0% contamination "due to K+. So the measured 

fraction of w+ s in the beam is: 

71"+3 = (6.3 - ~:~; 0.08)% = (7.4 ± 0.1)% (4.37) 
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5. PARTICLE PRODUCTION DATA ANALYSIS 

In t.his chapt.er, I will describe all the corrections made to the raw Cherenkov 

pressure curves in order to calculate the single particle inclusive invariant. cross 

l"edions Ed3u/dp3 • 

G.1. INTRODUCTION 

Three different targets (Al, Be, \V) were used to measure the A-dependence of 

the single particle inclusive invariant cross sections at. ±530 Ge V. The negative 

data were t.aken at. a 0° production angle. The positive data had t.o be taken at 

a 1.4 mrad production angle. Cross sections were also measured at. -200 and -400 

GeV at. 0° on Al and W (The main reason for not using more targets wast.he fad 

that. the primary target fixture allowed only two targets at a time). The physical 

dimensions of the different. targets used are listed in Table 11 below 

TABLE 11 

MATERIAL W (cm) H (cm) L (cm) -Lf L1NT. 

BERYLIUM (Be) 1.18 0.89 7.34 0.18 

ALUMINUM (Al) 0.97 0.96 3.06 0.08 

ALUMINUM (Al) 0.97 0.96 30.54 0.77 

TUNGSTEN (W) 0.96 0.96 0.95 0.10 

TABLE 11: Physical Dimensions of the various targets used for the particle 
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procl11rtion data. (W="'idth; II=height; L=length; L1Nr=t.he interaction length 

in th<' materials indic-at.ed.) 

Prod 11d ion angles were selected arrording to the proredure described in Chap-

1 <'r 2. The transverse momentum arceptanre !;:,.pr is determined by the horizontal 

e111d \Tr1irnl heam acceptance. The beam angular accept.anres are <let.ermined by 

the collime1tor openings. The typiral transverse moment.um acceptance for our 

cfa 1 n is ~i Yen by: 

!;:,.pT(.l\frl-) = 0.4 x p ( 5.1) 

where pis the serondary beam moment.um in GeV. The average PT of our negati\'e 

<latn i~ e~1imated to be: 

<PT>- (J\feF) = 0.2 x p (5.2) 

wi1h p being the secondary moment.um in GeV. Since all the positive dat.a are 

t nken at the serondary moment.um of 530 GeV and product.ion angle of 1.4 mrad, 

the a\"erage PT for the positive data is: 

<PT>+= 720MeV (5.3) 

The Cherenkov counter pressure curves taken at ±530 Ge V for each target were 

fitted with the curves generated by the Monte Carlo program to extract. the ratios 

of t.he various particles in the beam. At the other energies, the different particle 

peaks were well separated so that these ratios could be determined directly without. 

fitting. 
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5.2. BEAM l\IOMENTlT:t.l 

The det.erminat.ion of the moment.um oft.he secondary beam relies on knowing 

t.J1e exdtat.ion curves oft.he bending magnet.s. These are known t.o within an error 

of about. 13. The exact values oft.he beam moment.a as determined by t.he currents 

in t.he bending magnet.s were given in Chapter 3. An independent. det.erminat.ion 

of the heam momentum was done by using t.he Monte Carlo pressure curves. The 

input moment.um it) the l\lont.e Carlo program was varied in order to get. the same 

separation between the particle peaks as in t.he measured pressure n1rves. The 

results are listed in Table 12 along with t.he moment.um values def.ermined from 

the magnet. currents. 

TABLE 12 

BEAM MOMENTUM 

Nominal Value M.C. Value Magnet Value 

-200 -190.±1. -189. ± 1. 

-400 -380. ±.5. -3i9. ± 3. 

±530 ±512. ± 6. ±508. ± 5. 

TABLE 12: Beam momentum values. 

The numbers in Table 12 show that there is a good agreement. in t.he values 

determined by the two methods. Note that the values in Table 12 refer t.o the 

central momentum of the beam, the errors, ± indicate the uncertainty in t.he 

central momentum, not the moment.um bite of the beam. Also throughout. this 

thesis I refer to the beams by their Nominal Values rather than their actual ones. 
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5.3. AcTEPTANC'E CALCtTLATIONS 

Th<' ~1\\' beamline, as was mentioned in Chapter 2, had an angular acceptance 

of 0.61 11sr and a momentum accept.ance of 12.53. For the particle product.ion 

data we used the C"Ollimat.ors in the beamline t.o reduce the angular and moment.um 

aaept ances of the M\V beamline. The reduced collimator openings also improved 

t ii<' CherenkoY resolution and efficienc-y by reducing the beam divergence and the 

moment um bite. The collimator openings used were chosen from the collimator 

cnnes (beam flux as a fund.ion of one collimator opening, the ot.her three remain­

ing open) that were taken at. the beginning of the run. The collimator curves were 

also used to determine the offsets in the positions of each collimator. 

Two basic collimator configurations were used for the ±530 GeV <lat.a, but 

for the -200 and -400 Ge V data there were four different. configurations. The 

acceptances for each configuration were calculated with the TURTLE program 

with the actual collimator posit.ions and an isotropic production model. A large 

number of particle rays (80,000) were generated at the beginning of the beamliue 

and then were traced through the magnetic elements to the Cherenkov detector. 

The fraction N /No, the number of particles that reached the detector with the 

limiting collimator openings divided by the number of particles that. reached the 

det.ect.or with open collimat.ors (for the same number of incident particles) gave us 

the fraction of the maximum beam acceptance used in the particular configuration. 

The collimator openings for each beam configuration along with the corresponding 

acceptances are listed in Table 13. 
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TABLE 13 

COLLIMATOR OPENINGS (cm) 

TARGETS AND MW7CH1 MW7CV1 MW7CH2 MW7CV2 N/No A 

ENERGIES (psr% 

-530 GeV Al,W 4.01 2.43 1.28 2 .. 52 0.200 3.05 

530 GeV Be,Al,W 2.54 0.81 2.54 10.00 0.110 1.68 

-400 GeV Al 1.10 1.33 1..5.5 1.96 0.046 O.il 

-400 GeV W 0.85 0.68 0.91 10.00 0.011 0.16 

-200 Gev Al 1.2i 1.2i l.2i l.2i 0.046 0.69 

-200 GeV \V 0.80 0.32 1.24 10.00 0.0066 0.099 

TABLE 13: Collimator openings and acceptances for the various beam con-

figurations used. 

5.4. BACKGROUND SUBTRACTION 

For each target, energy and beam configuration, the background was measured 

by moving the primary target out of the beam and measuring the coincidence of 

the two scintillation counters upstream and downstream of the Cherenkov counter 

normalized by the number of incident protons (The incident proton flux was mea-

sured with a secondary emission monitor located just. upstream of the t.arget). 

The "empty target" position was determined by the target scans which were done 

regularly. The results of a typical target scan is shown in Fig. 54. 
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Figure 54: Typical target scan. 
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The measured background varied from 23 for the long Al target. and the neg­

ative 530 GeV dat.a t.o 18.03 for the W t.arget and t.he negative 200 GeV <lat.a. 

All t.he background measurement.s were t.aken with the same beam configuration 

a.s t.he data; the result.s are list.ed in Table 14. 

TABLE 14 

BACKGROUND AT EACH ENERGY(%) 

TARGET +530 GeV -530 GeV -400 GeV -200 GeV 

Be 4.0 .5.0 - -

Al ( 3.06 cm) - 10.0 - -

Al (30.54 cm) 2.9 2.0 2.5 2.0 

\V 14.2 9.0 18.0 18.0 

TABLE 14: Measured background at. each momentum. 

5.5. PARTICLE DECAYS AND ABSORPTION IN THE BEAM 

The Cherenkov counter was 190.8 m from the primary production target so 

unstable particles (7r, K) could decay before reaching the counter. The probability 

that. a particle of mass m and proper mean life 1"() goes a dist.ance great.er than :r 

before decaying is: 

Prob.(> z) = e--zhfkro = e-mz/pcro ( 5.4) 

where pis the particle momentum. In Table 15 I list this probability for :r > 19080 

cm for the 7rS and Ks. 
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TABLE 15 

l\l omen hu n P1·ob(:r > 19080 cm) (11'±) Prob(x > 19080 cm) (!\±) 

200 0.9826 0.8i78 

400 0.9913 0.9369 

530 0.9936 0.9531 

TABLE 15: Probability for the 11'S and Ks to reach the end of the Cherenkov 

<"ounter. 

Care was taken not to have any extra material in the beam. Most of the 

heamline was enclosed in a vaC"uum pipe. For practical reasons it was necessary 

In break the beam varuum in some places in order t.o place scintillators and beam 

lornting devices. Table 16 lists all the material in the beam up to the end of the 

Cherenkov counter. The int.eraction length listed in the Table 16 is for protons. 

For pions and kaons the interact.ion length is about 25% larger. 

5.6. MllON AND ELECTRON CONTAMINATION 

At. the energies at which the particle production data were taken, electrons and 

muons were indistinguishable from pions in the Cherenkov counter. Thus, the 

pion data had to be corrected for this contamination. 

The muons in the beam were measured using the two pairs of collimat.ors 

(MWiCHl-Vl, MW7CH2-V2). The first pair (MW7CH1,Vl) was located 135 ft 

(41.15111) downstream from the primary target, while the second pair (MWiCH2, 
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TABLE 16 

Material and Center in >.1 LR 

Length z (ft) (3) (3) 

Air 59.92 ft. 29.96 2 .. 578 5.992 

Beam Pipe Window 6 mil Ti 59.92 0.0550 0.430 

Beam Pipe Window 6 mil Ti 354.0 0.0550 0.430 

Air 1 ft. 354.5 0.0430 0.100 

MWi'WC2 + 1/8" G-10 354.5 0.799 1.500 

Beam Pipe Window 6 mil Ti 355.0 0.0550 0.430 

Beam Pipe Window 6 mil Ti 62.5.5 0.0550 0.430 

1/8" 52 scint.illator 62.5.8 0.390 0.7.50 

MW8WC1 + l/8"G-10 626.2 0.799 1.500 

Air 1.75 ft. 626.4 0.075 0.175 

Cherenkov Window 10 mil Ti 626.5 0.092 0.710 

He 138.12 ft (p = 0.0624g /l) 708.4 0.400 0.270 

Cherenkov Mirror 100 mil Glass 793.5 0.580 2.00 

I Cherenkov Window 10 mil Ti 794.5 0.092 0.710 
L~ 

Air 3.25 ft 796.1 0.140 0.32.5 

MW8WC2 + 1/8" G-10 795.0 0.799 1.50 

Total up to the end of the Counter 7.00 17.25 

TABLE 16: Material at the MW-beamline up to the end of the Cherenkov 

counter, expressed as a fraction of the proton nuclear interaction length >.1 and 

the radiation length LR. 
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('\'2) was 360 ft. (109.i3m) downstream from the primary t.arget. Each collimat.or 

consis1 ed of 2.4 m of steel. When t.he collimator was closed only t.he muons get. 

t hroug:h the beamline. For each beam configurat.ion, we first. measured t.he flux 

n1 1he Cherenkov count.er (S2 · S3/.MH"6SE!11). Then we closed t.he first. pair of 

rnllimators, leaving the rest. oft.he beamline unchanged, and again measured t.he 

ff ux at the Cherenkov. Last. we opened t.he first. pair to their previous settings and 

we dosed the second pair of collimat.ors and measured the flux one more t.ime. 

The firs1 of the measurement.s <let.ermined t.he number of muons coming from t.he 

he<im dump area. The second determined t.o wit.h 203 the increase in muon flux 

clue to 11' and K decays in the space bet.ween t.he t.wo collimat.or pairs. The muon 

tlux a1 the end of the Cberenkov count.er was est.huat.ed t.o be the flux measured 

with the second set of collimat.ors closed plus t.he muons coming from pion and 

k<1011 de<"<iys in the space bet.ween t.he second set. of collimat.ors and the end of t.he 

C'herenkoY count.er (128 m). The percent.age of muons in the beam up tot.he end 

of the Cherenkov counter for the various beam energies is listed in Table li. 

TABLE 17 

BEAM ENERGY (GeV) ELECTRONS (%) MUONS(%) 

-200 5.7 2.5 

-400 1.0 1.2 

-530 - 1.0 

530 - 0.14 

TABLE 17: Percentage of electrons and muons in the beam for the different. 

beam momenta. 

The eJectrons in the beam were determined by using the calorimeter as was 
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described in Chapt.er 3. At ±530 GeV beam energy, t.here was no detect.able 

electron signal in the calorimeter. The percentages of electrons in the beam for 

t.he various beam energies are listed in Table 17. 

5.7. ACCIDENTAL COINCIDENCES 

A correct.ion was made for accidental coincidences between the two counters S2. 

S3 used to define the beam going through t.he Cherenkov. The singles rate in each 

count.er was measured t.o be 10% larger t.han the coincidence rate and the time 

resolution of the system was 13 ns. The accident.al coincidences were calculated 

t.o be 0.43 of the coincidence rate. 

5.8. TARGET THICKNESS CORRECTION 

The measured cross sections were obtained for zero target thickness by correct-

ing for absorption of the primary and secondary particles inside the target.. For 

this correction we used a simplified reabsorption model in which the produced sec-

ondaries are reabsorbed in the target wit.hout producing additional particles. For 

a target of length L, this model gives a target production efficiency /', described 
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b,r: 

e-L/).(a) _ e-L/(p) 

r(L) = ~ 
1 - ).(a) 

(5.5) 

whf'rf' ,\(.c) is t.he absorpt.ion lengt.h for the secondary s, and .\(p) is t.he absorption 

lf'ngt h for protons. For secondary proton product.ion, A( s) = A(p) and t.11e formula 

heromes: 

(5.6) 

Thf' absorption length in cm is given by: 

, ) A(gm) · 104 

.11( -~ = 3 
6.0231'.T(s)(mb)p(gm/cm ) 

(5.7) 

w hf're A is the atomic weight. for the target. material and u( s) is t.he absorption 

cross section for the secondary s and the target. material. Absorption c-ross sec­

tions have been measured by Carrol et .. al.157) for several different. materials. The 

production efficiencies r fort.he secondary s and for all of our targets are listed 

in Table 18. 

TABLE 18 

TARGET LENGTH (cm) ff(* f K- jK+ f P f P 

BERYLLIUM (Be) 7.34 0.1460 0.1598 0.1598 0.1550 0.1416 

ALUMINUM (Al) 3.06 0.0714 0.0878 0.0878 0.0706 0.0710 

ALUMINUM (Al) 30.54 0.3861 0.3978 0.3978 0.3558 0.3540 

TUNGSTEN (W) 0.960 0.0909 0.0910 0.0911 0.0900 0.0900 

TABLE 18: Production efficiencies for the production targets and secondary 

particles. 
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The short aluminum t.arget. was used to test this target thickness correct.ion. 

The model predict.s that, the ratio of the 7r- fluxes from the two targets at. the 

Cherenkov count.er should be equal t.o t.he ratio of the two corresponding f s fact.ors 

1.e, 

[S2 · S3/J\Hl'6SE.M](3.06cm Al) /A.~ (3.06cm) 
[ 

= =0.1849 (.5.8) 
S2 · S3/J\!H.6SEJ\/](30.54cm Al) /A.z(30 .. 54cm) 

This flux rat.io was measured t.o be 0.1846, in very good agreement with t.l1e pre-

dieted value. 

5.9. SEl\.l CALIBRATION 

The MW6SEM secondary emission monitor immediately upstream of the MW 

primary target was used t.o measure the int.ensity in terms of protons per spill of 

the 800 Ge V primary prot.on beam reaching the MW primary target.. This is a 

crucial beam counting device for the particle production data since it. provides the 

normalization for all particle production data. 

Since proper calibration of the SEM was essential and MW6SEM was last cali­

brated two years before the '87-'88 fixed target run, we did another calibration at 

the end of the run. The calibration was carried out using the foil packet act.ivat.ion 

technique. A foil packet consisting of a 0.005" thick copper foil with two O.OOOi" 

cover foils was placed directly in front of the SEM for 15 minutes while beam 

was running. The amount of activity in the copper foil was then measured and 

compared to the readings given by the SEM during the test. 
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TABLE 19 

p PT Target 11"+ A·+ p 
·1 

(GeV) (MeV) Material (%) (3) (3) 

530 i20 Be 6.9 ± 0.4 1.3 ± 0.1 91.8 ± 0.5 

.530 i20 Al i.1±0.4 1.5 ± 0.2 91.4 ± 0.5 c l 

530 i20 Vv 6.6 ± 0.4 2.3 ± 0.3 91.1 ± 0.5 I 

TABLE 19: Positive particle contents of the beam for various targets at 530 

G(' \". 

TABLE 20 

p PT Target 1r - K- p 

(GeV) (MeV) Material (%) (3) (3) 

-530 0 Be 96.5 ± 0.4 3.2 ± 0.3 0.2.5 ± 0.02 

-530 0 Al 96.9 ± 0.3 2.9 ± 0.3 0.20 ± 0.02 

-530 0 Vv 9i.2 ± 0.3 2.6 ± 0.3 0.19 ± 0.02 

-400 0 Al 95.7 ± 0.3 3.8 ± 0.2 0.45 ± 0.04 

-400 0 w 95.9 ± 0.3 3.3 ± 0.2 0.75 ± 0.06 

-200 0 Al 93.0 ±0.4 5.8 ± 0.3 1.20 ± 0.06 

-200 0 w 93.8 ± 0.4 5.1±0.3 1.10 ± 0.06 

TABLE 20: Negat.ive part.icle contents of the beam for different. targets and 

moment.a. 
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Figure 55: Monte Carlo fit for the D5 l'2 Be pressure curve at -530 GeV. 
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Figm·e 56: Monte Carlo fit. for the D51'2 Al pressure curve at. -530 GeV. 
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Figure 5't: Mont.e Carlo fit for the D-5\1 2 W pressure curve at. -530 GeV. 
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Figure 59: Mont.e Carlo fit for t.he D5V2 Al pressure curve at. 530 GeV. 
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Figure 60: Mout.e Carlo fit. for t.he D5 \!2 W pressure curve at. 530 Ge V. 
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The result of 1 he ce1lihration was the following: 

Be-am Prot.ons (6.15 ± 0.13) x 1013 SEM Counts 8.016 x 1013 ( 5.9) 

The error in the prof.on flux measurement includes bot.h syst.emat.ic and stat.is­

l irnl errors. 

5.10. ESTIMATION OF PARTICLE RATIOS 

The particle ratios were <let.ermined from the Cherenkov pressure curves. \\'e 

used t.he pressure curves with t.he D.5 l,.2 coincidence requirement. in order t.o lun-e 

good efficiency and t.o be less affected by errors. At the -200 and -400 Ge V he am 

energies, we had romplete separation of all three particle t.ypes ( 1T', H, p ), so the 

part.ide ratios were measured directly from the pressure curves. The D5 F2 rates 

have been averaged over the measured points on the pressure peaks and the r.m.s 

error evaluated was taken as the statistical error. 

At ±530 GeV beam energies the 7r-K separation was not complete, and we used 

t.he Monte Carlo simulation program to fit the data and determine the particle 

ratios and the Cherenkov's efficiency. The 530 GeV data. were taken with t.wo 

different beam configurations (Table 13}. The corresponding two sets of input. 

parameters (beam divergence and momentum bite) in the Monte Carlo program 

were determined by the TURTLE program. Assuming t.hat the beam contained 

only one type of particle we obtained three different Monte Carlo curves, one for 
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rnd1 prir1idC' with the D~1F2 C'oinC'itleni:-e requirement. Then the three C'urves were 

iiddrd with variable C'Oefficients in order to fit the D5V2 data curve. The set 

nf roPHirirnt s that gave t.11e best fit. was used to determine the relative particle 

rnfio~ ci11cl the overall efficienC'y. The results of the fits are shown in Fig. 55-60. 

Tlw partirlr rnntents of the beam for earh energy and target are listed in Tables 

I 'l ancl 20. 
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6. RESULTS AND CONCLUSIONS 

In this chapter, I present t.he measured inclusive single particle cross sections 

at. -200, -400 and ±530 GeV. I also present. the energy dependence of 7r-, K-

and p cross sections for Al and Be and t.he A-dependence of the three part.ides at. 

±530 Ge V. Our results are compared with the previous data and the predictions 

of some theoretical models. 

6.1. CALCtTLATIONS OF CROSS SECTIONS 

The invariant cross sections presented here are for reactions of t.11e form p A _, c 

X and are calculated from: 

E d3 u(p, c) = E d3 u(p, c) 
dp3 p2 dpdO 

_ Y(p,c) E A l 1 
(6.1) 

- F(p) p3 AO(Ap/p)NopZ >.~ f'A 

where AO(Ap/p) is the acceptance, No is Avogadro's number, p is the target's 

density, l is the target's length, F(p) is the proton flux, A is the atomic number of 

the target material, E, pare the energy and momentum of the produced particle 

c in the laboratory frame, f'A. is the target production efficiency for secondary c 

and >.~ is the proton's interaction length for the specific target. The normalized 

yield Y(p - c), as was mentioned in the previous chapter, was corrected for SEM 
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calibrnt ion, ahsorption and decays in the beam. The last term fr 1
1
, accounts for 

A A 

a h~nrpt ion in the target. The corrections mentioned above were relatively small. 

Tabll' 21 lists the the value of A/plNo for each target used. 

TABLE 21 

MATERIAL LENGTH A p A/Nopl 

cm gm gm/cm 3 cm 2 

Be i.34 9.01 1.8.5 1.103 x 10-24 

Al 3.06 26.98 2.iO 5.423 x 10-24 

Al 30 .. 54 26.98 2.iO 5.433 x 10-25 

w 0.95 183.85 19.30 1.653 x 10-23 

TABLE 21: Values of A/ pl No for each target. 

11. 2. SYSTEMATIC ERRORS 

The statistical errors in the measured cross sections are relatively small. Sys-

tematic errors are more significant. The data were taken over a period of several 

months, whenever beam became available during the run of E706, and they were 

therefore susceptible to changes in the properties of the beam extracted from the 

Tevatron. The largest systematic error comes from drifts of the SEM calibration 

with t.itue which is estimated to be about 6% to 7%. The systematic errors in 

the calculations of the acceptances are estimated to be about 5%. In addition to 

the systematic errors quoted, we estimate an overall normalization uncertainty of 

I 

I 

l 

-- l 
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I 
I c ±20% for all the cross sect.ions. In t.he following tables I quote only the statistical 

errors. 

6.3. CROSS SECTIONS AT -200 AND -400 GEV 

The cakulat.ed invariant. cross sect.ions for 7r-, K-, and p from Al and W targets 

at. -200 and -400 GeV are listed in Table 22. I also list. the K- /7r- and p/7r- ratios 

in Table 23. These ratios are relative measurements that are not. subject. to most 

of the systematic errors. The quoted errors are statistical, only. 

TABLE 22 

Ed3u/dp3 mb/GeV2sr 

p <PT> Target 1r - /(- p 

GeV MeV Material 

-200 40 Al 55± 1 4.1±0.2 0.86 ± 0.05 

-200 40 w 301±5 20.4 ± 0.7 4.1±0.2 

-400 80 Al 5.1±0.1 0.2 ± 0.1 0.026 ± 0.002 

-400 80 w 20.2 ± 0.5 0.76 ± 0.02 0.17 ± 0.02 

TABLE 22: Calculated invariant differential cross sections for Al and W at. 

-200 and -400 GeV. 
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TABLE 23 

p <PT> Target K- /rr- p/rr-

GeV MeV Material 3 % 

-200 40 Al 6.24 ± 0.3 1.29 ± 0.07 

-200 40 w 5.44 ± 0.3 1.17 ± 0.06 

-400 80 Al 4.0 ± 0.2 0.47 ± o.o.s 
-400 80 w 3.4 ± 0.20 0.78 ± 0.06 

TABLE 23: Particle ratios for Al and \V at -200 and -400 GeV. 

f"i.4. C'ROSS SECTIONS AT ±.530 GE\i 

Tables 24 and 25 list the particle ratios at -530, and +530 GeV respectively. 

Th<" positive 530 Ge V invariant cross sect.ions are listed in Ta.hie 26 and t.he 

negatiYe ones in Table 27. The positive 530 GeV cross sections correspond t.o 

1 A mrad production angle (pr=720 MeV) and the negative 530 cross sections 

rnrrespond to 0° production angle (pr=O MeV). The errors quoted are statistical 

ones, only. 

TABLE 24 

p <PT> Target K-/""- p/1r-

GeV MeV Material 3 3 

-530 106 Be 3.3 ± 0.3 0.26 ± 0.03 

-530 106 Al 3.0 ± 0.3 0.21±0.02 

-530 106 w 2.7 ± 0 .. 3 0.20 ± 0.02 

TABLE 24: Particle ratios at -530 GeV. 
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TABLE 25 

p <PT> Target tr+ /p K+jp 

GeV MeV Material % % 

530 720 Be i.6 ± 0.3 1.7 ± 0.3 

530 720 Al 7.8 ± 0.4 1.6 ± 0.2 

530 720 w 7.2 ± 0.4 2.1±0.2 

TABLE 25: Particle ratios at. 530 GeV 

TABLE 26 

Ed3u / dp3 mb/GeV2sr 

p <PT> Target rr+ [(+ p 

GeV MeV Material 

.530 720 Be 0.4!) ± 0.02 0.10 ± 0.02 5.i ± 0.2 

530 720 Al O.ii ± 0.04 0.16 ± 0.02 10.9 ± 0.3 

530 i20 \V 2.1±0.1 0.64 ± 0.09 30.4 ± 0.9 

TABLE 26: Invariant. cross sections at. 530 GeV. 

TABLE 27 

Ed3<:1/dp3 mb/GeV2sr 

p <PT> Target 1r - K- p 

GeV MeV Material 

-530 106 Be 0.48 ± 0.01 0.015 ± 0.002 0.0013 ± 0.0002 

-530 106 Al 0.73 ± 0.02 0.019 ± 0.003 0.0016 ± 0.0002 

-530 106 w 2.58 ± 0.07 0.073 ± 0.008 0.00.52 ± 0.0007 

TABLE 27: Invariant cross sections at -530 GeV. 
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(l.G. ENEncY DEPENDENCE 

Tht> i1n·ariant. cross sections for p - 11"- X, p - J(- X and p -+ p X for t.he 

Al a11d \\' targets are plott.ed as a fund.ion of Feynman x in Fig. 61, 62 and 63. 

The agreement with t.he data of Bart.on et. al.l24J at. 100 GeV beam moment.um 

is g;enerally good (Fig. 64, 65, 66). For this comparison we have to not.e that 

Barton"s data are taken at a fixed PT of 0.3 GeV. Our negative data are taken at. 

" fixt>d production angle of oc- and with large PT acceptance (see Chapter 5 ). The 

diffnence due to the different PT is estimated to be a fact.or of 1.41-1.46 for the 

rr- data. and a factor of 1.32-1.36 for K- and ji data. 

I also plotted the]\."- /7r- and p/rr- ratios as a function of secondary momentum 

for the Al and \V t.arget.s (Fig. 6i, 68 ). 

6.6. A-DEPENDENCE 

We were only able to measure the A-dependence for ±530 GeV. The invariant 

cross sections were fitted to the empirical form: 

(6.2) 

The fits for the negative 530 GeV data are shown in Fig. 69 and the fits for the 

positive 530 GeV in Fig. 70. The results of all the fits are given in Table 28. The 

errors quoted are only statistical. 

'l 
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Figure 61: The invariant differential cross sect.ion for p A --+ 1"- X plot.t.ecl 

as a fund.ion of XF· 
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pA ~ K-X 
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Figure 62: The invariant differential cross section for p A -+ !\.-- X plot.t.ecl 

as a fuudion of XF. 



~ 
0 

'ii 
....... 
.0 

!. 
"'a. 
'O 
....... 

....g 
Lo.I 

10 

1 ,.... 

-I 

10 -

-2 

10 -

Chapter 6: Results and Conclusions 16i 

pA....+pX 

t::. AL. 

0 w 

E-Dependence 

Figure 63: The invariant differential cross section for p A -+ p X plot.t.ecl as 

a fun ct.ion of XF. 
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Figure 64: The measured invariant. different.ial cross sect.ions for p AI- 7r-

X c-o1Hpe1rec1 wit.Ii t.be ones from Barton et aI.1241 at. 100 GeV for various values of 
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Figm·e 65: The measured invariant differential cross sections for p Al-+ /\-

X compared with the ones from Barton et. al.1241 at 100 GeV for various values of 
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Figure 66: The measured invariant. differential cross sect.ions for p Al-+ p 

X rnmpnred with the ones from Bart.on et. at.l241 at. 100 GeV for various values of 
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Figure 07: Part.icle ratios for Al as a function of the secondary moment.tun. 
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Figure 68: Part.ide rat.ios for W as a function of the secondary momenhuu. 
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TABLE 28 

Particle uo (mb/GeV 2sr) Q 

?r+ 0.14 ± 0.01 o .. 53 ± 0.02 

7r - 0.134 ± 0.005 0.56 ± 0.02 

K+ 0.022 ± O.OOi 0.64 ± 0.08 

](- 0.0039 ± 0.0009 0.55 ± 0.05 

p 1.82 ± 0.1 0.54 ± 0.02 

p 0.00038 ± 0.00009 0.49 ± 0.06 

TABLE 28: Parameters obtained by fitting the invariant differential cross 

i::Prtions to the form tToA0 

Figures il, i2 and i3 show general agreement of our 800 GeV data wit.h earlier 

measurements at 24 GeVl22l and 100 GeVl24l. 

6. 7. CONCLUSIONS 

We measured for the first time the A-dependence at ±530 GeV for ?r±, K± p, 

p production and for 800 GeV incident protons. The negative dat.a were taken at. 

0 degrees production angle and the positive at 1.4 mrad production angle (pT=O.i 

GeV). We also measured the XF-dependence for ?r-, K- and p product.ion at 0 

degrees. 



1-;- 4 

,........., 
~ 
tn 

N 

> 
Cl> 

t.-' 
'-.... 
.0 s 
............ 

M 
~ 

"C 
'-.... 
b 

M 
'O 

~ 

10- 1 

10-2 

10-3 

5 

Chapter 6: Results and Condusions 

10 50 100 

Atomic number A 

Fig nre 69: Invariant differential cross sections for negative part.ides wit.h fit.s 
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Figure 70: Invariant different.ial cross sect.ions for positive part.ides with fHs 

of t.he form uoA a. 



ChaptE'r 6: Results and Conclusions 

o.s ,_ 

0 (. 
j ! ~- I ,_ 

~ ~~ J • Iii 

I H 

\ ~ I) 

0.4 -

0.2 - A p -t n· Eichtien Et al, (24 GeV) 

b p -+ 7t' Eichlen El al. ( 24 GeV) 

• p ~ n· ElortN1 Et al. (100 GeV) 

0 p ~ n' BJrion Et ol. ( 1 (10 G-:V) 

• p -t n· Om Doto l800 Ge\/) 

0 p ~ n' Our [•ol.o (800 GeV) 

I I I I 

0 0 0.2 0.4 0.6 o.s 

Figure 71: A-dependence: 7r-, 7r+ production. The middle thick line rep-

r<>l'<:>nts t.he t.l1eoret.kal prediction of addit.ive quark model. The upper and lower 

thin lint>s rt>present. the tbeoret.ical predictions wit.h two different set.s of input 

pn ra me-t.ers. 



Chapter 6: Results and Conclusions 

0.8 t-

- -• 
) 

•l I 
0.6 .... 

I lh 
I 4~ 

f 

0.4 t-

:i 

0.2 ,.... A p -+ K" Ekh\<;!n Et al. (2'4 CeV) 

t:. p 4 K• Eichten Et al. (24 G~VI 

• p -+ K- Bart,1n Et ol. ( 100 GeV) 

0 p ~ 1<• Borton Et ol. ( 100 CeV) 

• p -..:. IC Our cioto (800 G~V) 
0 p --..:. K• Our Doto 1.800 beV) 

I I I 

0 0 o.: 0.4 0.6 

f 

) 

I 

o.s 

177 

Xp 
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At large values of ./S like ours we would expect the hypothesis of limit.ing 

fragment.ation[271 i.e that the invariant cross sections approach a limiting value 

t.hat. is a function of PT and Feynman x. The data of Barton et al[24J at 100 GeV 

were compared with the data of Eichten et al. at 24 GeV and were found to be 

slightly lower. We compared our measured negative cross sec.tions on Al with the 

ones from Barton et al. at 0.3 GeV PT which was the smallest PT available for 

comparison over the XF region. Since the PT is not the same we could not. test 

t.he hypothesis of limiting fragmentation at our energies but we could see that. our 

cross sect.ions at. 800 GeV show the same qualitative behavior with XF as the cross 

sections of Barton, et al. at 100 Ge V wit.h the possible exception of the cross 

sect.ion for p product.ion where the errors are rather large for a conclusion. 

The our measured A-dependencies are in very good agreement. with t.he ones 

measured at 100 and 24 GeV and at 0.3 GeV PT (Fig. il-73). The only except.ion 

is the A-dependence of the J(+ production at 0.7 GeV PT where the exponent a is 

rather larger than the ones measured at different energies and for other part.ides, 

implying that the nuclei are more transparent in the J(+. It would be interesting 

to repeat this measurement as well as measure the A-dependence for the strange 

particles in other values of XF· The higher value of the parameter a for protons 

compared with the one for p can be explained in the framework of the formation 

zone modell69l. Because absorption cross sections for antiquarks and p are larger 

than those for quarks and p's, the nuclei absorb with larger probability the int.er-

mediate states producing antibaryons, than baryons. The model predicts that at 

higher energies the final state absorption effects (and therefore the difference in er 

for p and p production) should vanish. 
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Our data for the A-dependence are compared with the predictions of the addi­

tive quark mode1!12J.{l 3] (Fig. 71, 72, 73) which assumes that the hadrons produced 

in the projectile fragmentation region are dominated by the products of hadroniza-

tion (fragmentation and recombination) of the leading quarks from the projectile. 

Basic parameters in this model are the total inelastic cross sections for h-A and 

q-A rnllisions, where h is a hadron and q is the const.ituent. quark. Alt.hough the 

h-A cross sections were measured experimentally the q-A c.ross sections had t.o be 

calculated adding some uncertainty to the model predictions. The values of the 

f'Xponent a predicted from the model depend on the choice of a pair of nuclei A1 

and A2· The middle line in our figures (Fig. 71, 72, 73) corresponds to a x2 fit. 

of the model predictions to a power law for five A values. The upper line corre-

!';ponds to a model predict.ion for A1=12 A2=2i, while the lower line corresponds 

to the prediction for A1=118, A2 =207. The agreement of our data t.o the model 

predictions appears to be good for all the secondary particles measured. 

The accuracy of our data does not permit. definite conclusions to be drawn at 

this time. This study is going to be continued during the next fixed target run of 

the Tevatron. At this time a larger selection of nuclei will be used; these will be 

inserted into the proton beam on successive pulses of the accelerator, eliminating 

most of the systematical errors. We also plan to study the A-dependence at 

different Feynman x for both positive and negatives secondaries. 
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