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- Electron-Proton 	Interaction Experiment 

-
We propose the construction of a 10-15 GeV electron 

target facility at Fermilab which when used with the 1000-
GeV protons of the Tevatron will, for a very modest cost, 

- make possible a spectacular program of important experiments 

on the interaction at very high energy of electrons and 

protons. The most exciting possibility would be to discover 

- an internal structure of the lepton or quark. This structure 

could be detected were it greater in extent than about 5 x 

-17
10 cm. But that is not all. For example, studies of 

neutral and charged current interactions can be extended to 

large momentum transfers. Intermediate bosons should 

- manifest their existence dramatically even should the mass 

be as high as 400 GeV. Polarized electron beams may reveal 

right-handed charge current forces at large Q2 and new heavy -
objects may be observed. This physics was summarized by 

T. D. Lee at the first Columbia Workshop: 

"If you look at physics at large, we have both in-	 the u.s. and in Western Europe several machines 
designed to discover ZO several times over. The 
proton facilities in the u.s. are quite unique, 
and we could take the rather modest stop of putting 
in a 10-15 GeV electron ring to explore the e-p 
physics we have heard about in the last two days. 
It is unique physics. There is almost no question 
that the world is made of quarks and leptons. We 
can collide quarks on quarks, leptons on leptons, 
and quarks on leptons . Nothing more needs to be 
said. The question is when can we explore the . 
quarks on leptons region of physics, and over 
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what parameters. I am happy to see that this 
confere nce has cove r e d all t he physic s you can do 
with e -p. I f you like the spectacula r, you can 
f i nd i f quarks and lep tons h ave s tru cture , or you 
can simply study proton struc ture, or, if you are 
a QeD e nthusias t , you can t e st the validi ty of t he 
t heory. Listeni ng to t hese t a lks here make s it 
absol u t e ly clear t he e-p physics i s no t d uplicated 
by p-p, o r p-p, not d up l i cated by e +e-, a nd t he 
converse is al s o true. " .... 

The characte r is t i c s of the e l ectron target we are 

proposing we r e largely delineat ed at the Snowmas s Wo rks hop 

o f 	 August 1980 . It is a 1 0 GeV e lec t ron storage ring 

(extendable to 15 Ge V) to be added t o the Teva tron a t 

Fermilab so that c. m. e nerg ies up t o 0.2 TeV and Q2 va l ue s 

2 up t o many t housands of GeV can be e xpl ore d. Both e lectrons 

and positrons in either state o f helicity wil l be available. 

A luminosi t y of 4 x 103 l cm-2 sec-l is be i ng de s igned for t h e 

facility. Most of our e ffort in t he pas t n i ne months has 

been spent on the ve ry d i fficul t problem o f p olarizing the 

electrons and of i d e nti fy ing p r oble ms of reachi ng t he design 

luminosity. As a resul t of detai l ed calc ula tions of t h e 

depolari zation e f fects for various l a t tices, we now have a 

good unders t anding of s uch e ffec t s a nd can e xpect t o ac h i e v e 

b e tter t han 80% longi tudi nal polarization of t he e lectrons 

in t he intera ction r eg i on. 

I n Part I o f t his proposal we wi ll describe the general 

features of a detector s u itable for the study o f e -p i nter

actions, a machi ne capable of providing t h e r e qu ired e lectrons, 

and the physics which can be done with such a facility. 
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Details are presented in Part II of this proposal. 

We estimate that the project we are proposing carries 

a price tag of $40 M, including the complete storage ring 

and detector. The machine/detector can be constructed and 

brought into operation four years from the time of 

approval. 
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DETECTOR 

The detector is optimized for "traditional" deep 

i nelastic scattering physics but is flexible enough to do 

some of the more exotic physics to be discusse d later. The 

design of the dete ctor is strongly constrained by the 

k i nematics of the e-p collision. The e-p collision i s an 

e specially appropriate tool for studying the charged and 

neutral currents, as depicted in Fig. 1 . The cross sec tion 

for each process is exp ressed a s a fu nction of three inde

2pendent vari ables. They are s, x, y , or s , Q , 2M v. We 
P 

p icture e-p reactions as a collision between a b e am of 

ele ctrons of energy E a nd a beam of quarks of energy xE • e p 

The final hadroni c state wil l neatly separate into two 

narr ow jets as illustrated in Fig. ld . The current jet 

r epresents the hadronization of the struck quark, balance s 

the full P of t he scattere d l epton, and will thus genera lly
1. 

eme rge at large angles i n the labora t ory. The proton 

f ragmentation je t which represents the remainder of t he 

i nc i dent proton will continue in the direct i on of the 

incident p roto n wi th no appreci able P . 
.1. 

To r e ach the highest Q2 wi th significant rate, one 

needs t o be a t moderate x (x = 0.1 ~ 0 .3 ) and very high y. 

In this kine mat i cal region, the current j et energy i s 

re l a tive l y low (E. t < 100 GeV ) and the j et angle i s large
Je 

with respect to either beam. The scattered electron wi ll 
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have energy 100 ~ 300 GeV and a large angle with respect 

oto the incoming electron (8 > 160 ).
e 

The bulk of the counting rate is in the l ow Q2 region 

where the scattered lepton lies at a small a ngle with 

- respect to the incident electron and the current jet lies 

a t a small angle with respect to the incident proton. The 

2 - moderate Q events cover the region between these two 

extremes. 

In light of the above considerations, we have designed 

a detector with the following characteristics: 

1. Almost complete solid angle coverage with electro

- magnetic calorimetry. Detection of the fina l state electron 

is most important in separating CC from NC events. 

2. A magnetic detector at large angles to the beam. 

- There the typical track energy is low (a few GeV) and 

hence is best measured magnetically.- 3. A hadron c alorimeter with high segmentation located 

a l ong the incident proton direction. 

Fi gure 2 shows the present des ign of t he dete ctor. The 

- solid angle coverage is divided into three regions: 1) the 

450electron region, covering 0 < 8 < to the electron beam; 

2) the central region, coveri ng 450 < e < 1600 to the 

electron beam; 3) the proton region, covering 1600 < e <-
1800 to the electron beam. 

This division represents not only divi s ion of the polar 

angle r egions, but also, roughly, of the x, Q2 (and hence 
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rate) coverage. We discuss each region separat ely emphasiz ing 

the requirements of the instrume ntation. We have atte mp t ed, 

as much as possibl e, to simpli f y t he de s ig n of t he detector 

without compromis i ng the physics. We have also trie d to 

avoid unproven "state of the art " instrumenta tion. Wher e ou r 

design differs from exis ting dete ctors (e .g. c a lori metry ) , an 

extensive effort is unde rway to construct proto types o f the 

relevant detectors. 

450The Electron Detector 0 < e < 


2
This detector covers the reg ion 0 2 < 6 0 GeV with 

x < 0.1 and y < 0.1 for the scat t e red lepton, and the r e gion 

y > 0.9 f or the curre nt jet. The de s i gn is d i ctated enti r e ly 

by the requirements o f detecting the copious smal l angle, 

2small 0 scattered e lectrons. In this kinemat i c r egion the 

sca t tered ele ctron energy (E ') i s approxima t e l y equal to 
e 

the incident electron energy (E). Hence 0 2 
~ (E e ) 2 . e e e 

There fore a measurement of 0 2 relie s mostly o n a measurement 

of e . To define the scat t ere d elec tron d irection (e ), we e e 

cover the region 0 < e < 450 with a f ew planes of drift 

chambers with a n angular resolution of about 1 mrad. The 

chambers covering the reg ion e < 200 are moved further 

upstream both to improve the a ngu l ar resolution and protect 

them from s ynchrotron radiation. These chambe rs furt he r 

s e rve as a luminosi t y monitor givi ng an online determi nat i on 

of do-Id e . 
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The measurement of Q2 det e rmines the product of x and 

y. To measure either x or y separately, one needs to measure 

e i ther the scattered electron energy or the scattered jet 

energy. The latter is measured in the proton detector (to 

be described later), while the former can be adequately 

measured by a shower counter. The electron detector is a 

single shower counter 1 m in radius and with a central hole 

of 30 cm radius. At 1 m from t he intersection p o int, the 

0 
45 0counter covers 20 < e ~ or 12 < Q2 < 60 GeV2 . The 

shower counter will be a gas calorimeter similar to the central 

shower counter to be discussed later. It will have ~ 2 cm 

cells and should have 0 /E ~ 0.121/E, a resolution alreadyB

achieved in tests of the CLEO detector of a similar design. 

There will be three longitudinal samplings for rr/e separation. 

The Central Region 450 < e < 1600 

This region covers the scattered high Q2 (Q2 > 60 GeV 2 ) 

electrons. These electrons are typically of high energy 

(> 20 GeV), and for most of these electrons, calorimetric 

measu reme nt is more accurate tha n mag netic measurement. A 

modest energy resolution (~0E/E = 0.201/E) is adequate. This 

region al so covers the low x high Q2 scattered current jets. 

The jets are typically ~ 30 GeV, and hence individual tracks 

are typically low energy. Consequently the charged component 

of the jet is best measured magnetical l y. The electromagnetic 

component is measured in a shower counter. Fine segmentation of 
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t he counter wi l l h e lp separate t he ~ rays from the i n t eracting 

charge d tracks. Howeve r, Monte Carlo studies indicate t ha t 

even if the ~ ray s a nd t h e i nte racting charged tracks are 

not separated, x and y will st i l l be measured with su f f i ci e n t 

The fine segme n t a t i on 

suggests a gas counter. The gas calori meter has the adde d 

advantage of easy ope rati o n in t he presence of mag netic f i e lds. 

The cen tral dete ctor is comp osed o f a 4 m long b y 2 m 

diameter solenoid capab l e o f generating a 5 kG field, a 

t r acking system, and a showe r counte r. The i nside of the 

solenoid is occupie d b y two dis t inct tracking sys t e ms: 

1) A cyl i ndrical drift chambe r 2 m long b y 2 m diame ter . 

I t covers the r egion 4 50 ~ e ~ 13 5°, bu t i s capable o f 

measuring tracks down to 250 ~ e ~ 1 550 
. We expe ct to 

achieve a momentum resolu t ion 6P/P = 0.00 2 P (GeV) wi th 

this chamber. 

2) A set of flat drift chambe r s covering the reg i o n 

e > 135°. These chambe rs mea sure the forward tracks which 

cannot b e measured using t he c yl indric al chamber. These 

chambers, coupled wi th a hardware t rack processor, wil l 

give an online d e t e rmi na t i on of the event vertex to wi t hin 

10 cm in 10 ~ s. As such they wil l f orm an important p a rt 

of the trigg e r aiming at the re jec t ion of proton beams gas 

background. 

We expe ct the shower counter to perform three tasks: 

1) measure the energy of scattered electrons : 2) measure 
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... the electromagnetic component of the scattered current jet; 

3) separate pions from electrons within the jet. For 2) , 

one needs angular resolution on t he order of the inter-track 

separation (~ 15 mrad), and for 3), longitudinal sampli ng. 

The Proton Detector e > 160o 

This region covers three types of event s : 

1 ) Hadrons from low Q2 reactions. The typical jet energy 

is 100-300 GeV. The rate for these events ~ 10-100 Hz. 

2) High energy electrons (> 100 GeV) from the very high 

Q2 reactions. The rate for these events < 1 Hz. Note that 

t here is no significant rate for both the current jet and 

the electrons to have e > 1600 
. 

3) Fragments from proton beam-gas 	interactions. The 

-8 r ate f or these events is < 50 kHz at 10 Torr. The mai n 

t rigger requirement in the expe r i ment will be to veto t hese 

events. 

The detector covering this region is fully calorimet r i c. 

I t subtends the angles e > 1 50 0 (and hence overlaps wi t h the 

central detector). It consists of a 3 m x 3 m shower counter 

and 4 m x 4 m hadron calorimeter. The calorimeter's coverage 

will extend as close to the beam pipe as possible. The 

angular segmentation will be 10 mrad near the pipe, increasing 

to 30 mrad a t larger angles. The two competing geometries 

for this calorimeter are tower (pad) and strip geometry. The 

tower geometry is definitely superior in its ability to resolve 

complex jets (or two jets), and is therefore preferable. 
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ELECTRON STORAGE RING 

We present in Part II of thi s proposa l a des i gn for a 

10-15 GeV e l ectron storage ring capable of s atisfying 

the following c riteria: 

1. a lumi nosity of 4 x 1031cm-2sec-l for colli sions 

be tween 10 GeV electrons and 1 000 GeV protons; 

2. t he option of c ollid i ng e i t her e+ or e o f ei ther 

helicity; 

3. a posi t ron fi l li ng time of l es s t h an 10 minute s ; 

4. a free space of + 6 .5 m at the interact ion point ; 

5. the cons t ruc t ion and i nstallation t o i nter fere 

minimally with the c ommitme n t s of Fe rmi labi 

6 . a mini mal impac t on the operat ion and c ontrol of 

t he proton b eam whe n not ru nning in the e - p c ol liding mode. 

The design assumes tha t the Tevatron beam h a s b een 

r ebunched b y three, resulting in p ro ton bunches containing 

10~ 6 x 10 protons each and separated by 16.936 m (56. 6 ns). 

The proton beam d i ctates the beam size a nd current needed 

in the electron b eam fo r product i on of the des ire d lumi nosity. 

- 6 
The prot on beam ha s an emi t t ance of e/rr (95%) = 0.0 2 x 10 m, 

and i f we a ssume a ~p * of 6 m, the proton bea m at the inte r 

action point has an rms spre ad of 0.14 mm. Ma tching the size 

o f 	 t he electron beam to the siz e of the proton beam requ ires 

10-6 / -6an emi ttance € / rr = 0.03 5 X m, € rr = 0.024 x 10 m, 
x y 

assuming ~x * = 0.6, ~y * = 0.75 m. The prese nce of vertical 

bending mag nets i n t he ring 	 (used f or pola rization r o t at i on) 
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... 


naturally produces a round beam without the use of 

horizontal/vertical coupling. The required circulating 

electron current under these conditions is 250 rnA for the 

31 -2 -1
desired 4 x 10 cm sec . The resultant tune shifts are 

0.030 and 6~ = 0.003. Note that the electron t u n e 
P 

shift is within the limit currently observed at PEP. The 

electron ring parameters are given in Table 1 and the ring 

dimensions are shown in Fig. 3. 

The injection system consists of a 40 MeV high current 

linac followed by a booster/accumulator ring which accelerates 

electrons/ positrons up to the 2 GeV electron storage ring 

injection energy. By utilizing presently available high 

current (> 1 A peak current) linacs and cycling the booster/ 

linac system at 30 Hz, positron filling times of 5-10 minutes 

appear obtainable for electron conversion at 40 MeV followed 

by positron acceleration through an additional 40 MeV. 

Longitudinal polarization at the interaction region is 

produced by a series of vertical and horizontal bending 

magnets making up the spin rotator. Figure 4 shows the 

sequence and how it acts to rotate the spin from the 

vertical to longitudinal direction. The rotation 1S produced 

by a straightforward sequence of 900 vertical and 900 

hor i zontal bends where the angles refer to the spin 

p r e cession angles arising from g-2 of the electron. The 

rotator we have designed also preserves the natural 

... 
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polarization of the beam by minimizing the effe cts of what 

i s termed stochastic depolarization. Stochastic dep ola riz a 

tion occurs whenever a discontinuity i n the energ y of an 

e l ectron (as caused by the quantum fluctuations in the 

s ynchrotron radiation) causes a net rotation of t he spin 

direction in making a complete revol ution around the r i ng . 

The depolarization due to this effect is exacerbated by t he 

presence of vertical bending magne ts and is calcu l able using 

the computer program, 'SLIM' , for a given lattice. In Part 

II of this report, we list a set of constraints which we 

have imposed on the lattice design to minimize the stochastic 

depolarization. For the present design with kink magnets, 

we can attain a net polarization o f 83% and a pol ar iza t i on 

t ime of 18 minutes. This design represents the achievement 

for the first time of a sUbstantial degree of polarizat ion 

i n a ring capable of producing longitudinally pol arized 

electrons at high luminosity in e-p collisions. 

The free space available for the insert i on o f t he 

experimental detector is + 6.5 m. This is the distance 

separating the symmetrically located focusing doublets 

which are the last optical elements the electron beam s e es 

before passing through the interaction point. The inte r 

action region itself is designed to keep the operat ion of 

the proton and electron machines as independent as possible 

and to minimize the amount of radiation reaching eithe r 

-
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the detector or the superconducting elements of the 

Tevatron. 

We propose to bring the e lectrons into collision with 

the protons at the center of the straight section D¢ . In 

the present Tevatron design this straight section contains 

a high beta insertion and equipment necessary for extracting 

the proton beam during fixed target running. We propose that 

* * a low beta insertion be installed yielding s = s = 6.0 m. x y 

This can be done leaving a free space of + 20 m for installa

tion of the electron beam optics. Dipole magnets within 

this region are arranged so as to bring the electron beam 

away from the Tevatron while at the same time minimizing 

the synchrotron radiation. By placing a 13 m long, 51 G 

magnet in the interaction region, less than IS W of radiation 

strikes the Tevatron. The perturbation to the proton orbit 

caused by passing through several of the electron ring magnetic 

elements is easily corrected. The interaction region a s 

designed has the advantage that either beam can be injected, 

ramped, and stored independent of the presence of the other 

beam. 
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PHYSICS 

In this section, we illustrate the physics capa b i lity 

of the proposed e-p facility. We wi ll first describe a s e t 

of standard measurements to be made at these new very h igh 

Q2 values , and will then proceed to a discus sion of the 

exciting new possibilities of observing quark substructure · 

0 38. d -2 . t t d l' . t We cons~ er a run of 1 cm ~n egra e um~nos~ y 

where 10 GeV electrons collide with 1000 GeV protons at 

Fermilab. We assume that t his run i s subdivided i nto four 

equal runs (each with an integrated luminosity of 2.5 x 

1037 cm-2) with left-handed electrons, right-handed ele ctrons, 

le ft-handed positrons. and right-handed positrons. Such a 

run will be of moderate duration since the averag e luminos i t y 

of an e-p collider at Fermilab will be on the order o f 

31 -2 -14 x 10 cm sec . 

The results of the Monte Carlo calcu lations described in 

the PhYsics Section are based on the previously descr i bed 

l arge solid angle detector. These calculations i ncor porate 

resolution and acceptance effects, as well as the cuts 

described in Part II. 

Figures Sa and 5b compare the NC and CC e vent rate s 

expected for the e-p facility to those expected in fixe d 

target lepton experiment at the Tevatron. Clear l y the e-p 

facility covers Q2 regions with significant rates which are 

inaccessible to fixed target experiments. Aside from its 
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role in mea suring hig h Q2 struct ure functio ns , t he e -p... 

... 


c o llider will play an essential role in studyi ng the 

na ture of the e l ectro-weak i n teraction. 

A vast body of evidence f r om both electron a nd neutr ino 

scattering exper i ments indicates that the standard model 

correctly describes electro-weak phenomena at low Q2 . That 

i s, this mode l correctly predicts the coupling constants 

of the ul timate electro-weak theory. In addit i o n t o p redicting 

low Q2 p henomena, the theory gives a definite Q2 dependence 

for cross sections based on mas s ive propagators. In order to 

obser ve these propagators, one must reach momentum t rans fers 

that are on the order of the squa red mass of the exchanged 

p a rticles . Fo r this reaso n , the e-p collider can uniquely 

2
test the Q dependence of the standard theory. In particular, 

in our canonical running scenario, we will be abl e to 

measure the mass of the W to an accuracy of + 5 GeV t hro ugh 

p r opagator effect and the mass of the Z to an accuracy o f 

+ 15 GeV t hro ugh weak and elec tromagnetic interfe rence 

effects. 

Us i ng large Q2 data, we wi ll be able to observe a 

dramati c charged curr e n t propagator dependence for the f i rst 

t ime. Figure 6 shows the Q2 evolution of t he propagator 

corrected for acceptance, res olution, and binning effects 

for variou s values of the W mas s . 

Numerous modifications can b e made to the s t andard 

model which match the model a t low Q2 but diverge f r om the 



-16

model at higher momentum transfers . Perhaps there are 

mUltiple WIS. We can dete rmine the presence of an 

additional W t hrough propagat or effects i f i t has a mass 

below 200 GeV. 

Perhaps the left-handed couplings o f the charged 

current process will g i ve way to an ultimately left-right 

symmetric coupling at high Q2. We wi l l be able to detect 

the presence of new W's which mediate right-hande d coup l ings 

if they have masses below 400 Ge V. I n order to reproduce 

2present low Q data, the ma ss of the new W must be gre ate r 

than 200 GeV. In principle, any CC interact ions observed 

while running with e or e + signify the presence of rightR
L

hand currents. However because it is not practically p ossib le 

to obtai n a 100% polarized beam, we mus t content ourselves 

with an experimentalist's right-hande d electron beam consi s t ing 

of 90% right-handed a nd 10% left -hande d electrons for a 

polarization of 80%. By measuring the ratio R 1 of the po 

yield of charged current e vents when running right-handed 

electrons, to the yield whe n run ning left-handed electrons, 

one can 	be free from absolut e luminosity uncertainties. 

0 2At near 0, the y i e ld of r ight -handed c urrent eve nts 

i s expected to be smal l. As Q2 r ises and t he right-handed W 

begins t o contribute , R 1 increase s. We will be s ensi tive 
po 

to such currents wi t h masses up to 400 (300) GeV f or a 

right-handed lepton c u rrent coupling, to left-handed 

(right-handed) quarks. 
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It is possible that futu re studies of low Q2 phenomena 

such as the rr ~ ~ ~ e decay sequ ence will reach c omparable 

sens itivi ty to right-handed charged current effects. If, 

however , right-handed charged currents couple only to 

massive quark s, high Q2 e-p scattering is the only p ractical 

way of observing these currents. 

The e-p col lider affords the opportunity t o explore 

t h e Q2 depende nce of the structure function F ove r t hree
2 

orde rs of magnitude, and hence p r ovides a powerful t ool to 

search for p ossible power law contributions to the scale 

b r eaking i ndicating the presence of new phenomena. As the 

high Q2 regime is reached, we may find that the quarks have 

a substruc t u re. We parameterize such an effect by givi ng 

the quarks a form factor of t h e type, 1/ {Q2 +M2), where M is 

a mass characteri stic o f the size of the quark struc t ure. 

Figure 7 shows F2 in bins of Q2 for x between 0 .1-0.3 

and 0.3-0 .5 fo r vari ous values of M. We will be sensitive 

t o characteristic masses of up to about 300 GeV o r d istances 

-17of several times 1 0 c m. 

Furthermore , if quark substructure 1S fou nd, these events 

a r e l ikely to look str ikingly different from ordin a ry e -p 

events . In normal lepton-quark scattering, measurement of the 

scattered lepton alone allows one to predict where the current 

jet s hou l d be f ound . If however one collides with a s ub-quark, 

which has its own intrinsic transverse mome n tum, t he c urrent 

jet in general will not be found where it is predicted to b e. 
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Suc h a resu lt wou l d provide dramati c e v i dence o f q uark s ub

structure or o f o t h e r e qu a lly i mportant new short d i stance 

physics. 

Finally, if h e avy electro n s exi s t with standard weak 

c oupl i ngs, then hund r eds wi ll be produced in our canon i c al 

e-p run e ve n if t hey have mass es up to 100 Ge V. 



... 


-

-19

Table 1. Electron Ring Parameters 

-


-


-


Ring 

Energy (Injection/Peak) 

NUmber of Bunches 

Bunch Separation 

Bunch Frequency 

Revolution Frequency 

Electrons/Bunch 

Circumference 

Emittance e /rr (rms)x 

€ /rr (rms)
y 

Energy Spread a /e e 

Tune \1 x /v y 

Momentum Compaction a 

Beam-Beam TUne Shift 6\1 /6\1
x Y 

I Lifetime (@ 10-8 Torr) 

Quantum Lifetime 


Polarization Time 


Equilibrium Polarization 


Interaction Region 

t3x / t3 
y 

Max 

t3 /t3y at 1. P. x
 

ax/a y at 1. P . 


e+ Filling Time 


2/10 GeV 

87 

16.936 m (56 .6 ns) 

17.701 MHz 

203.6 	KHz 

10
8.8 x 10 (0.25 A) 

1473.4 m 

0.051 mm-mrad 

0 .0 24 mm-mrad 

8.7 x 10-4 

29.1/29.7 

-31.18 x 10 

0 .024/0 .0 30 

> 10 hrs 

> 1000 hrs 

29 mi n (18 w/kinks) 

78% ( 8 3% w/kinks) 

166/400 

0 .6/0 .75 

0.17/0. 13 

< 10 min 

-
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Rf sys tem 

Ener gy Loss/Turn 13.4 MeV 

Voltage 17.5 MV 

Frequency 496 MHz 

Harmonic Number 2436 

Synchrotron Tune ~s (I n j e c tion, Peak) 0.062, 0.022 

Bunch Length as 1.1 cm 

Powe r Into Beam 3.3 5 MV 
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Figure Cap tions 

Fig. 1 a.b.c. Feynman diag r ams of the electromagnetic, 

weak neutral, and weak charged current reactions; 

d. Final sta t e kinematics. 

Fig. 2a View of t he detector ; 

2b 	 Beam's view and side Vlew of the detector. 

Cylindrical drift c hamber (A), Flat drift 

chamber (B), Central shower counter (C), 

Electron detector (D) , Proton detector (E,F), 

Solenoid (G), Flux return (H). 

Fig. 3 Electron storage ring and booster dimensions. 


Fig. 4 Spin rotator. 


Fig. 5a,b Comparison of neutral and charged current r a tes 


2 vs. Q for ep and fixed target Tevatron muon 

and neutrino beams. 

Fig. 6 Charged current propagator with M = 50, 70, 78,w 

90, 100 GeV. The bars represent only the 

statistical errors for a total luminosity of 

5 x 1037 / cm2sec . 

Fig. 7 F2 vs. Q2 for bins of x 0.1 < x < 0.3, 0.3 < x 

< 0.5 	assuming a qu a r k structure cha r acterized 

by a form factor 1 / {Q2+M2)2. The three curves 

are drawn for mass M = 100, 300, ro GeV. 
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I. I n t roduction 

We prese nt the details of the proposed e-p de tector. 

The detector i s optimized for deep inelastic scatteri ng 

physics , but flexible enough to do some of the more e xotic 

phys i cs di scussed in the Physics Section. We have assumed 

in this r eport that e -p col l i sions at Fermilab will involve 

1 0 GeV electrons on 1 TeV protons and a total luminosi ty of 

10 38 j cm · (one calendar year of running). 

In designing the e-p dete c tor, we have f ollowed several 

guide l i nes among which a re : 

1. The desi re f or a simple and reliable e-p detector to 

obse rve t he fi rst e-p collisions in this region o f center of 

mass energy. 8pecific addit ions should await the i n itial 

r esu lts a nd be predicated on them. 

2. The necessity o f fitt i ng the detector in less than 

+ 6 m along t he beam from the interaction poi nt. 

3. The des ire to keep the cost ~lose to 1 0 million 

dollars. 

We believe we h a v e come up with a speci fic d e sign capable 

of s a t isfying the above requ i rements and measu ring mos t, i f 

not all, o f the interest i ng phy sics reactions. We al s o be lieve 

we can construct the detector and bring it into opera tion 

- within three years of appro val. 


In thi s section, we di scuss the detai ls o f the de tector, 


s pecifically as pertaining t o the measureme nt of deep 


inelastic scattering reactions , and outline the reasons for 


t he c hoices made. 
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The detector is shown i n Fig. 1. It cons ists o f a 

solenoid, a 4~ tracking system, an ele ctromagnetic shower 

cou nter cove ring t he entire solid angle, and a hadron 

o c a lorimeter c overing only angles smal l e r than 30 t o 

the p roton b e am. 
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II . Kinematics, Rates , and Resol ution 

Th e kinematic formulae of e-p collis ions a r e out lined 

i n the Physics Section. In this section, we exami ne the 

k i nematics from a slig h tly different poi nt of v i e w, better 

suited f or detector design. 

I n e-p r eact ions, two variables determine the final 

state ki nemati cs . We use the scaling variables x and y, o r 

x and Q2 (Q2 = sxy). The definition of x and y can be found 

in the Physics Section. To measure the scaling var iables x ... 
and y (or x and Q2), it is necessary to measure the e nergy 

a nd angle of the scattered electron or the energy a nd angle 

of the scattered hadron (current) jet. The f ormulae f or 

... e x t r a c t ing x and y are : 

Scattered Lepton Scattered Jet 

8 E 8EL 2 L J 2 J 
l-y = c os Y = cos

E 2 E 2 
e e 

8 E 8JEL 2 L J 2
Sln x = sinx yE 2 (l-y)Ep 

2 
P 

whe re the subscripts e, p, L, J refer to the inc ident 

electron and proton, and the scattered lepton and cu rrent 

jet. The positive z-axis is defined along the e l ectron 

direction. In discussing the features of the detector, it 

i s important to keep in mind the counting rates as a f u nc tio n 

of x and y (or x and Q2). In Fi g. 2, we show the rate for 

neu tra l and cha r ged current events for bins of x and y, 

... 
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38 2
assuming a total luminosity of ~ = 10 /cm. Figure 3 

shows the same rates for bins of the scattered lepton energy 

and angle as well as the scattered jet energy and angle. 

We note the following features: 

21) There is no significant rate beyond Q = 10,000

15,000 GeV. This is the portion of the x-y plane beyond the 

hyperbolae defined by xy = 0.25 (Q 2 = 10,000) and xy = 0. 3 

(Q2 = 15,000). 

2) The rates drop more readily with x than with y . The 

2region of highest 0 with measurable rate is defined by x < 

0.3, and y > 0.7. 

To further illustrate how the rates affect the detector 

desig n, we produce several plots of constant energy and 

angle, as well as constant Q in the scaling variables x-y 

space. We show these plots for the regions 0 < x < 1 and 

o < y < 1; and 0 < x < 0.1 and 0 < y < I : and 0 < x < 0.1 

and 0 < y < 0.1. Figures 4 and 6a show the lines of 

constant lepton angle and energy, while Figs. 5 and 6b 

show the lines of constant jet angle and energy. We have 

chosen t he direction of the electron beam as the positive 

z-axis ( 8 = 00 along the electron beam direction) . Occasiona l ly 

we use the phrase "forward hadron direction" to mean angles 

close to 180° , i .e . close to the forward proton direction. 

The phrase "forward electron direction" means angles close 

to oo . In Fig. 7 we produce the final state topology for 

selected x and Q2 values. Several interesting features can 

be observed: 

-

.... 
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1) The bulk of the counting rate is concentrate d a t 

ang l es near t o the beams. Near the electron beam there are 

2 .
the l ow Q scattered electrons wlth energies very close to 

the electron beam energy. Near the proton beam there a r e 

the low Q2 sc a ttered current :jets with energies 100-300 GeV. 

2 ) In the r e gion of low x (x < 0.1) and Q2 > 100 GeV, 

wh ich i s of prime interest for heavy quark productio n , bo th 

the scatte r e d jet and lepton are at wide angles to the beams. 

The jet i s o f low energy « 30 GeV). 

3) In the region of highest Q2 with significant r a t e 

- (x < 0.3, Y > 0.7 ), the scatt e r e d jet has relatively l ow 

ene r g y (E. t < 50-100 GeV) and at large angle to both beams 
Je 

0
(8 = 90 - 14 00 t o the electron beam). The scattered e lect r o n 

owill ha ve energy of 100-300 GeV and a large angle (8 > 160 ) 

t o the electr o n beam. 

The above constraints, as well as others, necessitate-
a detec t o r with the following c haracteristics: 

1) Almost c omplete solid angle coverage with electro

ma gne t ic calorimetry to measure the scattered electrons. 

The cal o r i meter can also mea~ure ~ rays in the scattered -
hadron jet . 

2) A suita b le detector a t large angles to the beams. 

The re t he typical charged track energy is low (...... f ew GeV) , 

and hence is best measured mag netically. 

3) A hadron calorimeter in the proton di rection t o 

measure the h i gh energy scatt e r ed jets. 
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The parameters of the proposed detector are dictated 

both by the counting rate and the desired energy and angular 

resolution to obtain a sufficiently accurate d e termination of 

the f inal state variables. To justify the chosen parameters 

we e xamine the resolution in the scaling variables as a 

function of various nominal energy and angular resolutions. 

In Fig. 8 we plot the lepton and jet energy and a ngle vs. x 

for various values of y. In Fig. 9, we do the same vs. y for 

various values of x. In Figs. 10- 12 we plot the measured 

x-y variables from both the lepton and jet for various energy 

and angular resolutions separately. 

A. The Region x > 0. 1 y > 0. 1 (Q2 > 400 Ge V) 

As can be seen in Fig. 10, the variables x and y can 

be extracte d from the scattered e l e ctron variables wi th 

accuracy of cr x Ix, cr y Iy ~ 1 0% , which is comparable to the 

best fixed target high energy muon experime nts. This is so, 

even assuming a modest e ne rgy resolution of crE/E = 0.2/JE 

a nd angular resolution of better than 68 = 4 mrad. The 

reason for this is t he fact that the e lectron energy is a 

rapidly varying function of both x and y in this region. 

The typical electron ene rgy is also l arge (> 20 GeV) andI 

the typical angle is > 700 to the electron beam. 

In this region, the j et energy varie s rapidly (linearly) 

with x, and rapidly with y f or y > 0.3. For y < 0.3 the j et 

energy is almost a flat f unction o f y . Hence we e xpect e nergy 
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resolut ion t o be important at values of y < 0.3. The jet 

wi l l typ i ca l ly ha ve large angles to both beams ( e > 1200 

to the electr o n beam), and the angle is a slow function of 

both x and y, e x cept at large y (y > 0. 5 ). Hence we expect 

angular resolution to be of prime importance. This is 

illustrat ed in Fig. 10d. An angular resolutio n 6 8 . t = 
Je 

10 mrad gives equivalent error s to energy resolution o f 

Thi s necessitates a detector t hat is finely 

s e gme n t ed in order to obtain the necessary angular resolut ion. 

We propose a detecto r with 20-30 mrad segmenta tion, which wil l 

y ield jet angular resolution o f 10 mrad. Monte Carlo studies 

i ndi cate that angular resolut ions below 10 mrad are difficult 

... to obta i n because of f luctuations in the jet fragmentation . 

B. The Region x < 0.1, y < 0.1 (Q2 < 400 GeV) 

The r es o l ution for this region is shown in Fig. 1 2. 

Unde r standing of these res olut i o n s i s made s imp l er when 

o ne r ealizes that the events in this region (which c ompromise 

the b u l k of the rate) can be fairly described as a f orward 

45
0 

going lepton (8 < to the e lectron beam) with ene rg y
e 

v e r y close to the beam energy, and a backward j et (e. t >
Je 

1700 t o t he electron beam) with energy ~ 100 GeV. In general, 

t he me asurement of the angle of the scattered electron wi ll 

2d e t ermi ne the Q of the event since 


2
= 4E E ,sin e / 2 ~ (E e )2
e e e e e 

Because 8 c an be measured to better than 2 mrad, Q2 wi ll e 

b e determined with reasonable accuracy. This will de te rmine 
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the product of x and y (xy). The i ndividual determination 

of eithe r x or y is made more difficult b y the slow dependence 

of the s c at t ered electron energy on either x or y . Even 

energy resolution of crE/E = 0.05//E wil l de t ermine a x / x, 0 y/y 

to 20-30% in general and to no better than 100% in the region 

x < 0.01 and y < 0.01. One can try to use the jet variab les 

to extract either x or y. Howeve r this may be di ffi cul t 

because: 

1. The j et is very close to the beam pipe « 100 mrad) 

for all but the very low x region (x < 0.01 ). 

2. The current and target j e t tracks wil l be mixed, 

e specially if the target j et has non-zero p . The extraction 
~ 

of the eve nt variables i s then di f ficult. 

To efficiently map t he region of Q2 < 40 GeV i n the 

2neutral current eve nts and Q < 100 GeV i n the charged current 

events, this experime n t will need a short ru nning period with 

the proton beam energy lowered to 400 GeV. 

c. The Region x < 0.1 y > 0.5 

This region is expecte d to be rich in heavy quark produc

t ion and conseque ntly cons t itute an i mpor t ant area of new 

physics to be explored by high e nergy e-p collisions. The 

x-y resol utions are shown i n Fig. 11. The s c attere d lepton 

900i s at large angles to the beams (8 > to the electron 
e 

beam) and o f large energy (E > 30 GeV). The current j et is e 

also at large angles (300 < e . t < 1500 to the electron 
Je 

beam), but of low energy (E. t < 50 GeV). It is important
Je 
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-
 to measure both the scattered electron and the scattered 

hadron jet, and to extract x and y from both. It is also 

important to measure the constituents of the jet accurately. 

-
We are convinced that these requirements make it necessary 

oto have magnetic detection in the region around 90 to the 

beam. 

,... 
note 

Aside from the above considerations, one should also 

that the region of highest Q2 with significant rates 

(Q2 > 4000 GeV) lies ln the portion of the x-y space, x = 

-
0.1-0.3 and y > 0.7. The scattered lepton is typically in the 

backward direction (Fig. 4) with energies > 100 GeV (Fig. 6). 

It is best measured calorimetrically. The current jet is 

typically at angles B . t < 1500 to the electron beam { B . t
Je Je 

> 30
0 

to the proton beam) (Fig. 5) and with energie s < 100 

-
GeV (Fig. 6) • 

In the charged current events, the measurement of the 

jet will provide the only information about the scaling 

variables of the event. In the neutral current events, 

measurement of the jet will serve two purposes: 

1. Comparison between the scaling variables obtained 

from the scattered electron and from the jet will allow us 

to examine the systematic e rrors in the scaling variable 

measurements for the charge d current events. 

2. Large P imbalance between the electron and current 
.L 

jet will indicate the onset of new phenomena. For these 

-
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e vents, the fragmentation of the current j et may be 

quite d ifferent . For example t here could be a l arge 

i ncrease i n ave rage P . These considerations require 
~ 

good magnetic measurement and e l ectromagnetic shower 

measurements i n the cent ral dete c t or. 
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III. Overview of the Detector 

Figure 1 shows the detector. The solid angle coverage 

~s divided into three regions, each with different detector 

configuration as shown in Fig. 13. 

1. The electron detector covering the region 00 < e < 450 

to the electron beam. This detector is a series of wire-
chambers covering 00 < e < 450 , and a shower counter covering 

This is the region of small x and small y 

(x < 0.1, Y < 0.01), and low Q2 (Q2 < 80 GeV). 

o2. The central detector covering the region 45 < e < 

This detector is magnetic with a solenoid field, a 

tracking system, and a barrel shower counter. This is the 

region 0. 1 < y < 0.6 for the scattered lepton, and x < 0.1-
and y > 0.4 for the scattered current jet. 

3. 	 The proton detector covering the region 1500 
< e < 

This detector is a shower counter followed by a hadron 

- calorimeter, with each covering 1500 < e < 1800 . The fiducial 

coverage is about 1600 
< e < 1750 . This is the region of y > 

0.6 fo r the scattered lepton (and highest Q2) , and y < 0.4 

for the scattered current jet. 

Since these detectors represent not only a division of 

- the polar angle coverage cut also of the x and y (or x and Q2) 

and hence rate coverage, we discuss each region separately 

emphasizing the particular instrumentation of each detector. 

In the following sections (IV, V, VI), we discuss the details 

of each of the main detector systems (tracking, calorimetry, 

-
 and muon detect i o n) . 
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A. The Elec t ron Detector 00 < e < 4 50 

This d e t e ctor covers the reg ion Q2 < 8 0 GeV with x < 

0. 1 and y ~ 0. 1 (Fig. 1 3) f or the s c a ttered lepton , and t he 

region y > 0.9 for the scattered c u rrent jet. The desig n 

is dictated e ntirely by t h e r equi rements of detecting the 

copious sma l l ang le, small Q2 sca t t ere d electr o ns . The Q2 

of the scat t e red electron is g iven by 

2
IQ2 = 4E E si n e / 2 

e e e 

oHowever, fo r s mall x and y a nd e < 4 5 , 

2 

E = xyE + (l - y)E = ~ + (l-y)E ~ E 


e I P e 4E e e 
e 

There fore a meas urement o f Q2 r elies ent i r e ly on a me asure ment 

of 8 . To d e fi ne the elec t ron d i rect i o n, and hence 8 , we 
e e 

cove r the region 0 0 < e < 4 50 with s eve r a l plane s o f dr i f t 

ochambers. The chambers cove r i ng t he region e < 20 a r e 

move d furt her ups t r e am t o i mprove the angu lar resolu t i on and 

as protection against synchrot ron rad iat i on. The s e c hambers 

further serve a s a l umi nos ity monitor giv i ng a n o nli ne 

de termina tion of do /d8 . They are t here f ore c alled the 

lumi nos i ty moni tor. For e < 200 
, 68 wi ll be o f the order 

e 

of 0 .1 mra d. Howeve r 68 for 20° < 8 < 4 50 will be e e 

somewhat worse. Si nc e t he electrons will have to transve rse 

the central dri ft c hamber e nd plat e , about half o f t h e m wil l 

radiate before reaching the e lectron dete c tor dri ft chambers. 
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For these electrons, we will have to rely on the angular 

resolu t ion of the shower counter (to be des c r ibed in the 

next paragraph) which is of the order of 2 mra d. 

The measurement of Q2 determines the produ ct o f x and y.- To determine either x or y separately, it is necess a r y to 

measure the energy of the scattered electrons. Since the 

energy depends weakly on both x and y (for x < 0.1 and y < 

0. 1), it is necessary to have excellent energy resolut i o n. 

Thi s is illustrated in Fig. 12a where an energy resolution 

of 0 E/ E = 0.05/JE (lead glass type calorimetry) gives o nly a 

- ax / x, 0~y ~ 50%. Because of the delicacy of handling lead 

glass in such a high radiation environment, we opt for the 

g a s calorimetry approach, and cover the very low Q2 region-

-
-

during the 400 GeV proton energy running. 

The electron detector s hower counter is 1 m in rad ius 

with 30 cm radius central hole, Ref. Fig. 14. At 1 m from 

the intersection point, the shower counter covers t he region 

0 02 

-

20 < e < 45 or 5 < Q < 80 GeV. The counter is prefaced 

by a series of drift chambers with the same geometry . 

The shower counter will be gas calorimeter simi l a r to 

the central shower counter to be discusse d a little later. It 

will have 0.5 cm cells. The sampling will be done at 1/4 of 

a radiation length, making it p os sible to have 0 E/E = 0. 12/JE,
,

a resolution already achieved in tests of the CLEO detector 

of similar design. There wi l l be three longitudinal samp lings 

for vie rejection. The total number of ADC channels is 



1-14 


~2000. The thick flux return iron p l ate will serve as 
structural support. 

It may also be necessary to insert a smal l shower 

c ou nter of simi l ar design behind t he luminosity monitor dri f t 

chambers (8 < 200 
). The function of this counter wi l l b e to 

set crude e nergy threshold to insure tha t the counting rate 

is not contaminated b y spurious backgrounds. 

B. The Central De tector 450 < 8 < 1600 


Thi s detector covers the scatte red high Q2 (Q2 > 80 Ge V) 


e lectrons. These electrons are typically of high e ne r gy 

(E > 20 GeV) and calorimetric measurement is more acc urate 

than magne t ic measurement for most of these e l ectrons. As 

i ndicated earlier, a mode st energy resolution aE/E = 0. 21jE 

is adequate . The detector also covers the low x-high Q2 

scattered current jets. These j e ts are typical l y low ene rgy 

(~ 30 GeV) and they fragmen t into tracks with mode s t e nergies 

« 10 GeV e ach typically) . The charged tracks are best 

measured magnetically. The ~ rays are measured i n the shower 

c ounte r (along with the electrons). Fine segmenta t ion of the 

shower counter can insure at least partial s e paration o f ~ 

rays from interacting charged tracks. Since the i n t e r- t rack 

distance is on t he order of a f e w centimeters, the nece ssary 

segmentation suggests a gas calorimeter. This option has the 

added advantage of a lowe r cost and easy operation i n the 

presence of magnetic fi e lds. 
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Mon t e Carlo studies suggest that it is r elat ive l y easy 

to ext rac t the scaling varia b les from the cu rrent jet without 

the use of a hadron calorimeter. The erro r in t he angle 

measurement i s of the order of 10-20 mrad depe nd i ng on the 

- part i cular fragmentation model, while the error in t he e ne rgy 

- measurement i s of the order of 20% for a 30 GeV jet. These 

conclusions a r e valid as l ong as the fraction of neu t ral 

- hadronic energy in t he jet is < a few pe r c ent. Some experi 

men t al da ta (e.g . E-260 at Fermi lab) indicate tha t t he KL 

- and neutron fraction may b e as high as 15% of the total energy. 

Shou l d t ha t b e t rue, a hadron calorimeter wi l l b e needed for 

t he r eg ion 90 0 < e < 1600 
. Jet energy resolu t ion of t he orde r 

0 
E

/ E = 0.4/JE will be needed in the very small x region (x < 

0.1) . We ha v e opted to delay the introduct ion of the 

central hadron calorimeter t o a later s tage of t h e experiment 

- whe n i t s necessity is made cle ar by the data. 

The central detector is t hen compos e d o f a 4 m long by 

2 m diame t er solenoid capable of gene ra t ing a 5 kG magnet ic 

f ield, a tracking system, and a s hower c ounte r. 

1. The s oleno id. The coi l is 4 m long b y 2 Ei d i ameter 

and i s ru n wi t h a 5 kG field. Although momentum r esol u t ion 

vari es a s l i B, a sig nific a ntly higher fie ld wil l curl low 

energy particle s « 1 00 MeV). Thi s should b e avoided i n 

-
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order not to compromise the r econs truction eff iciency. 

Although an aluminum coi l i s adequa te , t he expe r i ence of 

the CLEO detector shows that a superconduction coil presents 

a smaller radiation length a nd a s malle r power bill. A 

reliable superconducting coil , although more e xpensive, might 

be more desirable. 

2. The tracking system. This is a generic term for the 

wire chambers cove r i ng the e nt i r e s o lid a ngle. As i de from the 

chambers described e arlie r i n connect i on wi th t h e e lectron 

dete ctor, there are two dis t inct s y s t ems of tracking: a 

cylindrical drift chambe r 2 m long b y 2 m diameter. It 

covers the region 4 5° < e < 135° , but it is c apabl e of 

measuring t racks down to 25° < e ~ 1 55° . A se t of fl a t 

dri f t chambers covering t h e r egion e > 13 5° . Thes e chambers 

measure the forward t r a cks (i .e. f orward wi t h respect to 

the proton dire ction). Thes e t racks cannot be me asured with 

the cylindrical chamber. Also whe n coup led with a h ardware 

track processor, they will give an onl i ne dete rminat i o n of 

the event vertex to within 10 cm i n 10 ~ s. As such t hey 

will form an integral part of the t rigger sys t em aimi ng 

at the rejection of pro t o n b eam gas background events. 

Complete details of t he t racking s ystem can be f ound i n 

Sec. IV. 

3. The showe r count er. We e xpect t he shower counter to 

perform three tasks : i) me asure the ene r gy of the scattered 

electrons, ii) measure t he ~ ray component of t he hadronic 



I - 17 


j et , i i i) separate pions f rom electrons within the jet. 

For ii) a nd ii i) , one need s angular segmentation on the 

o r der o f intertrack separation (10 mrad) . Fo r iii), one 

- need s several longitudinal samples. 

The need for fine angular segmentation sugge s t s gas 

ca l orimetr y as an attractive choice with t he added a dvantage 

o f easy opera t ion in a magnetic field . We are at present 

constr u c ting a prototype gas shower counter which is suitable 

f or the centra l detecto r . We expect the energy resolut ion to 

b e o f t h e o rder 0E/E = 0.21/E. The counter uses ex t r uded 

u-c hannel for dri ft tube wa l l s and metallic lead abs orb e r. ,... 
Complete details are given in Sec. v. 

- We expect the electromagnetic calori me t er t o have 15 mrad 

segment ation (1.5 cm). Thi s is achieved by constructing the 

counter with 5 mrad segmentation (0.5 cm ce l l size) and 

summing three cells passivel y to achieve 15 mr ad segmentatio n . 

Thi s leaves room for later i mprovements whe n mo r e ADC channels 

a r e e i t her available or des irable. The small cell size al so 

i nsu res a fast response f rom the counter (~ 100 ns memor y time ). 

,... The t o t al number of ADC c hannels is about 8 000. The counter 

i s c ons t ructed in 8 modules each 4 m long by 1. 2 m wi de. 

- The 4 m long wires will b e supported in the mid d l e so that 

t h e e f f ect ive length is only 2 m. Each module will we igh 

a bou t 6 tons. The total azimuthal dead area due t o the 

r e a d o ut is less than 10% of t h e 2~ solid angle. 

-
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C. The Proton Detector e > 1600 

This region covers three types of events: 

i ) Hadrons from low Q2 reactions. The typical jet energy 

~ 100-300 GeV, with typical multiplicities of 10-15 tracks. 

The rate for these events is 10-100 Hz. 

ii) High energy electrons (, 100 GeV) from the very high Q2 

reactions. The rate for these events is < 1 Hz. Note that 

from Figs. 3 and 13 there is no region of x_Q2 space with 

significant rate where both the current jet and the scatte red 

electron are in the proton detector (i .e. have e > 160). 

iii) Fragments from proton beam-gas interactions. The rate 

-9for these events is 50 kHz at 10 Torr . These events are the 

most bothersome background since they will mimic real deep 

ine lastic events. In fact, the main requirement in this 

experiment will be to veto these events. 

The detector covering this region is fully calorimetric. 

The calorimeter sUbtends angles > 1500 with a fiducial volume 

subtending angles> 1600 
. I t consists of a 4 m by 4 m 

shower counter and a 5 m by 5 m hadron calorimeter. The 

coverage ext ends to the beam pipe. It is desirable to have 

excellent angular segmentation in this detector (~ 20-30 mrad ) 

for the following reasons: 

a. As shown in Fig. 12d, the error in y (y < 0.1) is 

dominated by the angular resolution hence to do charged 

current physics in the region Q2 = 100-1000 GeV, one needs 

jet angular resolution of 10-20 mrad for a /Q2 of 10%.Q2
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Also note that in Fig. 2 there i s no rate beyond t he l ine 

x = 0. 3 and the hyperbol a xy = 0. 3, hence 10-20 mrad a ngu lar 

r esolutio n is acceptable. To achieve t h at k i nd o f r e so l u t i on 

- one needs angu lar segmentat ion of 30 mrad. 

b. We have so far assumed that the target jet h a s z e ro 

P . 
1. 

It i s qui te p o ss i ble that this assumptio n is no t val id 

and that at low angles with respect to the proton beam , the 

- two jets will mix. The separation of the two jets may depend 

critically on t h e segmentation o f the ca lor i meter . 

The two competing geomet r ies for thi s calorimete r are 

t owe r (pad) and strip g eometry. The tower geometry is 

de finitely supe r i or in its ability to resolve complex j ets, 

or multijets , a nd is therefor e p referable. One a lso needs 

to keep the number of ADC channels to about a few t housand. 

- Wi th the s e r equirements, strip geometry can be instrume nted 

with about 10 mr ad segmentation, while with tower g eometry 

o nl y 30 mra d is prac tical. We note however that 30 mrad 

s egmen tat i o n is adequate. We therefore prefer towe r ge ome t r y. 

There are three possible approac hes t o tower calorime try: 

- i. Scinti l lator-absorber with wave shifter bars. Thi s 

i s a k nown tech nique, but is hard to operate in the presence 

- o f magnet ic fiel ds , and the phototubes wi l l occup y va lu a b le 

d e tector space. 

ii. A new calorimeter (sc i ntillator photoelectric d i ode 

.... SPED) be ing developed by a u niversity of Pennsylvania group . 

-
-
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This approach eliminates t he use of phototube s, bu t re t ains 

the good energy resolution obtainabl e with scintillat or 

absorber calorimetry. A comple t e writeup i s i nc l uded in 

Se c. V. 

c. Gas tower ge ometry. stil l in i ts infancy and 

requires e xtensive prototyping. A Princeton-Br ookhaven 

group is developing a new type o f gas calor i me try using 

avalanche chambers. Their approach is suitable for gas 

tower geometry. 
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IV. The Track ing System 

A. The Cylindrical Drift Chambers 

In des igning this chamber (2 m in length by 2 m i n 

d iameter), we have tried to adapt the experience of present 

+ e e chambe rs to the unique needs of the e-p experiment. 

There are several constraint s on the design a nd pe rformance 

of this chamber, among which are: 

i) The physics of e-p nece ssitates having s everal forwa r d 

flat drift c hambers (forward with respect to the p ro t o n 

directio n ), and hence access to the proton end of the 

chamber is limited. It is desirable to have all high 

voltage and signal connections on one end plate onl y ( the 

e l ectron end) . Furthermore the end plates must be as t h i n 

as possible to avoid the rescattering of exiting hadr onic 

tracks on the proton side, and the showering of e lectron 

t racks on the electron side. 

ii) There is the possibility that a second beam pipe 

wil l go t hrough the chamber. The design must al low f or the 

s imp le eliminatio n of a few ce ll s to accommodate the extra 

beam pipe. 

iii) The rates in this chamber are about I kHz, wh i le 

t he requirement on the resolution is about 0.2 rom in t he 

dri ft d i r ect ion. 

We have a des i gn for t hi s chamber which uses na rrow 

dri f t cell with 8000 sense wi res and 40,000 field wires, and 

narrow angle stereo to determine the beam coor dinate (the z 



1- 22 


coordinate in our system). The stereo angle 6¢ will be 

between 50 and 100 mrad. 

Cell configuration 

The cel l we plan to use is shown in Fig . 15 . It is the 

"closed" version of the cell used in the Mark II, Tasso, 

and Cleo detectors. The closing of the cell allows closer 

packing in the radial direction, and hence more sampl i ngs 

p e r length. 

We have chosen a cel l s ize of 1 cm, i.e. 5 rom drift 

distance. The minimum cell size possible is about 6 rom and 

dictated by the holes for the pin as sembl y used to hold the 

wires onto the end plate s. The choice of such a narrow cell 

has several advantages: 

a. The simplification and speeding of pattern recognition. 

In general there will only b e one hit per cell which along 

with the staggering of cells in the radial direction by 

one half cell wi l l h e lp to e limi nate left-right ambiguities. 

b. The non-linearity in time-distance re l ationship due 

to E x B drift is minimized. The se non-line arities are 

observed at both Mark II and Tasso for tracks wi th large 

incidence angle s have longer drift distances and de flec tion 

of the electrons by the magnetic f i eld changes the length of 

t he drift path and conse qu e ntly t he drift time. In the Mark 

II chamber, where two di f ferent size cel l s were used, the 

effect is markedly smal ler f or the smaller cells. Since our 

-
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c el l i s a lmost a factor of t wo smaller than the small Mark 

II cell, we e xpect the effect to be minimal. The se dis tor

t ions i n the electron trajectories can be easily c alculated. 

For a cell of size S with electric field E normal t o a-
magnetic field B in a gas with d rift velocity Vdr ift' t he 

ma x i mum t ransverse displacement of the electrons i s 

· ft (B=O)B Vd(_) ( r l ) - E S 

i n our chamber with l / Vdrift := 200 ns / cm, E = 500 V/ c m, 

B = 5 k G , 6 = 0 . 33 s. The inc rease in drift distance is -
therefore ~ 5% , which has minimal effect. 

c. The e limination of the above non-lineari t ies wi ll 

a lso el i minate the need for de tai led drift time-distance 

calibra t ion in the reconstruct ion programs. These c a libr ations 

- o fte n s low recons truction programs. 

We i n tend to use a standard gas such as 1:1 mi x ture of 

argon and ethane which has the advantage of hav i ng a dri ft 

veloci ty whi ch is not a sensitive function of the e lectric ,... 
field, and of not polymerizing e asily in h i gh synchrotron 

radi ation backgrounds. We will opera te the c hambers at 

a t mospher i c pressure. 

Determinati on of the Beam Coordinate 

There are at present two competing methods f o r the- determinat ion o f coordinate parallel to t he beam (z coor

dinate in our reference frame ): narrow angle stereo and 

charge di v is i o n. We prefer to use narrow angle stere o for 

,.... t h e following reasons: 
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i) All t he high voltage and readout can be placed on 

one end plate. 

ii) A thicker and there fore a stronger sense wire can 

be used, since the need for a highly resistive wire is 

eliminated. 

iii} Even with the state of the a rt e l e ctronic s for 

charge division, narrow angle stereo yields a better 

determination of the beam coordi nate (a f actor of two better 

usually). Furthermore , a recons t ruction of the tra ck in 

the R-¢ plane wil l yield the z-coordinate a utomatically in 

narrow angle stereo, while in charge division, one has to 

rely on s eparate z-coordinate reconstruction using the pulse 

heights. The latte r are ofte n unre liable because of e rrors 

in pulse height measurement s and confusion in assig nment of 

the pulse height to the correct t racks. 

Close radial packing can b e achieved i f the wires are 

oriented at either + 6¢ where 6¢ is the stere o ang l e (6¢ is 

50-100 mrad), wi th no wire running parallel to the beam 

(6¢ = O). A wire at radius R with orientation 6¢ sags in 

the middle of the chamber a distance s 

L = chamber length 

This sag is due to the fact that the wire is a straight 

line, not a section of a helix. This sag s (~ few c e ntimeters) 

limits the radial packing since l aye rs at + 6 ¢ and layers at 

have to be separated radially by a distance greater 

than s. The problem is eliminated if a ll the layers are 

0 0 
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at either +6 ¢ or -6¢. The question if these two views are 

adequate to eliminate all the ambiguities cannot be answered 

until a reconstruction program is written. This 1S being 

-done at present. The experience of the Fermilab pp Group 

indicates that two views may be adequate event for complex 

events. Should this not be the case, however, we plan to 

equip select planes with charge division to aid pattern 

recognition. 

Arrangement of the Cells 

The cells will be arranged in twenty concentric layers 

with radii from 20 to 100 cm. Each two layers will be 

alternately at +6¢, -6¢ stereo angles. We expect 6 ¢ to be 

50-100 mrad. Each layer of radius R will have 2~R sense 

wires and 10~R field wires, for a total of 8000 sense wires 

and 40,000 field wires (Fig. 16). All the layers will share 

a common gas volume. If a second beam pipe is there (radius 

4 cm), then in the relevant two or three layers, we will 

s i mply remove the cells in the vicinity of the beam pipe and 

rep l a c e them with either a sleeve or the beam pipe itself. 

Construction and Mechanical Support 

We intend to have two pre-drilled and pre-loaded end 

plates and string the wires manually between them. The 

tensioning of the wires is done by jacking the plates apart. 

The electron end plate will be 1 or 2 in. thick aluminum. 

For the proton end plate we will try to reduce the amount of 

interaction lengths by using such material as carbon in an 
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epoxy matrix, which will achieve a factor of 4 reduction 

in radiation length. The long term properties of such 

material is unknown and must be studied fi rst. The t wo 

plates would be drilled identically and simultaneously. 

The wires are manually strung and fixed on the end plates 

by v-g rooved pins similar to those used in the Tasso or 

Cleo chambers. We inte nd to use 30 ~m gold-tungsten for 

the sense wire s, and 60 ~m copper-beryllium or stainless 

steel for the field wires . 

Resolution 

The resolution of a cylindrical drift chamber with N 

equally spaced samples is 

2 2
P cosa a720 x) + .!l.... (tan a az )= N > 8N+6 N+4 1+tan2a L 

R is the chamber radius, a is the complement of the polar 

angle, a x is the resolution in the drift direction, a is z 
the resolution in the beam direction. Figure 17 shows the 

resolution as a function of momentum assuming B = 5 kG, R = 

1 m, ax = 0.2 mm. a = 10 rom, then 6 p/p = 0.007. Thez 
figure also shows the ~p/p due to multiple scattering which 

is give n by 

pip = 0.016 GeV If 
~ BR 

where f is the fraction radiation length. The curves 

are for f = 0.01 , 0.05. 
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... B. The Forward Flat Drift Chambers 

The purpose of these chambers is to measure the angle 

of the tracks from the hadronic jet in low Q2 reactions. 

When coupled with a hardware track processor, these chambers 

will give an online determination of the event vertex to 

within 10 cm in 10 ~s. They form an essential part of the 

proton beam-gas background veto. The design of the chambers 

lS constrained by several factors. 

a. The typical jet with e > 1350 will have energy of 

the order of 100 GeV, and will fragment into ~ 10 tracks or 

more, a relatively large multiplicity. 

b. The tracks, having small angles to the magnetic 

field, will not bend significantly. 

c. The conversion of photons and the reinteraction of 

hadronic tracks must be minimized. 

In designing these chambers we benefited from our 

experience with fixed target spectrometers. Fast and 

efficient reconstruction can be insured by having three 

or more stereo views and by maximizing the number of samples 

per view. We intend to have ~ 20 signal planes alternating 

900between four stereo views, at Do, + 450 
, to the beam 

{and magnetic field}. This method has been known to work, 

and that is its most distinct advantage. We expect to have 

8,000 cells. 
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Cell Co nfi guration 

Figure 18 s hows the c e l l config u r a tion we intend t o 

use . We have tested t h is cell at Nevis and h a ve found it 

t o have better tha n 0 .15 mm r e solution. The a d vantage of 

such a na rrow cell has been l i s ted in connectio n with t h e 

central c y lindrical chamber earlier. 

Con s truction and Mechanical Suppo r t 

We inte nd to construct the 20 signa l and 20 cathode 

p lanes i n the form shown in Fig. 19. The wires are wou nd 

3 rom apa rt and g l ued in the outer G-IO frame. The two G-IO 

rings, a c c ommoda ti ng the beam pipes, are glued o nto t he wires 

and are support ed by the wire t ension. Th i s is a relatively 

straightforwa rd s c heme to install. Some of the cells in the 

vic i nity of t he t wo ring s will have t wo TOC channel s , and a 

few cells between the two r i ngs will be dead . One can also 

repl ace the t wo rings by a long slot as shown in Fig. 19. 

This wil l have a slightly larger dead are a in the vie w 

oriented 900 to t he beam. Al l 40 planes are enclosed in a n 

aluminum c yl i nder which serves as a g as volume a nd a 

Faraday cage. Readout is done at the outside o f the c age . 

Re s o l ution 

A similar de s i gn chamber t e s t e d a t Nevis is found to 

have 0. 15 mm r esolution. 
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v. The Calorimetry 

The distinctive needs of e-p physics require highly 

segmented calorimetry that will operate easily near strong 

.... magnetic fields. We feel that these requirements rule out 

absorber-scintillator-phototube approach. Furthermore, 

recent experience with liquid argon shows that the technique 

- is technically taxing. This leaves open the options of 

either gas calorimetry or some scintillator-absorber approach 

that uses no phototubes. We are pursuing both approaches, 

with initial prototype work proceeding. 

It is convenient to discuss the central and forward 

calorimetry separately. For the reason given before, the 

central one is only electromagnetic while the forward one 

- is both electromagnetic and hadronic. The two competing 

geometries for both calorimetries are tower and strip 

geometry. The tower geometry is definitely superior in 

its ability to resolve complex jets. Therefore we have 

opted for the tower geometry for the forward calorimeter 

but for the central one, we have chosen for the strip 

geometry because of its large area of coverage. 

1. A new type of absorber-scintillator calorimetry 

using vacuum photodiodes readout (scintillator photodiode 

detector SPED). This approach has the advantage of the 

good energy resolution obtainable with scintillator-absorber, 

with the possibility of building it as tower structure. It 

.... can also operate easily in a strong magnetic field and with 
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exc e l l ent gain s tab ility. The U of Pennsylva nia group 

investigati ng this approach i s looking f or manu f ac ture rs 

of t h e photodiodes. This is clear l y an approach sui ted 

to t he needs of the forward (p roton) hadron calorimeter. 

2. The second approach is a gas calorimete r u s ing no 

wires, r a t her uti l izing the avalanche chamber, where the 

a mpl i f ication is done entirely in t he gas by op e r ati ng 

t he chamber at volta ges just below the geiger mode. This 

approac h offers the high segmentation of gas calorimetr y 

bu t wi t hout t he f r agile wi r es. It could be u s e d for the 

fo rward (prot on) hadron calorimeter. Energy r esolution 

a nd rate capability are t e sted in p rototype t e s t s . 

3. Th e t hird approach is also a gas calorimeter using 

the more conventional absorber- proport i onal drift t ube s 

approac h. It uses extruded u -channel f or the drift tubes 

and has the a dvan t a ge of c ontaining t he wires i n sep arate 

drift tubes making it unl i k ely that the s y ste m will be 

cripp led b y occas ional wire b reakage. This appr oach s uits 

the needs o f the central electromagnetic c alorime try. A 

Nevis group is currently c onst ructing a prot otype. I n the 

next three sectio ns, we describe each of the thr ee approaches. 

A. The F i r st Approach: t h e SPED Calorime t er 

In t his sect ion, we describe a new t ype of s amp l ing 

calori me t e r , whi ch would u se l arge -are a vacuum photodiode s, 

which toget her with a layer of s cint i llat or are placed in 
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each gap in a sampling calorimeter (which we call SPED). 

Among its many attractive features, we list the ones 

- most relevant to the e-p detector requirements: 

Operation in magnetic fields, virtually without 

restriction. 

Good energy resolution, with no "extended tails" 

in the energy resolution distribution. 

Good angular resolution, due to two-dimensional-
segmentation. 

Highly stable, operating at "gain = 1". 

Principle of Operation 

Figure 2 0 shows a side-view of the basic SPED arrange

ment. In a typical unit, e.g. 3 m x 3 m in area, the 

scintillator sheets produce photoelectrons in the diodes, 

which are placed in each gap as a set of wafer-like units, 

2of typical dimensions about 30 x 30 cm in area and 1 to 
,.... 

1. 5 cm thick. The metal and scintillator would cover the 

entire area with minimal segmentation (8-10 pieces). Calori 

meter segmentation would be accomplished by using a two-

dimensional "pad-matrix" for the cathode or anode. Signals 

for several pads in depth would be combined and fed into a 

- preamplifier to make "towers " (or "mini-towers " ), calorimeter 

segments roughly telescopic in form. 

Tests 

Cosmic rays have been used to measure the light yield 

of one of the recently developed inexpensive polystyrene 
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scintillat ors (POLY UV-390) using a bi-alkali photomultiplier 

tube (PMT) a nd a l ow- noi se char ge-sen s i tive preamplifier, 

the AMPTEK A-203 . He r e we summarize the mai n resu l ts: 

i. A minimum ioniz ing par ticle traversing perpe ndicularly 

a 1 cm thick sc inti l lat or produ ces 1400 pe. 

ii. The p r eamplifier has a n integra t ed noise o f 


1 250 pe (rms). 


i ii . When cosmic rays tra verse a 3. 8 cm t hick scintillator 

(Fig . 21 ) , i n optical contact with t he PMT , con nec t ed as a 

diode , a mi nimum ioniz ing peak with a SIGNAL/NOISE (rms) 

r a tio ( ~) of 3 i s ob served, as shown i n Fig. 22. 

Detector Capacitance and Amp l ifiers 

We have e xamined the effect o f detect o r c apaci tance CD 

on~. From ou r me a s urements, we find tha t 

BNC(e) = 12.5 (e/pf) . C. (p f)
1n 

( for rise t ime ~ 150 ns a nd gate widt h ~ 600 ns) 

where ENC is the equivalent noise charge in electr on c harges, 

and C. is the tot al input capacitance = CD ( i nclud ing str ay1n 

capacitance ) plus amplifier cap acitance. This ENC/C.1n 

slope is comparable to that for FET-preamplifiers developed 

by ORTEC and others, which however have a somewhat f aster 

time response (ri s e time ~ 60 ns). 

The SIGNAL/NOI SE ratio, and t he ri se time , of this 

ampl i f ier (A-203) appe ar to b e adequate for use in an e -p 

detector , as d iscuss ed below. We plan however to opt i mize 
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these parameters with respect to the requirements of muon

calibration capability, and energy resolution, as well as 

to the desirability of faster rise time if SIGNAL/ NOISE 

ratio permits. The SIGNAL/ NOISE ratio can basically be 

improved, or the rise time shortened, or both, for the 

projected detector design, by using multiple FET's for 

each calorimeter signal channel. 

Tower Design and ~-Calibration 

We have considered various cell configurations in terms 

of signal output, capacitance, construction feasibility and 

cost. currently we are concentrating on two such designs. 

One of them uses a rectangle·-shaped vacuum envelope, 1 cm 

2thick, and for example about 15 x 30 cm in area, with a 

steel plate as the anode and a glass window with a semi

transparent cathode. This unit, as shown in Fig. 23, would 

have a two-dimensional "pad-matrix" cathode for signal 
,... 

readout, deposited on the glass surface. (A smaller and 

simpler version has been proposed to us by Hamamatsu which,... 
could be developed and built in six months, but with a 

proposed production cost per unit which is as yet too high 

to be immediately attractive. 

We have evaluated the feasibility of ~-calibration for 

hadronic and electromagnetic towers using this cell design, 

by calculating ~ for several pad sizes and several possible 

numbers of pads in depth to be combined together in a mini



1-34 


tower, under the following a s sumptions: 

i. Hadron-cell (~ 4 mm vacuum + 2 mm clearance + 3 rom 

gla ss + 10 mm sc i ntillat or + 20 mm Fe) = 0.14 absorption 

l e ngths. EM-c e ll (= 4 mm v a c uum + 2 mm c learance + 3 mm 

glass + 6 mm scintillator + 4 mm Pb + 2 mm Fe) = 0.9 

radiation lengths. 

ii. A photoelectron yiel d of 1400 pe for a mi nimum 

i o nizing particl e t raversing a l-cm s c i ntillator p erpendicu

l a r l y, as eva l ua t e d from ou r t es ts, which we reduce t o an 

estimated 700 pe t o a l low for effects of air gaps and l e ss 

e f f icien t cathodes, which wou ld permit o ne t o build a cheaper 

and simpler c alo rimeter. 

iii . A preampli f ier like the A- 203 , b u t with 2 FETts in 

parallel at the input (ampl ifier capaci t ance 36 pf) for 

each six pads. 

iv. stray capaci tances due t o cabl es , e t c., of approxi

mately 5 pf per pad . 

The r esul t s o f our cal c u lat ions are shown i n Table I. 

The y indicate t hat a n ~ of 3 t o 5, requ i r ed f o r ~-calibration, 

is r e a d ily achi e vable f o r the mi ni - t ower sizes consid e red. 

The amplifier SiN a nd c a p a citance c onsid e rat i ons, as 

we l l as the need for good angular r esolution and multi 

s hower pattern rec ogni t ion l e a d t o a design with a l arge 

d e g r e e o f segme ntatio n and wi th s egments r elatively small 

in area. In the SPED app roach, t hi s des ign can b e implemented 
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in a relatively cost insensitive manner, since a high degree 

of pad-segmentation can be achieved at the diode construction 

stage at a minimal increase in cost, and since low-noise 

amplifiers can be built in the many thousands required at a 

cost which ~s about 5-10% of the whole calorimeter cost. 

Thus the cost of the SPED design depends on total detector 

area, and almost negligibly on the degree of fineness of 

segmentation, in contrast to approaches in which a separate 

PMT is required for each read-out channel. A large variety 

of sizes of larger towers could be obtained, using a few 

different patterns of pads, and wiring together different 

combinations of mini-towers as inputs to ADC's. 

Energy Resolution 

We have examined the effect of amplifier noise, for 

hadron and EM mini-towers of various pad sizes and of 

various numbers of pads in depth, on the energy resolution of 

electrons, hadrons and jets. We calculate the energy loss 

per cell, 6El Icell, the rms noise, in MeV, per pre-amplifier,oss 

cr . I pre-amp, an approximate number of mini-towers containing 
no~se 

a shower, N(pre-amp/shower), and theor total noise contribu

tion to the shower energy measurement cr . I sh, = (cr I 
no~se noise 

pre-amp) x IN(prel sh) Table II gives a set of sample 

results, which indicate that this effect is negligible for 

the particle and jet energies involved in the e-p co11ider, 

2 .for mini-towers 12 pads deep with pads 5 x 5 cm ~n area. 
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Rates 

The time-response of this type of calorimeter is determined 

by the pre-amplifier output rise time since this is by far the 

slowe st component in the syste m as compared to the scintil l ator 

decay time and photoelectron transit time of the diodes. 

With ORTEC p re-amps, mentione d earlier, or others of 

similar performance , rates of 1 MHz could be handled e a sily. 

Thi s may p rove use ful in ve toing be am-gas background, close 

to the beam pipe. 

Table I. Mini -tower SIGNAL/ NOIS E for muons, ~~ and Total 

Capacitance C. (in pf ) * 
J.n 

Pad Area ( ~~ , Cin)EM ( T1w. ' Cn}Hadrons 
22.5 	x 2.5 cm 4.84, 191 7 . 15, 188 

5 x 5 3.25, 285 4 .94, 272 

7 x 7 2 . 28, 406 3.54 , 380 

* Calculations made for a mini-tower of 1 2 pads, wi t h 4 FE T ' s. 
Thi cknesses within EM and hadron cells are given i n t he text . 

Table II. Energ y Equivalent of Pr e -Amplifi er Noise * 

Electron Hadron Je t 

6 El / celloss 
SIGNAL/ NOISE 

10.0 MeV 

3.25 

26.6 MeV 

4.94 

26.6 MeV 

4.94 

C1 • / pre-amp 
· no~se 

ene rgy equivalent 
37 MeV 65 MeV 65 MeV 

N(pre-amps/shower) 6 50 500 

rJno ise/ Sh 0.090 GeV 0.46 GeV 1.4 GeV 

* Calcul ations made using mini-towers o f twelve 5 cm x 5 c m 
pads connec ted to each pre-amp, and assuming that a shower 
gives a non-zero signal on the average in N pre-amps , with 
N taken to have the values shown. 
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 B. 	 The Second Approach: Calorimetry in a Multi plate 

Ion Chamber Operated with Gas Gain 

The calorimeter modules for the e-p detector will have 

a very large number of cells. For example, a device covering 

2~ solid angle with layers of gas proportional tubes sufficient 

for hadron calorimetry might well have 105 wires. Broken 

wires are inevitable, and not easily replaceable. A group 

at Brookhaven Lab and Princeton University is exploring an 

alternative design which contains no proportional wires. The 

calorimeter would be a multi-plate sampling device with iron 

or lead plates and a gas as the sampling medium. High voltage 

is applied across adjacent plates to yield gas amplification 

of the ionization caused by a hadronic or electromagnetic 

shower. The electric field is, of course, uniform, so each- ionized electron starts an avalanche which grows exponential 

with distance. The device is sometimes called a "parallel 

plate avalanche chamber". 

- Tests have been conducted with a chamber consisting of 

a single gap. This one gap was exposed to a pulse of 2 MeV 

electrons from a Van de Graaff accelerator. The number of 

electrons per burst was variable so as to simulate the 

effect of the large number of minimum ionizing particles 

observed in a hadronic shower. Figure 24a shows the gas 

amplification achieved in the chamber with a 3 mm gap filled 

with a mixture of argon + 5% acetone. Gains of greater than 

1000 are readily obtained, which is similar to that in 
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proportional tube calorimeters. with carefully designed, 

low noise, charge sensitive ampl i fiers, such as used in 

liquid argon calorimetry or the t ime projection chamber, 

i t would be possible to detect a single minimum ionizing 

particle in a single gap (although this is not essential for 

calorimetry). Although charge is collected during the entire 

dri ft time of e l e ctrons and ions across the gap, a signal 

ris e time of some 10 ns can be obtained. This is because 

the largest part of the prompt signal is due to the amplifica

tion very close to the anode of the avalanche initiated by 

electrons which were liberated near the cathode, and hence 

have a long path for the avalanche . 

Figure 24b shows the resolution (FWHM/pEAK) of the 

parallel plate chamber f or bursts of various average electron 

intensity. These electrons first passed through a multiwire 

proportional chamber, so t hat the resolutions of the two 

devices could be compared. In t he range of 10-500 electronsl 

burst, the parallel plate chamber resolution is about 1.5 

times worse than that of the MWPC. 

In an electromagnetic calorimeter made of 3 mrn lead 

plates (1/ 2 radiation length), there would be about 250 

sampled electrons per GeV of incident energy. Figure 24b 

then shows the expected MWPC resolution to be alE = l5%IJE 

(s t andard deviation) compared to olE = 22%IJ E for the 

parallel plate chamber . 

In a hadronic calorimeter made of 0.5 in. iron plates. 

there would be about 50 sampled minimum ionizing particles 

-
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per GeV of incident energy, supposing 30% of the energy is 

lost in nuclear effects. The expected resolutions taken 

from Fig. 24b are then alE = 35%IJE for the MWPC and alE 

52%IJE for the parallel plate chamber. These resolution 

effects are due to fluctuations in the ionization (Landau 

fluctuations). In hadronic calorimeters, fluctuations in 

the nuclear loss mechanism give an addition contributio n to 

the resolution of about 60%IJE. The combined resolutions are 

then alE = 70%IJE for the MWPC and alE = 80%IJE for the 

parallel plate chamber. 

A test is underway with a 30 plate electromagnetic 

calorimeter to determine whether the above extrapolations 

from a single plate chamber are achievable in practice. 

Already we see that the use of a parallel plate chamber would 

involve some loss of resolution in exchange for simplicity 

of construction and operation. Finally we note that ease of 

construction might allow the number of samples to be increased 

until it is practical to eliminate samples which have fluctuated 

to many times the mean expected value, which procedure could 

dramatically improve the resolution. The cathode (and anode) 

planes are easily subdivided into strips or pads to measure 

the transverse coordinates of the shower. 

c. The Third Approach: Proportional Gas Calorimetry 

In this section, we describe the construction details of 

a gas calorimeter especially suitable for the central electro



I- 40 


magnetic calori metry, bu t adap table to the proton d e tector 

calorimetry. The detai ls are bas ed o n a prot otype counter 

being constructed by the Columb ia group, and to be tested 

in the fal l of 1981. 

The count er i s a 24 r adiation length shower counter with 

40 samplings in the longi tudinal direction. Each sample is 

a 0.6 rad length o f l ead a n d alumi num (1/4 i n. thick) with 

a 1/ 4 in . o f g as g ap. The t ransv e rse segmentation is 0.322 

in. with mutual l y orth ogonal v iews alternat i ng between each 

gap, ref. Fig. 2 5. Each wi re is contained i n i ts own 

aluminum tube , with 0.322 i n . represe n ting the 1/4 in. size 

of the tube, and the 0. 0 72 in. thick ness o f t he tube walls. 

The 0.322 in. r epresents t he smallest size c e ll we would need 

in the e-p detector . Coarse r segme ntation can be achieved 

by summing s evera l cel l s passively u sing a printed circu i t 

board. Monte Carlo stud ies i ndicate that t h is counter's 

energy r e solution is limi ted b y t he c ounting statistics to 

a/ E = 0.15/1E· Further improveme nt in the e ne rgy resolution 

can be achieved by fine r sampl ing , but only as the square 

root of inve rse sampling t hickness. Consequently if we 

de sire a / E = A/I E wi th A < 0.1, we need ~ 1/8 rad length 

sampling or better (1/ 3 2 in. of lead). The di f fi c ulty of 

building s uch a c ounter ou t we igh s t h e advantage s of imp roved 

energy resolution. The 0.072 in. aluminum wall has two 

advantages: 
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1) It isolates each wire in its own drift cell, thereby 

making the system less vulnerable to disabling through wire 

breakage. A broken wire simply means a lost cell, and not an 

inactive counter. 

2) It prevents low energy heavily-ionizing wide angle 

secondaries from traveling through the entire gas gap biasing 

both the sampling statistics (hence the energy resolution) 

and the position resolution. 

Construction 

For an experiment of this size and complexity, an impor

tant consideration in the choice of calorimetry is the ability 

to construct a mechanically sound system with minimal labor. 

This technique has that advantage. 

A commercially obtainable U-channel extrusion (Fig. 26) 

forms three sides of the drift tube, while the fourth (top) 

side is formed by the metal absorber. In this case, the 

absorber is 0.125 in. lead clad in 0.020 in. aluminum. The 

counter is thus built up as layers of U-channel and absorber. 

The wires are wound separately, with the correct pitch, one 

gap at a time. They are then laid inside the channel, and 

glued onto G-10 boards already glued to the aluminum extru

sion. These boards also serve as readout boards. The 

extrusion and the absorber are maintained at one voltage, 

while the wires are maintained at a more positive voltage. 

Also note that in this scheme the complexity of construction 

goes as the number of gaps, rather than as the number of wires. 
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This is because t he wi res a re wound o ne frame per gap, 

rather than s t re t c hed i ndiv idua lly. Th i s also insures 

a more uniform t ensio ning and p itch . 

Segmentation 

The c ounter then h a s c o ns iderabl y f i ner segmentation 

than needed f or the e xperiment. The passive adding of 

channe ls , both transver sely and l ongi t udinal ly is achieve d 

by means o f do uble s i ded G- lO board s whi ch p lug o nto the end 

o f the counter. This means t ha t one can cha nge the segmenta

tion of the c a lor imetry {down t o the cell size} mere ly by 

changing t h e G-lO boards, a nd adding more ADC channe ls. This 

applie s e qual l y to both transverse and long i tudinal s e gme ntation. 

Consequently a s the physics of experiment dictates, one can 

change the a ngular res olu tion and t he rr/e s e p aration ability 

rather eas ily. 

Testi ng Schedu l e 

The t e sting s hould be done wi t h as h igh an e nergy 

electron b eam as possible , whi ch mea ns Fermi l ab. Several 

i ssues need to be resolve d: 

1 ) The measurement of energ y and posi tion resolu t ion . 

2} The dete rmination of the dynamic r ang e of the counter 

i n energy. In p articular , whethe r i t i s pos s ible to run the 

cou nter i n a mode where both muons a nd 200 GeV elect r ons are 

detected. This is re l evant for on-l i ne ca l i brations of the 

counter . 
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3) The measurement of ce11-to-ce11 gain variations due 

to mechanical imperfections. 

4) The measurement of the gain stability. 

5) The measurement of the rr/e rejection factor as 

well as 	deciding on the optimal longitudinal segmentation. 

Applicability to the central Shower Counter 

This method is suitable for the central shower counter 

because of the mechanical rigidity and the ease of extending 

it to large areas. The counter is an octagonal barrel, each 

octet is 1.2 x 4 m (Fig. 1). The 4 m wire would have to be 

supported either once or twice. The support could be simply 

a piece of G-10 that extends across a milled slot in the 

channel. The flux return iron plate can be used for structural 

support. The readout causes a 10% dead area in the azimuthal 

direction. 
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VI. The Muon Detector 

The detection o f muons over most of the solid ang le is 

one o f the important goals of the e-p experiment. We intend 

t o u se drift t u bes place d behind muon f ilte rs as the main 

muon detector . For the sake of s imp lici ty , we p l an to use 

existing components as muon fil t ers. I n the proton dete ctor 

mu on tubes can be placed 4 and 6 absorp tion lengths into the 

hadron calor i me t e r to detect penetr ating tracks . In the 

central detec t or we will use the two s h ielding walls s urrounding 

the de t ector as muon f ilters, and where possible we wi l l use 

earth also as a muon f ilter. 
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VII. Background Rates 

There are two distinct sources of beam associated back

grounds in this experiment. Only background events originating 

from the Tevatron ring are significant for triggering purposes. 

The electron beam will give rise to an instantaneous 

counting rate in the inner tracking chambers and in the forward 

part of the electromagnetic shower counter due to synchrotron 

radiation and electrons which lose energy upstream of the 

detector. This source of background affects primarily our 

choice of memory time for the chamber and the disposition of 

upstream masks. 

The proton beam-gas backgrounds are a potential source 

of false triggers simulating charged current events. 

Proton Ring Induced Backgrounds 

Measurements of backgrounds in the BO straight section 

have been reported by Loveless in the 1977 Collider Summer 

Study, Figs. 27, 28. These measurements show that there is 

10 -7 
an occupancy rate of 10% of 2 x 10 p / bunch with 10 Tor r 

vacuum (occupancy rate is the fraction of rf buckets which 

arrive at the intersection point in time with a spray of 

particles). The vacuum in the new Tevatron ring is expected... 9to be 10- Torr, which with the design intensity of e-p 

10(371 bunches at 6 x 10 p / bunch) gives an occupancy rate of 

-3 .3 x 10 . The background rate is then 50 kHz. Th1S rate 1S 

low enough that it should be possible to gate off triggers 

for an interval which is longer than the memory time of the 
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calorime ter , wi t hout a significant loss in live time . 

It also means t ha t a trigger capable of finding t h e event 

vertex within 10 ~s is sufficient for vetoing p r o ton beam-

gas events. 

The backgrounds resulting from the electron b e am are 

+ similar to backgrounds presently experienced by e e experi 

ments. Their experience shows that a combina t ion o f upstream 

masks and hardware triggers can veto the background e ve n t s 

almos t entirely. We expect to emulate those e xperiments t o 

a large extent. 
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VIII. Electronics and Triggers 

The electronic measurements consist of pulse height 

measurements for the calorimeters and time measurements 

for the flat and cylindrical drift chambers. All of the 

pulse height measurements can be done with 12 bit ADC, 

while all the time measurements can be done with a 6 bit, 

single hit TOC. 

The first issue is to bring the information out of the 

detector. The flat drift chambers present the most difficult 

access and cabling problem. It is essential to have pre

amplifiers on these chambers, otherwise the signal to noise 

ratio will be badly degraded by the cable capacitance and 

external noise, rather than just amplifier input stage noise. 

The pre-amps terminate the anode wire, and transfer the 

current signal into voltage with a gain of about 10 mV/~A. 

The voltage is transmitted push-pull on twisted pair cable 

to crates mounted just outside the detector. A design of 

this type is being developed at Nevis. Each pre-amp dissipates 

100 mW, and 8 channels fit on a circuit board about 3 1/4 x 

.2
3 1/ 4 In. The discriminators have an externally adjustable 

threshold that can be set to amplifier noise (0.1 ~A). This 

allows the input stage shot noise to function as a test 

signal. A 17 signal twisted pair cable (Spectrastrip) can 

service 16 channels and provide DC power. This cable is 2 in. 

wide, flexible, rugged, and uses a crimp type connector. The 

discriminator outputs are push-pull and drive a 32-channel 



1- 48 


signal flat polyethylene cable (made by Ansley Co.). This 

cable is used both to delay the signal to the TDC and to 

allow the TDC's to be in the counting room. These cables have 

been in use for many years, and have high bandwidth and h i gh 

packing density. The discriminators also provide an "or" 

output f or fast trigger logic. An existing TOC design has 

six t y-four 3 ns time bins. 

The calorimeters require linear pre-amplifier mounted 

dire c tly o n counters, so as to achieve optimum signal to noise 

ratio. Wires can be summed together to define the detector 

segme ntation, while amplifier outputs can be ited together to 

f orm trigger segments. Individual amplifier outputs are also 

s e nt on a flat polyethylene cable to gated i ntegrator ADC 

modules. By using push-pull amplifier ou t puts, and an extra 

ground wire in the cable, the signal can be transmi t t e d wi th 

no cross talk , and at low cost. The signals are termi nated 

and received different ially to eliminate common mode no i s e . 

In order to minimize the deadtime the trigger is mu l ti 

stage , each stage having longer deadtime than the p revious 

stage. The f irst stage is an "and" of veto counters, 

beam crossing, front counters and pipe counters. The front 

count ers are a wall of scintillation counters covering the 

outside of all the calorimetries, while the pipe count e rs cover 

t he outside of the beam pipe. The veto counters are placed 

upstream of the detector with the expressed purpose of 

reducing the beam-gas triggers. This first stage should 
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count at less than 50 kHz. The second stage trigger is 

based on summing the shower counter pulse heights over 

each major segment, defining a threshold, and forming an 

"or" to indicate minimum energy disposition. The "and" of 

first stage trigger and minimum energy defines a gate to 

the TOC's and pulse height integrators. The polyethylene 

cable provides the delay (200-300 ns) for the trigger setup 

time plus gate fanout delay. The TDC's and gated integrators 

have fast resets « 300 ns), for resets from the next stage 

triggers. The next stage trigger inhibits the fast reset, 

- initiates analog to digital conversion and recursive 

processing of the data. The latter can be on the order of 

10-20 I-ls. 

The drift chamber data are transferred to ring buffers. 

Each chamber produces a block of words, corresponding to 

the encoded wire data, there being a separate buffer module 

for each chamber. The ring buffer provides a means of 

storing the data for possible readout to a bus after some 

recursive processing of a subset of the raw data. Each 

buffer connects to the bus and also provides an output cable 

to a processor structure. The function of the processor is - to find events with a good likelihood of a vertex at the 

beam crossing. A modular, pipeline trigger processing system 

is under development at Nevis. 

Analog to digital conversion overlaps the trigger 

processing time, and the digital data near pedestal is 
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suppressed and transferred to ring buffers ; these buffers 

provide space for multiple e vents, so that the deadtime is 

a result of average processing time and "not processing" 

delay. The buffers read onto a (Nevis transport system ) 

bus at 100 ns/ word. Fast, low cost, megabyte memories 

are a vailable and could be considered as temporary storage 

between the high speed bus and the online computing system. 

The transport sys t em allows each event record to be 

structured as a sequence of blocks, where a block is t he 

sparse set of data words from each major detector segment, 

and the first word of each block is the segment name, and 

the last word is a word count . 

In summary, this very high bandwidth system offers the 

possibility of a loose, relatively unbiased trigger, with 

very low deadtime. 
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x-y Regions of Detector Coverage 
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I. Electron Machine 

We present here a design for a 10 GeV electron storage 

- ring capable of satisfying the following criteria: 

1. a luminosity of 4 x 103lcm-2sec-l for head-on 

collisions between 10 GeV electrons and 1000 GeV protons; 

2. the option of colliding either e+ or e of either 

helicity; 

3. a positron filling time of less than 10 minutes; -
4. a free space of +6.5 m at the interaction point; 

5. the construction and installation to interfere 

minimally with the commitments of Fermilab; 

6. a minimal impact on the operation and control of 

the proton beam when not running in the e-p colliding mode.-
The design assumes that the Tevatron beam has been 

rebunched by three, resulting in proton bunches containing 

10~ 6 x 10 protons each and separated by 16.936 m (56.6 ns). 

The proton beam dictates the b eam size and current needed in 

the electron beam for production of the desired luminosity. 

The proton beam has an emittance of €/~(95%) = 0.02 x 10-6m, 

and if we assume a B* of 6 m, the proton beam at the inter

action point has an rms spread of 0.14 mm (in both dimensions). 

Matching the size of the electron beam to the size of the 

proton beam requires an emittance of € /~ = 0.034 x 10-6 m 
x 

in the horizontal plane and € /~ = 0.026 x 10-
6 

m in the 
y 

vertical plane, assuming B * = 0.60 m and B * = 0.75 m. The 
x y 

presence of vertical bending magnets in the ring (used for 
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polarizati on rotat i on) na t ura l l y produ ces a round beam 

wi thout the use of ve r tical/horizontal c oupling. The 

required circul ating electron current f o r the production 

31 -2 -1 ( 10 -/ )of 4 x 10 c rn sec is 250 rnA 8.8 x 10 e b unc h, and 

the total number of bunche s is 87. 

The electron ring par amete rs for the p r esent design 

are g iven i n Table 1.1 . Th e horizontal e mittance i s slightly 

large r than the desire d val ue. As a result t he required 

number of pro t ons /bunch is 6.9 x 1010 . The r e sultant 

31 - 2 -1l uminosi ty is 4 x 10 c m sec with the electron and proton 

t une shift s being 6 v = 0 .024 , 6~ = 0 .030, 6~ = 0 . 002 3, 
Xe Ye Xp 

6 v = 0 . 00 29. Note that the e l ec t r on tune shift i s comparable 
yp 

t o the limi ts present l y ob s e rved at PEP. The cal cu l ation 

o f the eff ecti ve luminosity i s g iven in Table 1.2. We expect 

that through sui t able redesign of the electr on r ing lattice , 

* ~x can be made as low as 0 .5 m and the horizontal emi tta nce 

6 redu c e d to t he desired 0.040 x 10- m. 

The injection s ystem consists o f a 40 MeV h igh current 

l i nac f ollowed by a boos ter / accumulator r i ng whi ch accelerates 

electrons /positrons up t o the 2 GeV electron storage r ing 

injec t i on energy. By uti l i z ing presently ava i lable high 

curre nt (> 1 A peak c u r r ent) linacs and cycling the 

booster/l inac s ys t em at 30 Hz, p ositro n f illing times o f 

5-10 minutes appea r obtainable f o r electron conve rsion at 

40 MeV followed by pos itr on acceleration through an 

a ddi tional 40 MeV. 



--

1 1 - 3-
Longitudinal polarization at the interaction point 

is produced by a series of vertical and horizontal bending 

magnets making up the spin rotator. The rotation is produced 

by a straightforward sequence of 900 vertical and horizontal 

bends where the angles refer to the helicity precession 

angles arising from the g-2 of the electron. The rotator 

is integrated into the lattice in such a way that it preserves- the natural polarization of the beam by minimizing the effects 

of what is termed stochastic depolarization. The polarization 

level for the present design has been calculated using the 

computer code 'SLIM' * to be 78%. This design represents the 

achievement for the first time of a substantial degree of 

-- polarization in a ring capable of producing longitudinally 

polarized electrons at high luminosity in e-p collisions.- The polarization time is 29 minutes. The polarization time 

can be shortened and the polarization level raised through 

the introduction of kink magnets in the main ring arcs. 

Details of the spin rotator and cancellation of the effects 

of stochastic depolarization are given in Sec. II. 

- The free space available for the insertion of the 

experimental detector is + 6.5 m. This is the distance 

separating the symmetrically located focusing doublets 

which are the last optical elements the electron beam sees 

* computer code provided by A. Chao. See also A.W. Chao, 
"Evaluation 	of Radiative Spin Polarization in an Electron 
Storage Ring", SLAC-PUB-2564 (1980). 

-
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before passing through the interaction point. The inter

act ion r egion itself is designed to keep the operation of 

the proton and electron machines as independent as possible 

a nd to minimize the amount of radiation reaching either the 

detector or the superconducting elements of the Tevatron. 

We propose to bring the electrons into collision with 

the protons at the center of the straight section DO (Fig. 1 . 1). 

In the present Tevatron design, this straight section contains 

the high beta insertion and equipment necessary for extracting 

the pro ton beam during fixed target running. We propose that 

a low beta insertion be installed yielding S * = S * = 6.0 m. 
x y 

This can be done leaving a free space of + 20 m for installa

tion of the electron beam optics. Dipole magnets within this 

reg i on are arranged so as to bring the electron beam i nto the 

Teva t ron while at the same time limiting the amount of 

radiation striking the Tevatron to less than 11 W. The 

p e r turba tion to the proton orbit caused by passing through 

several of the electron ring magnetic elements is easily 

c orrected. 

A. 	 Electron Storage Ring 


Lattice 


The overall dimensions and layout of the ring are shown 

in Fig. 1.2. The ring is a racetrack design consisting of 

two main a rcs of mean radius 145 m, an insertion region of 

leng th 282 m containing the spin rotators and the l ow beta 
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interaction point, and a 282 m long off-side straight 

section containing the rf and injection systems. 

The guide field in the arcs is based on the standard 

FODO cell shown in Fig. I.3. The cell shown provides a 

900 phase advance/cell. The required quadrupole gradient is 

11.0 T/m for the 80 cm long quadrupoles shown, and the magnetic 

field in the dipole is 0.35 T. The possibility of replacing 

some fraction of the dipoles with higher strength 'kink' 

magnets is discussed in Sec. II. The lattice functions in 

the arcs are shown in Fig. I.4. The arcs each contain 36 of 

the standard cells already described as well as dispersion 

suppression cells at each end. The exact structuring of the 

dispersion suppressors is discussed in the following chapter -
on Polarization. 

, 

The insertion region 1S shown in Fig. I.5. The insertion 

1S designed to allow the rotation of the transversely polar ized 

circulating electrons into either of the two possible helicity 

states while at the same time satisfying the requirements of 

a minimum beam size (a ~ 0.14 rom) at the interaction pointx,y 

and soft bends near the interaction region. We have shown 

in the figure the location of both the electron and proton-
beamline elements. The placement of the electron beamline 

elements is symmetric around the interaction point with the 

exception of the rotator magnets which are placed anti-

symmetrically (for improved polarization). The separation 

-
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between the two beams is 26 cm at the helium turnaround 

box preceding the first Tevatron quadrupole, and is 50 cm 

at the entrance to the electron dipole labeled H3. The 

electron beam elements located upstream of H3 are s een by 

the proton beam and are discussed in the following section. 

Figure I.S also shows the lattice functions through 

the insertion region. The values of the beta functions at 

the interaction point are A * = 0.6 m, f3 * = 0.75 m, corres ~x y 

ponding to a beam size of Ox = 17 mm, 0y = 14 mm. The 

maximum value of beta throughout the insertion region is 

165.9 m horizontally and 400 m vertically. The corresponding 

maximum beam size is 87 mrn horizontally and 95 mm vertically 

(+ 15 0 ). The dispersion function and its derivati ve are zero 

in both directions at the interaction point. The insertion 

contains a 56 m long quad-free region in which the rotator is 

situated. The point in this region at which alpha is equal 

to zero i s also the point at which the phase advance relative 

to the interaction point is exactly 2rr , both horizontally and 

vertically. The reason for designing the insertion in this 

manner is to cancel the contribution to the stochastic 

depolarization as is discussed in the following chapter. 

The off-side straight section is shown in Fig . 1.6. It 

contains two 20 m long free regions, one of which accommodates 

the rf system and the other to be used for injection from the 

booster/accumulator. The lattice is designed so that the 
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vertical phase advance is an integer times 2rr through 

the straight section. Once again this is done for reasons 

related to the polarization and is discussed in the following 

chapter. 

,--
The tune of the electron ring is ~ 

x 
= 29.1, ~ 

y 
= 29.7. 

The high tune is necessitated by the need for a low emittance 

to match the beam size to the proton beam. The tune can be 

controlled through adjustment to the quadrupole magnets 

located in the off-side straight section. The chromaticity 

will be controlled by sextupole magnets placed immediately 

following each quadrupole in the standard cells. The natural 

chromaticity is ~-50 both horizontally and vertically in the 

6 
present design. The emittance is € / = 0.050 x 10- m x rr 

horizontally and € / ~ 0.025 x 10-6 m vertically, and the y rr 
-4 energy spread is 8.6 x 10 . 

Intersection Region 

The intersection region has been designed with the 

following considerations in mind: 

1. Changes to the Tevatron lattice should be minimized. 

2. The electron beam should yield the highest possible 

luminosity consistent with 1, while leaving sufficient free 

space for the detector. 

3. The operation of the proton and electron machines 

- should be kept as independent as possible. 

4. The amount of synchrotron radiation reaching either-
the detector or the superconducting elements of the Tevatron 

- should be kept to a minimum. 
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The p ropo s e d Teva t ron lattice (Des ign Report 1979) 

includes six s t r a ight section, AO through FO. Both BO and 

DO are availabl e f or col l i d i ng b eam experiments. Si nce BO 

is o ccupied b y the COP, we propose t o bring electrons and 

protons i nto coll ision at the center of the str a ight section 

DO. I n t he present design, this straight sect ion contains 

a high beta insertion and the e qu ipment necessar y for extracting 

the p r o ton beam during fixed target runni ng. We p ropos e t h at 

a low beta insertion be insta lled y i e lding e * = e * = 6.0 m. x y 

Since the proton beam emi ttance is e xpected t o be e/ rr = 0.02 

6 x 10- m (95%) , t he rms beam siz e is 0.14 mrn in both dimensions 

as has been assumed i n the earlier sections. The required 

arrangement of proton qua d rupoles is shown i n Fig . I.7. The 

quadr upol e d oublet nearest t he interaction point is removed 

and replaced wi th a triplet o f stronger quads. Note that this 

t rip l et runs at the same current as the rest of the l a t tice 

and t hat these quad s a r e of the three shell configuration that 

has already been manufactured and tested. After leaving 

adequa te space fo r power leads, warmup box , a nd he l i um turn

around, we a r e left wi th a free space of + 20 m. 

The arra ng eme nt of dipole magnet s i n the electron ring 

i s shown in Fig. 1 .8 . The s olution i s s i mil a r to tha t proposed 

in t he CHEER Report. Magnet s HO, Hl, and H2 fi ll most of the 

di s tance from the i nteraction point to the first proton quad

rupo 1e. Magnet HO is a 1 3 m, 51 G mag ne t which is centered 

on the interaction point. Part of i t s rad iation s t rikes the 
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superconducting Tevatron magnets. However, HO bends sufficiently 

that radiation from magnets Hl and H2 can be shielded from 

the Tevatron magnets. HO, Hl, and H2 bend the electron beam 

by 1 mrad, 13 mrad, and 30 mrad, respectively. The radiation 

characteristics of these magnets are given in Table I.3. 

It is unavoidable that some synchrotron radiation enters 

the Tevatron beampipe. To reduce it as much as possible, a 

mask matched to the bend angle of HO is placed just upstream 

of the first Tevatron quadrupole (see Fig. I.8 ). The proton 

beam size at this point is 0.5 mm (rms). A 2 cm hole is 

adequate and subtends 1 mrad at the intersection point, 

allowing 11 W of direct radiation to impact upon the second 

and third dipoles from the interaction point. The illuminated 

area is a horizontal ribbon ~ 10 m in length. Since the 

radiation level is proportional to the square of the aperture 

of the mask, it may be possible to decrease the power to a 

few watts if necessary. 

The proton beam is allowed to pass through magnets HO 

and Hl. By the start of H2 the two beams are separated by 

4.3 cm. This is sufficient space to make H2 a septum magnet. 

The perturbation to the proton beam by HO and Hl is corrected 

by a pair of proton dipole magnets, HA and HB. This magnet 

arrangement is symmetric arou nd the interaction point. 

The proton b e am is also allowed to pass through the 

electron quadrupoles Ql and Q2. This produces a small 
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perturbation of the proton orbit which is corrected b y 

adj u stments in the proton tripl et and dipoles HA and HB. 

Table I .4 gives the proton quadrupole settings f or typical 

examples of e l ec tron quadrupole settings at 10 GeV and at 

o GeV. It is seen that the correction to the proton orbi t 

to c ompensate for the effects of the e lectron beam e l e ments 

i s nearly independent of energy so that either beam can 

be injected, ramped, and stored i n t h e p r esence of the 

othe r. 

Vaccum System 

The vacuum system is required to mainta in an average 

pressure of about 10-8 Torr in order to i nsure a beam l i f e-

time due to beam-gas bremsstrahlung of greater tha n 10 hours. 

The beam lifetime due to beam-gas bremsstrahl ung can be 

cal culated i n t e rms of the probabili ty o f an electro n 

emitting a photon of energy greater than t he energy aperture 

of the machine upon colliding with a residual g as molecule : 

1.58 x 10-7 X /(P'M) 
T = 0 hours 


B _ ~f-0.625+f+0.375f2 


where X is the radiation length (g/cm), M i s t he mol ecular 
o 


we i ght (g), P is the pressure (Torr ) , a nd f i s t he ratio of 


the energy aperture to the beam energy. I f we a s s ume the 


res i dual gas is 75% H2+ 25% CO, we get 


22.7 x 10-8 

TB = P(Torr) hours 


Note that the calculated beam lifetime is a strong funct ion 
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of the molecular composition of the residual gas. So we 

estimate conservatively a beam lifetime of 10 hours for 

-8 a vacuum of 10 Torr. 

The main gas load arises from gas desorption f r om the 

vacuum chamber walls due to synchrotron radiation. The load 

1n the arcs where the majority of the radiation is emitted... 
131S calculated to be 1 .7 x 10 mo1ecules/sec/ m (at 10 GeV) 

assuming a desorption coefficient of 6 x 10-5 , This translates 

-7into a gas load of 4.7 x 10 T·L / sec/ m. A pumping speed of 

47 L/ sec/m 1S sufficient for producing an average pressure 

8
of 10- Torr. By scaling from the CESR design study, we 

estimate the thermal desorption to be 2.6 x 10-8 T·L /sec/m. 

Additional pumping capacity of 2.6 L/ sec/m is needed to 

8maintain a pressure of 10- Torr. The total pump capacity 

required (~ 50 L/sec/ m) is readily obtainable using distributed 

ion pumps following the design of either CESR or PEP. Commer

cia11y available ion pumps can be installed at each quadrupole 

to serve as holding pumps when the magnetic fields in the 

dipoles are either low (as at injection) or turned o ff . 

The vacuum chamber can be simply copied from the existing 

CESR chamber. Figure 1.9 shows the chamber as taken from the 

CESR design study. The vacuum chamber is made of extruded 

aluminum. A water channel is built into the chamber for 

cooling the wall exposed to synchrotron radiation. The pump 

chamber as extruded is isolated from the beam region by a 

solid wall so that the chamber can be made continuous through 



II~2 

the quadrupole magnets by simply cutting away the pump 

chamber. The solid wall between the pump and beam chamber s 

is then slotted in the regions residing within the dipole 

magnets. Bakeout procedures for reducing the desorption 

coefficient to the desired level have been developed at 

CESR and PEP. 

Pressures of about 10-10 Torr are needed in the inter

action region to minimize backgrounds in the detector. This 

can be achieved by a combination of large sublimation and 

ion pumps , and by use of a suitably designed stainless steel 

vacuum chamber. 

Rf System 

The design of the rf system is influenced by a wide 

variety of desires. These include maximizing the quantum 

lifetime of the beam, optimizing the reSUltant bunch length, 

minimizing the synchrotron oscillation tune, and maximizing 

the shunt impedance. In addition the state of the availabl e 

technology is a prime consideration as well as is ease of 

construction and cost. We have decided that the constraints 

put on the rf system both by our ring design, and by cost 

and construction considerations can be best satisfie d by 

basing our design on the existing CESR system. 

At 10 GeV the synchrotron radiation loss per turn is 

11.4 MeV/turn. In addition there are significant losses 

due to interaction of the beam with the induced currents 

in the vacuum chamber and cavity walls. We have estimated 
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these higher-order-mode losses by scaling from SPEAR 

where this effect has been looked at in some d etai l. We 

estimate that the characteristic impedance associated with 

such losses is about 8 Mn for our ring and the r f sys t em 

to be used. For a circulating current of 0.25 A, this 

gives an additional energy loss of about 2 MeV/turn, for 

a total energy loss per turn of about 13.4 MeV/turn. 

The relevant characteristics of the rf system are given 

in Table 1.5. We have chosen to run the rf system at a 

voltage of 17.5 MV and a frequency of 496 MHz. The over

voltage 1S sufficient for producing a beam lifetime due to 

quantum fluctuations in the e mi ssion of synchrotron radiation 

in excess of 1,000 hours. The above estimate of the higher 

order mode losses is based on the 1.1 cm bunch length listed 

in the table and does not inc l ude any bunch lengthening 

effects. The synchrotron o s c illation frequency is 4.3 kHz 

at 10 GeV and 12.6 kHz at injection. Since the revolution 

frequency is 204 kHz the associated synchrotron tunes are 

0.022 and 0.062, respectively. 

The CESR cavity is a ~ mode, parallel coup led structure 

built in modular form. Each module contains 14 cells, a coaxial 

coupling line, and a higher-order-mode load at one end. The 

strong coupling of each individual cavity cell allows tuning 

by a single capacitively coupled stub off the r esonant 

coupling line, and also allows for the removal of energy 
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from unwanted higher-order-modes through a load coaxial with 

the coupling line but i solated by a rejection filter for the 

accelerating mode. Almost no energy is transfe rred along 

the beam tube. 

The CESR cavity is also very attractive because of the 

ease of fabrication and t he mechanical simplicity. Half 

cells can be formed by stampi ng of copper sheet and the two 

halves are then welded together. Cooling is effected by 

immersing the structure in a simple water tank. An entire 

module is about 4.2 m long . 

A tota l of seven modules would be used to provide the 

13.4 MeV energy loss of the electrons. This requires a total 

cavi ty length of 29.4 m. These cavities will reside in the 

dispersion free regions of the off-side straight section. 

The shunt impedance of the cavity is about 27 MO/M. The 

total shunt impedance i s 800 Mn and the wall losses are thus 

0.40 MW. The total power requirement is the n 3.75 MW. This 

power would be suppli e d by eight 500 KW, 500 MHz klystrons. 

Magnets 

The total number of magnetic elements in the ring is 631 . 

This includes 191 dipole magnets, 245 quadrupole mag nets , 

and 144 sextupole (correction) magnets. Details of the magnet 

construction have not b een worked out at this point although 

we expect no problems when this is done since all magnets are 

of conventional design. A description of the general charact

eristics of these magnets is given in Table 1.6 and is discussed 

in the remainder of this section. 
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The main arcs of the storage ring contain 156 full strength 

and 8 half strength dipoles. These magnets have a length of 

3.7875 m and magnetic fields of 3.46 kG and 1.7 3 kG respectively. 

We anticipate these being C-type magnets in o r der t o prov ide 

ease of access to the vacuum chamber. An aperture of 65 mm 

x 190 mm as in the CESR design is more than adequate f or 

containment of the beam within the vacuum chamber. Since 

these magnets are nearly identical to the e x isting CESR 

magnets in the desired field strength, lengths, and aperture 

requirements, an adaptation of the CESR design seems to be 

the most straightforward solution. The remaining dipoles 

consist of 8 horizontal and 8 vertical rotator magnets of 

equal field strength but twice the length of the main arc 

magnets, 8 interaction region dipoles with field strengths 

ranging from 1 kG to 3.3 kG, and one 13 m long 51 Gauss 

magnet at the interaction point. The rotator magnets could 

be made up of two main arc dipoles, the low field dip ole at 

the interaction point is simply a long wire coil, and the 

interaction region magnets would, with the exception of H2 

which must be a septum magnet, be simple variations on the 

main arc dipoles. 

The 195 quadrupole magnets in the main arcs and the 

off-side straight section are each 80 cm long wi t h a bore 

radius of 40 mrn and a field gradient of 110 kG/m (2.8 k G/in.). 

The aperture needed to contain the electron beam is actually 
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considerably less than that available (the maximum rms beam 

size in the arcs is 1 rom), howeve r the full +40 rom is needed 

to c ontain the pre viously d e scribed vacuum chamber . In 

addition to the standard cell quadrupoles, there are an 

extra 50 quadrupoles located within the two straight sections 

on either side of the machine. These magnets range in length 

from 30 cm to 100 em, with gradients ranging from 5 kG/m up 

to 125 kG/me The maximum aperture required in any of these 

magnets is + 47 rom (+ 15 a ). Since the requirements of these 

quadrupole magnets make them nearly identical to those used 

in the CESR ring, we again suspect that a simple adaptation 

of the CESR design is the most reliable and easiest course 

to follow. 

Sextupole magnets need to be placed adjacent to each 

quadrupole magnet i n the main arcs in order to compensate for 

the natural chromaticity of the machine. As in the case of 

the dipole and quadrupole magnets, we point out that these 

magnets are completely conventional in terms of their field 

and aperture requirements and should present few design or 

construction problems. 

B. Injection System 

Electrons/positrons are injected i nto the electron 

storage ring at 2.0 GeV. The injection system consists of 

a 40 MeV (+ 40 MeV for e+) linac followed by a 2.0 GeV, 

rapid cycling (30 Hz) booster accumulator ring. The linac 

is capable of accelerating up to 1 A instantaneous current 

during a 1.41 ~s pulse for posi tron generation. Less 
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current (50 rnA) 1S needed for electron filling. The booster 

. 1 t f . b h . . 1 0 -/ +C1rcu a es 1ve unc es conta1n1ng 8.8 x 10 e e, each of 

which are filled via five turn injection from the linac at 

40 MeV (i.e. a 1.41 ~s pulse) and accelerated to 2.0 GeV. For 

positron filling the linac/booster system is cycled at 30 Hz 

- until the requisite number of e+/bunch is obtained. Radiation 

damping in the booster provides adequate cooling of the 

positrons during a single booster cycle to allow injection 

of positrons into the booster at this rate. For electron 

filling, one cycle is adequate. 

Booster Ring Lattice 

The booster ring lattice is shown in Fig. I.lO, and the 

design parameters are listed in Table I.7. The ring is 

strong focusing, and has a circumference of 84.68 m composed 

of two arcs of 10.77 m mean radius and two 8.47 m long 

- straight sections. One straight section is used for 

extraction and housing the rf, the other 1S used for injection. 

The standard cell used is shown in Fig. I . I l. The r ing 

contains 16 bending cells and 2 straight sections, requiring 

a total of 32 dipole and 42 quadrupole magnets. The betatron 

and dispersion functions are given in Fig. I.12. The maximum 

beam size through the ring is 2.6 rom (rms, fully damped). 

The damping time for the betatron oscillations is 1.4 x 10- sec 

for a 40 MeV to 2 GeV cycle, so that one complete cycle at 

30 Hz represents 2.4 time constants. 

3 
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Linac 

The electron linac is a 40 MeV side coupled, standing 

wave structure capable of accelerating up to 1 A instantaneous 

current. Such linacs operating at 20 MeV presently exist 

at both LASL (in the AT Division) and at Argonne (in the 

Chemistry Dept.). The linac requires two 25 MW klystron 

power supplies which are pulsed for 1 .41 ~s at 30 Hz (duty 

-5cycle = 4.3 x 10 ). The electron s entering the accelerating 

structure must have a bunch structure matched to the 17.7 MHz 

bunch frequency of the storage ring. This can be done either 

by chopping the beam entering the l inac or b y modulating the 

electron gun directly. The preferred linac pulse structure 

is described by 25 consecutive bunches separated by 56.5 ns 

10containing 1.8 x 10 electrons each and h avi ng a width of 

- 15 ns. The average current in such a pulse is 50 rnA and 

the pulse is 1.41 ~s long. Eighteen such pulses are 

sufficient for filling the storage ring with electrons. 

Positron Filling 

For positron f illing the linac is ope rated at 1 A 

instantaneous current, i . e. the electron bunches described 

above now contain 3.6 x lOll electrons each. We have 

calculated the positron yields for electrons of this (and 

other energies) by a Monte Carlo shower simulation which 

has been checked against Messel and Crawford at higher 

energies (50-500 MeV range). The calculated yield of e+ 

from 40 MeV e- into a ~ 1% momentum bite (assuming a 1 rad 
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length converter followed by an additional 40 MeV of 

acceleration) is 8 x 10-4 e+/e-. So assuming fi ve tu rn 

injection into the booster, the number of e+/bunch 

9
accumulated in the booster is 1.4 x 10 for each linac 

10
pulse. Since we desire 8.8 x 10 positrons in a bunch 

to reach the design luminosity, it takes 63 linac pulses 

to accumulate five full bunches in the booste r . As a 

contingency, we assume that the transfer efficiency between 

the linac and the booster is only 50% in calculating the 

storage ring filling time. Then the time required to fill 

the storage ring is: 

t 
63 = 0.5 x 

1 
30 Hz x 18 = 76 sec 

We have also calculated the filling time for conversion at 

20 MeV to be ~ 5 minutes. Comparisons between these estimates 

and presently operating sources at the National Bureau of 

Standards (conversion at 55 MeV) and CESR (conversion at 1 50 

MeV) lead us to believe that the calculated fil l i ng times 

are certainly good to within a factor of four. So filling 

times of under 10 minutes appear readily obtainable. 

Positron injection at 40 MeV requires r eaccele ration 

following conversion. The most straightforward way of doing 

this is to add 40 MeV of linac following the converter. 

Because of the small value of the positron current to be 

accelerated, at most one additional klystron is needed. 
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Injection I nto Booster 

The elements used to inject into the booster are shown 

in Fig . 1.13. In j e ction occurs i n one of the booster straight 

sections at a point where both ~ and a a re z ero. The x x 
dimensions are determined by the emittance of the posi t ron 

beam as it comes out o f the linac whi ch we have estimated to 

be € / = 50 x 10-6 m (95% level). Two bumpe r magne ts are x ~ 

used t o displace t he orb it 3 cm (hori zontally) f rom the d e sign 

position. Ele ctrons and positrons a re injected via an 

electrostatic s eptum. Since the i njection schemes we have 

been working with typically fill 60% of the available phase 

space, the effective emittance o f the injected positron beam 

6
is € / = 420 x 10- m (95% l evel). Since beta at the x ~ 

injection point is 3. 55 m, t he injected beam size is + 38 . 6 

rom. During one boost er cyc l e , the beam size shrinks to 

+ 3.7 mrn and so e asil y clears all apertu res during t he 

subsequent injection and acceleration cycles. 

Extraction and Injection Into storage Ring 

Extraction from the b ooster occurs in one turn and 

r equires one kicker and one septum magnet as shown i n 

Fig . 1.14. The beam is fully damped at extraction and the 

-6emittance is € / = 0.43 x 10 m. The maximum beam size x ~ 
through the electro n storage ring at injection is thus 8.5 rom 

rms (at the interaction region quadrupole where ~ = 166 m) . x 

However, the beam is quickly dampe d as i t circulates through 

the storage ring. The damping time of the storage ring at 

the 2.0 GeV injection energy is 1.1 sec. 
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The bunch length in the booster is 9.9 cm (rms) and the 

energy spread is 1.5 MeV (rms). This matches reasonably well 

into the aperture of the storage ring which is 56 cm x 65 MeV. 

If necessary, the bunch length can be reduced somewhat by 

increasing the rf system voltage. 

Rf/Magnets/Vacuum 

A general overview of the requirements of the rf and 

magnet systems has been given in Table 1.7. 

The rf system will operate at a frequency of 53.1 MHz 

and a voltage of 510 kV. Since the energy loss per turn is 

255 keV, this represents an overvoltage factor of two. The 

voltage was chosen to keep the bunch length under 10 cm. 

The total power delivered to the beam will be about 64 kW 

(somewhat higher if higher-order-mode losses are included). 

The total number of magnets in the ring is 102 including 

32 dipoles, 42 quadrupoles, and 28 sextupoles. The dipoles 

are 1.1 m long and are required to run at 12.0 kG. The 

dipole magnets are all identical and will be H-type magnets 

with a 5 cm x 15 cm aperture. 

The ring contains 30 quadrupoles in the standard cells 

and 12 in the straight sections. The standard quadrupoles 

are 36 cm in length and require a field gradient of 130 kG/m 

(3.3 kG/in.). The straight section quadrupoles come in three 

types with lengths of 36 cm, 50 cm, and 36 cm, respec

tively. The corresponding gradients required are 114 kG/m, 
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120 k G/m, and 114 kG/m e The aperture requi red through al l 

quadrup oles is determined by the emittance o f t he positron 

beam at injection. Apertures of about 130 mm (diameter ) are 

nee ded in al l qu a d rupo l es to guarantee good acceptance for 

positrons. 

The cons train t s on the v acu um syste m needed for the 

booster ring are very dif f erent from those of t he storage 

ri ng. Because the bea~ never needs to be s t ore d f or longer 

than 10-20 minu t es (during positron accumulat i on) t he 

requ irement on the average pressure through the ring is 

-7less stringent. An average pressure of 10 Torr is adequate 

for ins uring a beam li f etime o f an hour . Interes tingly 

enough, the l inea r g a s load due to synchrotron radiati on 

induc ed desorptio n from the walls is a lmost i dentical to 

that in the storage ring (since the higher bendi ng per meter 

almost exact l y compe nsates for the lower energy) . But the 

low magnetic fi e ld at booster i njection (240 G) and the 

need to cycle rap idl y appear to argue ag a inst an aluminum 

(or stainless s t eel ) vac u um chamber with di s tribu t ed ion 

pumps, and f or a ceramic chamber. commercially availab le 
-7

ion pumps are adequate for maintaining a v acuum o f 10 T. 

The total gas load on the ri ng c a lcu l ated under t he 	same 

-5
assumptions as those used in Sec . I . A is 3 .6 x 10 T·L/ 

sec. A total pumpi ng capacity of 360 L/sec is ne eded to 

-7maintain an average pressure o f 10 T. 



Table I.l. Electron Ring 

Ring 

Energy 	 (Injection/Peak)-
Number of Bunches 

Bunch Separation 

Bunch Frequency-
Revolution Frequency 

Electrons/Bunch 

Circumference 

Emittance € /rr (rms)
x 

€ /rr (rms)
y 

Energy Spread o€ / € 

Tune V x /v y -
Momentum compaction a 

Beam-Beam Tune Shift 6v 
x 

8Lifetime (@ 10- Torr) 
,. 

Quantum Lifetime 

Polarization Time 

Equilibrium Polarization 

Interaction Region 

~x/~y Max 

~ /~ at I.P. x y 

Ox/Oy at I.P. 

e+ Filling Time 

Parameters 

/6V
y 

II - 23 


2/10 GeV 

87 

16.936 m (56.6 ns ) 

17.701 MHz 

203.6 	KHz 

10
8.8 x 10 (0.25 A) 

1473.4 m 

0.051 mm-mrad 

0.024 mm-mrad 

8.7 x 10-4 

29.1/29.7 

-31.18 x 10 

0.024/0.030 

> 10 hrs 

> 1000 hrs 

29 min (18 w/kinks) 

78% (83% w/kinks) 

166/400 

0.6/0.75 

0.17/0.13 

< 10 min 

http:0.17/0.13
http:0.6/0.75
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Rf System 

Energy Loss/Turn 13.4 MeV 

Voltage 17 .5 MV 

Frequency 4 96 MHz 

Harmonic Number 2436 

Synchrotron Tune ~ (Inj ection, Peak ) 0.062, 0.022 
s 


Bunch Length 0- 1.1 cm 

s 


Power Into Beam 3 .35 MN 




,... Table 1.2. 

Protons: 

Luminosity 

Energy (GeV) 

Protons/Bunch 

Bunch Freq. (MHz) 

- Current (A) 

Beam Size ° x (rnrn) 

Emittance 

0y 

8/~ (rnrn-mrad-95%) 

Electrons: 

Energy 

Electrons/Bunch 

Bunch Freq. 

Current 

Beam Size ° x 

0y 

Emittance 8 /~ (rms)
x 

€ /~
y 

2 )-1Luminosity (cm sec 

Tune Shifts 

11- 25 

1000 

10
6.9 x 10

17.7 

0.20 

0.14 

0.14 

0.020 

6.0/6.0 

10 

108.8 x 10

17.7 

0.25 

0.174 

0.133 

0.051 

0.024 

0.6/0.75 

10314 x 

0.024 

0.030 

0.0023 

0.0029 

http:0.6/0.75


Table 1. 3. Interaction Region Magnets 

Radiated critical # of RadiatedDipoles # B(kG) L (m) Power (w) Energy Photons/Bunch 
{keV~ 

HO (air coi l) 1 +0.051 13 11. 2 0.4 0.36 x lOll 
3 

101 2 HI 2 +0.963 4.5 1.4 x 10 6.6 0. 24 x 
12H2 (sept um) 2 +2 .00 5. 0 6. 6 x 103 1 3.7 0.55 x 10

4 12H3 2 -3.42 4.4 1.6 x 10 22.9 0.81 x 10
3 101 2 84 2 +1.65 6.0 5. 4 x 10 11.3 0.5 5 x 
3 12H5 2 -1.65 6.0 5.4 x 10 1 1. 3 0.55 x 10
4 101 3 HR+ 4 +3.4 2 6.75 2.6 x 10 23.4 0.13 x 
4 1013HR- 4 -3.42 6. 7 5 2. 6 x 10 23 .4 0.1 3 x 

1013VR+ 4 +3 . 42 6.75 2 .6 x 104 23.4 0.13 x 

1 013VR- 4 -3.42 6.75 2.6 x 104 23.4 0.13 x 

Quadrueoles .Jt.... Gradie n t (TLM} Length (m} 

Ql 2 1 2.17 1.00 
Q2 2 11. 62 1. 00 
Q3 2 12. 26 0. 30 
Q4 2 10. 53 0. 30 
Q5 2 10.94 0. 6 3 
Q6 2 11.14 0.63 
Q7 2 11. 36 0. 6 3 
Q8 2 10 . 6 2 0.63 
Q9 2 1.1 3 0.30 
Q10 2 0.56 0.10 
Ql l 2 9.64 1.00 
Q12 2 9 . 94 1.00 H 

Q13 2 2.16 0. 30 H 
I 

Q14 2 8.99 0 .6 3 IV 
0"1 



11-27 


Table 1. 4. Description of symmetric Proton Triplet 

-

-
Element 

Distance 
from Magnet 
Center to 
Interaction 
Point (m) 

Magnet 
Length 

(m) 

Magnet 
Gradient 
(kG/m, 10 GeV 
Electrons) 

Magnet 
Gradient 
(kG/m, 0 GeV 
Electrons 

D Quad 

F Quad 

D Quad 

23.29 

29.10 

34.48 

4.58 

5.21 

1. 58 

1001. 

1001. 

1001. 

1000. 

1001. 

1002. 

-


-
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Table 1. 5 . Rf Sys t e m 

Energy Loss/Turn 13.4 MeV 

Vo ltage 17 .5 MV 

Frequency 4 96 MHz 

Harmonic Number 24 36 

Synchr o t r on Tune (inj, full) ~ 0. 0 62, 0.0 2 2 s 

Bunch Length (0 ) 1.1 cm 

Energy Acceptance 65 MeV 

Quantum Li f e time > 1000 hours 

Power I n t o Bea m 3 . 35 m 

Cavity Shunt I mpeda nce 800 MO 

Total Length 29. 4 m 

Number o f Modules 7 

Total r f Powe r 3. 75 m 



-
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Table 1. 6. storage Ring Magnets 

Magnet Length (m) 
Field 

(kG or kG/m) --.L Comments 

-
r-

Dipoles 

H 

H5 

HR 

HO 

H1 

3.79 

3.79 

6.75 

13.0 

4.5 

3.46 

1. 73 

3.42 

0.051 

0.963 

156 

8 

8 

1 

2 

Standard 
Dipole 

Dispersion 
Suppressor 

Rotator 

Interaction 
Region 

" 

- H2 5.0 2.00 2 " (septum) 

- H3 

H4 

4.4 

6.0 

3.33 

1. 65 

2 

4 

" 

" 

VR 6.75 3.42 8 Rotator 

-
r 

QuadruEo1es 

QF 

QD 

Q 

SextuEo1es 

0.8 

0.8 

0.3-1. 0 

0.2 

110 

112 

5.-120. 

0.4 kG/cm
2 

97 

98 

50 

144 

Standard 
Quad 

" 
Interaction 
Region 
Dispersion 
Suppressor 

(see Table 1. 3) 

-



- - - - - ---- -

Table 1.7. Booster/Accumulator Parameters 

Ring 

Energy (Injection/Max) 


Number of Bunches 


Bunch Frequency 


Revolution Frequency 


Ele ctrons/ Bunch 


Circ umference 


Emittance I: / v 

x 

Energy Spread a / E e: 0 

Tune \)x/\)y 


Mome ntum Compaction a 


t3 max 


T'lmax 

Maximum Beam Size a 

x 
Effect i ve Damping Time ~x 


Cyc le Rate (Filling) 


rf System 

Energy Loss/Turn 

Voltage 

Power to Beam 

Frequency 

Harmonic Number, k 

Synchro t ron Freq u ency 

Synchrotron Tune \)s 

Bunch Length 

Quan tum Lifetime 

Beam Life time at 1 x 10-5 

Magnets 

Bend Radius p 

Dipole Field (I nj / Ful l) 

Quadrupole Gradie nt 

NUmber of Dipol e s 

Number of Quadrupo1es 

Number o f Sextupoles 
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0. 04/2.0 GeV 

5 

17. 7 MHz 

3.54 MHz 

8.8 x 1010 (250 rnA) 

84.68 m 

4.3 x 10 - 7 m 

7.3 x 10-4 

5. 17/5.29 
25.4 x 10 

7 .0 m 

2. 2 m 

2.1 mrn 
1. 4 x 10-2 sec 

30 Hz 

255 keV 

510 kV (¢ == 30°)
s 

64 kW 

53 .1 MHz 

15 

18.89 KHz 

0 .0053 

9. 9 cm 

2.5 hours 

5.56 m 

0.24/12 kG 

1 3 T/m 

32 

42 

28 
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Figure captions 

Dimensions and location of the proposed 10 GeV 

electron storage ring. 

Layout of the storage ring. I is the interaction 

region, Rand R the polarization rotators, A the 

main arcs, D and D' the dispersion suppressors, and 

SS the off-side straight section. 

Standard FODO cell for the electron storage ring. 

Lattice fUnctions for the main arcs including 

dispersion suppressors. 

Magnet placement and lattice functions for the 

interaction region and rotators. Note that the 

transverse and longitudinal scales are not the 

same (see also Fig . 1.8). 

Lattice fUnctions for the off-side straight section. 

Tevatron insertion for producing ~p * = 6.0 m. 

Detailed view of the interaction region. 

CESR vacuum chamber (taken from CESR design 

report) . 

Booster ring 

Booster ring 

Booster ring 

lattice. 

cell. 

lattice functions. 

Booster injection/extraction. 
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I I . Polarizat i o n 

Ph ys i c s conside rati o ns mak e t h e ab i li t y to produce 

longitudinal l y p o lariz ed electrons a t t h e i nte raction poi nt 

an i mpor t ant goal in the desig n of t he stora ge ring lattice. 

I n h igh ener gy electron stora ge r i ngs, transverse polarization 

occur s na t u r al ly (a t a level of 92 .4%) via the Sokol ov-Ternov 

mec h a nism. Rotati o n of t he spin t h r o ugh 900 to produce 

long i t udinally pol a r i zed e lec t r o n s i s e a sily accomplished by 

a c ombi nation of horizontal and ve r tical bendi ng magnets 

near the interac t i o n region. Unfo rtu nat ely t he pre sence of 

these rotator magnets l e a d s to several e ffec t s whi ch tend to 

r e duce t he equil i b rium value of the p olari z a t ion in the ring, 

a nd wh i ch if not dea l t with carefully can destroy i t completely . 

We h a ve developed a set of r ule s whic h when f ollowed in the 

de s ign of the lat t i c e minimize such depol ariz ing e f fects. 

The ring presente d in this proposal p r oduces longi tudinally 

pol a rize d electron s f or i nte raction wi t h Tevatron protons 

wi t h a polarization level of 78% a nd ab s olut e l y no sacri f ice 

in l umi nosi ty . The e qui l i b r i um polar izat ion level obtainable 

c a n b e raised to ~ 83% through sui table p lacemen t of kink 

ma g ne ts wi t hi n t he latt i ce. 

A. Tra n s ver s e Pola r izati on 

Tr ansver s e p o larizatio n develops natural ly in electron 

s torag e ri ngs becau se in the synch r o tron rad iation process 

there is a n a symmetry in the s p i n-flip rates for up ~ down 

or down - up trans i tions (whe r e down and up are defined with 
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respect to the magnetic field lines). The result is such 

that electrons become polarized with their spins antiparallel 

to and positrons with their spins parallel to the magnetic 

field. The polarization level as a function of time is 

given by 

8 ( -T 11"p(t) = 5/3 l-e P) = 92.4% (l-e -t/1"p) 

where 

1"p 

For our machine the polarization time, 1" , 1S about 30 min. 
...... p 

In the presence of depolarizing effects this expression 

becomes modified to read, 

p(t) = p 
o- where 1"n 

p 92.4% --"'-
o 1" +1"n p 

and 
1 1 + 1= 

1"p 1"D 

Clearly it is desirable to have the depolarization time, 

1"D' as large as possible. 

B. Longitudinal Polarization 

The helicity of an electron can be changed by sending 

it through a magnetic field which is not parallel to its spin. 

To see this, we write down the equation of motion for a spin 

under the influence of a magnetic field, 

\) +1 \)0 A.. A. ....d~ __0 __ B x s + -- V (V·B)= dz Bp Bp 
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where B i s t h e mag ne tic fi e ld, Bp is the magne tic rigidity 
-t 

of the electron , v is its velocity, and ~ =~(g-2} /2 . Since 
o 

g-2 for the electron i s non - z ero , the precession of t he 

spin and the p reces sion of the velocit y vec tor proceed at 

di fferent rates. If we define e as the hel icity rota tion 
s 

angle and e as the traj e ctory bend angle, then for theb 

spe cial case where the magnetic fie l d i s perpe ndicular to 

the velocity ( i .e . no sol e noids ) , we have 

{E in GeV} 

where the axis of rot ation is along the magnetic field 

direction. Note that a he l icity rotation of 900 is accom

plished b y a 69.2 mrad bend for an e lectron at 10 GeV. 

So we could produce l ong i tudinally polarized electrons at 

the i nteraction point with a single 69.2 mrad (vertical) 

bend. Unfortu nately thi s would lead to a non-zero crossing 

for e-p collisions. 

The ro t ation s cheme we use to produce longitudinally 

polarized electrons and a zero crossing angle is made up 

of the sequence of horizontal and vertical bending magnets 

shown in Fig. 11.1 . All magnets produce a 69.2 mrad bend 

i n the e lec tron trajectory (90 0 i n the helicity). We have 

i ndicated the spin direction at t he exit of each magnet to 

show explicitly how t he l ong i tudinal polarization is produced. 

Two things should be noted about this scheme. First , the 

rotator produces long i tudinally polarized electrons with no 

net displacement of the beam e i ther horizontally or vertically. 
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Second, production of the opposite helicity at the inter

action point 	requires reversing the magnetic fields in the 

vertical bending magnets so that the electron orbit follows 

a different path within the rotator. An antisymmetric 

rotator is placed on the opposite side of the interaction 

point to restore the spin to its transverse direction as it 

travels through the remainder of the storage ring. 

c. Depolarizing Effects 

,.... There are two main sources of depolarization within 

the ring: reverse bending and stochastic depolarization. 

Both effects are a direct consequence of the presence of the 

spin rotator within the ring and, in the absence of machine 
.-

imperfections, are absent from traditional rings where the 

,.... 	 spin is always transverse and there is no vertical bending. 

We will detail how each arises and then describe the measures 
,.... 

taken to minimize their effects. 


Reverse Bending 


The Sokolov-Ternov mechanism itself leads to depolariza

tion in magnets where the spin direction is not aligned 

antiparallel (for electrons) to the magnetic field. Examples 

include the reverse horizontal bending magnets in the 

rotator, and most vertical bending magnets. Quantitatively 

the effect is to reduce the equilibrium polarization level to 

~'ri·b;lp31> 
p 92.4% ----1~------~2~-A---A~2~-o 	 < (1- -9 (n·v) » 

I p 3 1 
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whe re 
/\ 
n = uni t vec tor i n the equ i libri um spin direction, 

A 
b = unit v e ctor in the B field direction 

p = bend r adiu s of the magne t 

and the ave r age i s t ak e n over all ma g nets i n t he ring. In 

the absence o f kink mag ne ts this e f f e ct l imi t s 

the pol arizati on in our ring to 80%. By shortening some bend 

magne ts i n t he arcs, we can up this to abou t 85% at a cost 

of raising the r adiated p ower. 

Stocha st i c Depolariza tion 

Stochas t i c d epolar i z a t ion i s driven by the energ y 

fluctuations in the emiss i on of photons during the synchro

tron radi at ion p r ocess. The e f fect can be understood quali 

tat ive l y by imag i ning what happens when an electron radiates 

a photon a t some point o n its p as sage around the r i ng. Photon 

emi ssion at a point represents a di scontinuity in the ele ctron's 

energy which in gene ral resu l ts in the e l e ctron f o llowing a 

different t ra j e c tory t h an it wou ld have i n t h e absence of 

radiation. Thus the e lectron traverses any particular 

magnetic element (such as a quadrupole) downs t ream o f the 

point o f emi ssion at a di f f e rent position than it would have 

otherwise. As a result the electron sees a (sp i n) perturbing 

B field which i s modula ted by its oscillatory orbital motion. 

The orbital oscillatory motio n damps a way at a much faster 

rate than does the pert urba tion to the spin direction. 
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Depolarization arises because in general the trajectory 

followed after photon emission depends upon the energy of 

the emitted photon, and since photon emission is a random 

process, the random superposition of the fields seen by 

the electron results in a gradual diffusion of the spin 

direction. If the time associated with this diffusion 

is comparable to or less than the polarization time of the 

beam, then the polarization level in the machine is reduced. 

To see explicitly the effect of disturbing the trajectory 

through the ring, we show in Fig. 11.2 the relative orientation 

of the spin and the magnetic field in a quadrupole magnet for 

a transverse spin and a horizontal displacement (A), a 

transverse spin and a vertical displacement (B), and a 

longitudinal spin and a horizontal displacement (C). In (A), the 

spin and field vectors are parallel so that there is no 

displacement dependent rotation. In (B) however, the spin 

direction is perpendicular to the field direction so that 

there is a rotation which depends on the vertical displacement. 

In (C) there is also a rotation which depends on the 

horizontal displacement. We can summarize these observations 

as follows: 

1. Regions of the ring where the spin is transverse 

are insensitive to horizontal displacements of the electron 

trajectory. 

2. Regions of the ring where the spin lS transverse are 

sensitive to vertical displacements of the electron trajectory. 
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3. Regions of the ring where the spi n is longitudinal 

are sensiti ve to displace ments e ith er horizonta lly or 

vertically. 

Quantitat ively the equ i librium polari z a tion l e ve l and 

polarization time are g iven by Derbene v a nd Konrate nko: 

a 
p = 92. 4% 

o a + 

where 

a 

(Note that t he effect o f reverse bending is also include d 
d" 

in these expressions.) The quantity ~ d~ ( Z ) is a function 

of the position around t h e ring and is c al led the spin 

chromaticity. It i s defined as the c h ang e in the equilibrium 

spin direction cause d by a chang e i n the e nergy of 6~/~, 

and is assoc i ated with t he variation o f t he trajectory with 

energy as discussed i n the p r e ceding paragraph. Clearly the 
d£' 2 

way to maximi ze t he pol arization i s to minimize <l~ d~\ > • 


Machi ne I mper fe c tion Resonance s 


The coupl i ng of the spin rotation to the orbita l motion 

of the electron as it traverses t he ring gives rise t o 

depolarizing resonances whe n the t unes are related by 

The strongest r e sonances occur wheneve r t h e spin tune itself 
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is an integer. Such resonances are separated by 441 MeV 

1n the machine energy and can be easily avoided. The widths 

of the spin-orbital tune resonances are determined by the 

design of the machine. It is felt that if one can design a 

machine which has spin chromaticity zero everywhere then the 

widths of these resonances will become very small. * 
D. Cancellation of Depolarizing Effects 

The depolarization due to reverse bending can only be 

controlled by keeping the magnets in the rotator as long as 

1S practical. For reasons described below, it is necessary 

to have the entire rotator within a quadrupole free region. 

We have designed an insertion which has a quad-free region 

56 m long (see Fig. 1.5) for placement of the eight rotator 

magnets. This means that the rotator dipoles can be at most 

6.75 m long. Thus they run at approximately the same field 

strength as the main arc magnets. As a result the equilibrium 

polarization value is about 80%. 

It has been suggested* that through appropriate design 

of the storage ring lattice, it is possible to make the spin 

chromaticity equal to zero everywhere in the ring and thus 

completely cancel the effects of stochastic depolarization. 

To see how this is done, we imagine the ring as being composed 

of four types of pieces (see Fig. 1.3): 

* A. Chao, Private Communication. 
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1. The insertion. In this region, the spin i s longitudinal, 

there are no vertical bending magnets, and there are effectively 

no horizontal bending magne ts since the y al l come in + - pairs . 

2. The rotators. In these reg ions the sp i n chang e s 

from transverse to longitudi nal, and t here are many ve rtical 

and horizontal bends. 

3. The arcs. In these regions the spin is transverse 

and there is no vertical bending. 

4. The straight section. In this region, the spin is 

transverse and there are no horizontal or vertical bends. 

In order to have the spin c hromaticity zero e verywhere, 

it is necessary to design the ring in such a way that an 

electron emitting a photon at any p osition not find i ts 

spin direction deflected upon comple t ing one revolution 

of the ring. This conditi on must be me t independent o f the 

energy of the emitted photon. We have designed our ring so 

that the condition is met separately in each of the four 

regions listed above. 

We consider f irst the i nsertion region. What we require 

is that the net rotation of the spin t hroug h the reg ion is 

z e ro independent of the tra jectory followed. To simplify the 

calculation, we assume t hat the i nsertion is symmetri c, 

that it contains no effective H or V bending, and that the 

dispersion function and its derivative are both zero at 

each end. All t hese conditions a r e met by the insertion we 

have designed. Since there is no net H or V bending within 
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the insertion, and since as we have seen before, the 

helicity rotation angle is directly proportional to the 

rotation angle of the electron's velocity, the requirement 

that the spin not be rotated is equivalent to the require

ment that the slope of the electron trajectory remain 

unchanged through the insertion independent of the position 

and slope of the electron as it enters the region. This can 

be directly translated into a condition on the lattice 

functions. The requirement is that: 

tan¢ = -ax,y x,y 

where ¢ is the phase advance from the interaction point to 

the end of the insertion described by a. Since as discussed 

earlier, the insertion region is sensitive to motion in 

either the horizontal or the vertical plane, the above 

lattice condition must be satisfied in both the horizontal 

and vertical views. The insertion shown in Fig. 1.5 

satisfies these constraints. 

We next consider the rotators. The rotators are 

designed with no quadrupole magnets interspersed between 

the H and V magnets. The two rotators combined represent 

a unit transformation matrix for the spin. As a result 

the effect of the combined rotators on the spin is completely 

independent of the energy and position. 

The off-side straight section is very similar to the 

insertion region with respect to the lattice requirements. 
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The only diffe rence is that since the spin in this region 

is transverse , the spin i s i nse nsi t ive to a ny horizontal 

motion in thi s region. Thus the constraint 

tan¢ =-0 y y 

need only be sati sfied in the vert ical dimension. 

In the arcs the horizontal mo tion is again irrelevant 

sinc e the spin i s transverse . However, in the ve rtical plane 

we again wan t no spin r o ta t ion ·t hrough the r egion independent 

of the vertical t r aj ect ory followe d. Because we have horizontal 

bends interspersed among the quadrupoles, thi s requirement 

is somewhat harder to expre ss in t erms of t h e lattice function. 

The constraint i s best expressed b y defining two auxiliary 
A _ 

vectors, t and m, which both lie in t he horizontal plane and 

are mutual l y orthogonal b ut rotate with the spin precession 

frequency through the hori zontal b ending magne ts , i.e. the 

direction of At and " m i s constantl y changing through t he arcs. 

The n the require ment t hat the spin remain unde flected upon 

passage throu gh the arcs i s the same as the requirement that 

the sum of the rotati o ns about t he radia l axis projected onto 
/I .1'\ " -+ A ....

the t or m vectors is zero. Quant i t atively , ~ t'BQ = Em-BQ = 0, 

where BO i s the field seen in quad rupole Q for a given vertical 

traj e ctory . 
-+ 

BQ can be written in terms of the quadrupole 

streng t h and t h e vertical p os i t i on as BQ = q.y~. The 

vertical position can i tself b e written as, 
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So what we require is that 

independent of the phase ¢ . This gives us four equations
o-

that the arcs must satisfy. 
-," .'\, 

L:q J(3Q cos ¢Q J.·x = o 

./' "" L:q sin¢Q J,. x = oJ (3Q 

We have designed the arcs such that these four conditions 

- are satisfied (see Fig. 1.4). It is interesting to note 

that if these conditions are not met, the polarization level 

..
is strongly correlated with the vertical emittance. 

E. Polarization Level and Polarization Time in the- Present Design 

We have designed the lattice of the electron storage 

ring so that it satisfies all the constraints listed above. 

We have calculated the spin chromaticity and net polarization 

using the computer code 'SLIM' written by A. Chao at SLAC. 

The result is that the ring as described in this proposal 

has a net polarization of 78% and a polarization time of 

29 minutes. The vertical emittance produced by the rotator 

- -6magnets is €y/v = 0.025 x 10 m, exactly as is desired. 

The total amount of synchrotron radiated power in the rotator 

1S 0.25 MW as compared to 2.5 MW in the remainder of the r i ng. 

So the present ring produces a high level of long i tudinal 

polarization at the interaction point with no sacrifice in 

-
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luminosity and a minimal incre ase in the radiated power. 

The only price that is p a id is that the circumference of 

the ring is perhaps 200 m larger than it would be wi t hout 

the rotation s che me . 

The polarization level in t h e present design can be 

increased somewhat and the polarizati on time decre ased 

fairly dramatically through t he use o f kink magnets. 

Specific ally i f the bending magnets in the dispersion 

suppression cells were run at 15 k G instead of 1.7 kG, the 

polarization level would be 83% and the polari zation t ime 

would be reduced to 18 minutes. The price in radiated 

power is an additional 0.32 MW, and the horizontal emittance 

is virtually unaffected. 
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Figure captions 

Fig. II.l Electron spin rotator. Electrons enter 

from the left, IP is the interaction point. 

Fig. II.2 Spin rotation in a quadrupole magnet for: 

~ 	 a) spin transverse, horizontal displacement, 

b) spin transverse, vertical displacement, 

c) spin longitudinal, horizontal displacement. 
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(a) B X S =0 

, 

-

-

-


B X 5 #0(b) 

-

(c) - B X 5 ; 0 

FIG. 11-2-
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III. cost Es timate 

We ha ve estimated the cost of the entire electron s t orage 

ring/booster/linac system to be approximately $3 3 M. Since 

cos t es timates always depend critically on the accounting 

p r ocedures followed, we show below the assumptions that 

enter i nto our e s timate. In general, these f igures are 

meant t o include s alaries for technical staff, but not 

s a l a ries/overhead of the scientific staff involved. The 

estima tes are in 1980 dollars and are based both on expl icit 

cal culations, and scaling from simila r existi ng rings s uc h 

as CESR. 

Tunnel ($6. 5 K/m) : $ 9 .6 M 

Magnets and Power Supplies: 

Dipole s 2. 9 

Quadrupol e s 1.2 

Sextupole s 0. 2 

Vacuu m System ($3 K/ m) 4. 4 

rf ($2/W) 8.5 

contr ols 3.0 

Linac : 1.2 

Booster 2.0 

$ 33 . M 
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I. Introduction 

Lepton-nucleon scattering experiments have contributed 

enormously to our knowledge of the sUbatomic world. We will show 

in this section that a high energy e-p collider will significantly 

contribute to future knowledge. Low energy electron scattering 

experiments continue to be useful tools in studying the distribu

tion of nucleons within a nucleus. At higher energies, the emphasis 

of lepton-nucleon scattering experiments shifts from the study of 

the structure of the nucleus to the study of the substructure of 

the nucleon itself. Electron scattering experiments performed 

at SLAC provided early evidence that the nucleon is not a structure-

less particle, but rather is constructed from subunits called 

partons. It is natural to identify these partons with the 

fractionally charged quarks of Cell-Mann and Zweig. The scattering 

can be described in terms of two functions of x and Q2 which 

approximately scale. Huon and neutrino experiments conducted at 

Fermilab and CERN find that as Q2 increases the structure functions 

increase at small x and decrease at large x as expected in QCD. 

This theory, the leading contender at present for a fundamental 

theory of the strong interaction, asserts that the gluon is the 

mediator of the strong interaction, as the photon carries the 

electromagnetic force. 

The central prediction of QCD, when applied to lepton 

scattering, concerns the momentum transfer (Q2) dependence of 

structure functions. Aside from the Q2 dependence of the propagator, 

QCD predicts that the scattering cross section should vary 

logarithmically as a function of Q2, instead of being constant as 
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2 . . 
the simple parton model predic t s. This ver y so f t Q varla tl0n 

(called scale b r eaking ) ref lect s t h e i n cr e asingly i mportan t role 

o f the sea quarks i n the scattering proce ss. I n order to check i f 

the gentle , logarithmic scal e b r e ak i ng s e en in pres ent e xperi ments 

continues to larg e Q2 sca tteri ng, one must p e rform scat tering 

experiments at l a rge center-o f -mass energies . A 10 GeV on 1000 GeV 

collider wil l provide da t a wi t h a r an ge of Q2 over 50 time s g r eater 

t han the range p r e sent ly accessible i n f i xe d target experi ment s. 

One would require a 20 TeV fixe d target a c c e lerator to reach this 

2 . . h . h t ' bsame Q reglme Wl t e lt er a muon or neu r lno e a rn . 

Either the scale breakin g in high Q2 e - p co l l is i ons wi ll continue 

to be l ogarithmic or it wil l n o t. The obs e rva tion o f t his soft 

scale breaking wil l t e s t QeD in a k i nematic region whe re theoret i cal 

predictions are p art i cul a rly c l e an . The ob s e rvat i on of a power l aw 

scaling violation woul d be an even more exc i ting di scovery . Possible 

causes for such a power law scale break i ng include the tantal i zing 

possibility tha t quarks , themse lves , a re not poin tl ike part icles 

but are compr i s ed o f a new subunit. The exi sten c e o f a s ubquark 

building block might unde r l ie the p leth ora of new quark flavors 

discovered in recent years, in much t h e s ame way t hat qu a r ks exp lained 

the abundance of " e lement a r y" parti c les discovered in the 1960's . 

I n even a mode s t r un of the e-p collider , we will be able t o observe 

the effects of quark subs t ructure through power l aw scale breaking 

up to mass scales of 300 Ge V. Should high momentum e-p c o llis i ons 

excite a possible quark sub s t r ucture , t he event s mi gh t look 

drama tically different from ordin ary e-p e vents. 

Aside fr om its role in determini ng subatomic structure , lep ton-

nucleon sca tter i n g continues to p l ay an essent ial role in studying 
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the nature of the electro-weak interaction. The original discovery 

of the weak neutral current, which gave tremendous impetus to the 

standard (SD(2)L x D(l)) model, was made in a neutrino scattering 

experiment. The recent observations of asymmetries in polarized 

electron proton scattering experiments at SLAC have provided the 

first compelling evidence for weak and electromagnetic interference 

and have provided an independent determination of the Weinberg 

angle. 

A vast body of evidence from both electron and neutrino 

scattering experiments indicates that the standard model correctly 

2describes electro-weak phenomena at low Q. That is, this model 

correctly describes the coupling constants of 	the electro-weak 

theory in terms of a single parameter. In addition to describing 

low Q2 phenomena, the theory predicts a definite Q2 dependence for 

cross sections based on massive propagators. 	 In order to observe 

these propagators one must reach momentum transfers that are on 

4 2
the order of the squared mass of the exchange 	particles or 10 GeV . 

2
For this reason the e-pcollider can test the Q dependence of the 

standard theory. In particular, in our canonical running scenario 

we will be able to measure the mass of the W to an accuracy of 

± 5 GeV and the mass of the Z to an accuracy of ± 15 GeV through 

propagator effects. 

Numerous modifications can be made to the standard model 

which match the model at low Q2 but diverge from the model at 

higher momentum transfers. Perhaps there are multiple W's and Z's. 

We can determine the presence of an additional W if it has a mass 

below 200 GeV. Perhaps additional W's and Z's exist which couple 
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only to heavy quarks or heavy lep t ons. Perha p s t h e l efthanded 

couplings of the charged curren t process will giv e way to a n 

ultimately left - right symme tri c c oupling at h i gh Q2 . We will be 

able to detect the p rese nce of new W' s which me diate righ thanded 

couplings i f t h ey h a ve masses b e low 300 GeV . 

Lep ton n u c l e on sca t tering i n the p a s t h a s p r ovi ded i mportant 

indications for the exi ste nce o f n ew qu a rk and lept on sta te s . The 

separate existence of muon and ele ctr on n eutrino s wa s or ig i nally 

discovered i n neutrino s c a tter i n g experiment s . Mo r e rec ently, t he 

observation o f mult imuon s tates in n eu trino sca t t e ring gave imp ortant 

ear ly e v idence f or the exi s ten ce of char m. The l arge k i n e mat ic 

range ma d e a v a ilab l e t hrough t he e-p co ll ide r will permi t ext en din g 

the search to much h igher quark an d l e p t on mas s es. The k i n emat ics 

o f high energy e-p collisions r e quire s t he c ons truction o f a general 

purpose, 4n de t ector. Su ch a device will b e admirably s ui t e d t o 

the dis covery of new quark and lep ton sta tes as we s h a ll discuss . 

We wil l be sensitive t o t he production of new , h e avy elec tron states 

wi t h mas ses up to 100 GeV , and hope t o produc e and study t op s t a t es . 

As wi t h any device c apab l e of explorin g a new k i nematic reg i me, t he 

most important d i scoveries a r e oft en comp lete surprises. 

In t he r est o f thi s sec t i on we i l lus t r a te t h e physi c s c apabil i ty 

of the proposed e-p fac i li ty . We c ons i der a r un of 1038 cm-
2 

int egrated luminos i ty where 10 GeV electron s c ol lide with 1000 GeV 

p r otons at Fermi lab. We as s ume t h a t t his run is s ubdivided i nto 

equa ( W1th' um1nos 1 t y .4 1 runs each . an 1ntegrate d l ' o f 2.5 x cm- 2) 

with left-han ded electrons , r i ght-handed elec t rons, le f t-handed 

positrons , and r i ght-handed posi trons. Such a r un wi l l be o f 

10 37 
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moderate duration since the average luminosity of an e-p collider 

at Fermilab will be on the order of 10 31 cm- 2 sec- l . 

Monte Carlo calculations reported in the Physics Section are 

based on the large solid angle detector described in depth in the 

Detector Section. This apparatus has been optimized for studying 

high Q2 physics at a collidinge-p facility and features a central 

drift chamber system immersed in a 5 Kg solenoidal magnetic field 

for individual charged track reconstruction, as well as an 

extensive hadronic and electromagnetic calorimetry system. Such a 

system will be capable of measuring and identifying scattered 

electrons and positrons with polar angles between 10 degrees and 

170 degrees with respect to the incident lepton direction. as well 

as identifying and measuring the momentum of hadronic jets over a 

similar angular range. 



111- 6 

II. Th e Kin ematics o f Hi gh Energye-p Coll isions 

In thi s s ec tion we de f ine t he vari ab l e s which specify t he 

kinematics of a high energy e-p c o l lision. The c oncepts of the 

current jet an d pro t on fragmen t ation jet are i n trodu c ed , and the 

expre ssions f or the l ab momenta o f the scattered lep ton, cur rent 

jet and proton f r a gmenta tion jet are pres ented . We al so discuss 

how t he kinematic parame t ers o f an e - p colli s ion can b e obtained by 

measuring t he lab momentum of e ither t h e scatter ed lepton or the 

current jet. 

The e-p col l ider is primarily a t oo l f or stu dy i n g the charged 

curr ent and neut r al current p r ocess e s depicted in Fig .l. The cross 

sections f or ei the r process can a l way s be e xpressed a s a funct ion 

o f three inde pendent inva riants . Two frequent ly employed choices 

are (S, x, y) an d (S , Q2 , and v), a s de f ined below. 

The squar e of t h e total center of mass ene r gy, S, is defined 

(see Fig.l ) a s S = (P + K) 2 

respec tive lab energies o f t he i nc i den t e l ectron and p roton. 

Thr oughout this report t hese energies ar e E = 10 GeV and e 
E p = 1000 GeV. The momentum transfer Q2 is de f ined as _q2, where 

q = K-K'. The x and y var iab l es wh i ch we gen era lly employ 

throughout this repor t a re define d as: 

x Q2 / 2p oq 

Y po q /poK = 2Po q/S 

The variable x has special s igni fi c ance i n the parton model , 
, . 

since it me a sures the momentum fr a ction of a light quark pr i or to 
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being struck by an exchange boson as shown in Fig.l . Multiplying 

the expressions for x and y, we see that Q2 = S x y. The variable 

v is defined as the energy difference between the incident and 

scattered lepton when viewed in the incident proton rest frame. 

This variable is simply related to y via the expression v = ZM~M 
n 

where M is the nucleon mass. 
n 

Historically, increasing the range of Q2 and v has led to the 

discovery of new phenomena in deep inelastic leptoproduction and 

neutrino scattering. Large values of these variables are necessary 

- for studying production of new quarks or new leptons, or for 

studying the pattern of scale breaking in nucleon form factors. 
,.... 

Figure 2 compares the Q2_v region accessible with an e-p collider 

with the region presently explored in lepton-nucleon scattering 

experiments. 

In principle, x and y can be extracted through measurement of 

the final lepton momentum or the momentum of the hadronic system. 

Traditionally, x and yare measured from the momentum of the 

scattered lepton in either deep inelastic leptoproduction studi es, 

or charged current neutrino scattering. For the charged current 

process depicted in Fig.lb , this is not possible, and instead 

we must measure x and y with information from the final state hadrons. 

Because we are probing the nucleon at large Q2, it is believed 

that the final hadronic state will usually separate into two jets 

as illustrated in Fig.lc. The current jet with a four momentum of 

xP+q represents the hadronization of the struck quark, balances the 

full P..L of the lepton system, and will thus generally emerge at 

macroscopic angles in the laboratory, while the proton fragmentation 
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jet which represents the remainder of the incident proton will 

cont inue i n the direction of t he i nc ident p r o t on with a four 

momentum of (l-x)P. 

The lab f rame mome nta o f the scattered lepton, current jet, 

and proton fr a gme ntation jet a re g iven below . The Z d irec tion 

is defined as t he directio n o f the incident l epton. For the 

scat t ered lepton we have: 

E , = E (l-y) + E xy
t e p 2P , = Q2 ( l -y)

.1.1,P = E (l-y) - E x y e pZ J,' 

For the current jet, we have: 

E = E Y + E x (l-y)
cj e p p 2 2 = Q (l-y)

.1. cjP = E Y - E x (l-y)z e pcj 
For the p roton fragmentation jet, we have: 

E . = (l-x)E
P J P P 2 = 0 


P = -( l -x) E .1.pj 

Zp j P 

The above formu l ae assume t hat t he masses of t he leptons and quarks 

are negligible with respec t to Q2 a nd S. We note that the formula e 

for the scatte red l epton can be converte d into the formulae for 

the current jet b y exc hanging y for l-y and vice versa. 

By forming the E- P and E+P combi nat i o n s for ei t he r the leptonz z 
or the curren t jet , we can obtai n the i nv e rsion formulae showing how 

to extract x and y from the measu red lepton or c urre nt j et mome n t a: 

SCATTERED LEPTON CURRENT JET 

2 e , E 2 e . 
l-y =~ cos -L y = -Si cos ....£l

E 2 E 2 
e e e ~ .2 e Ec j 

s 
2 ..£ix = E Sl.n J, • x = n2 (l-y) E 2yP p 

where e 
1, ' 

and e are the r espective angles of the scat tered l epton
cj 

and current jet with respect to the incide nt electron d irection. 
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Even in the case of charged current scattering, where the s cattered 

lepton is an undetectable neutrino, it is never necessary to measure 

the proton fragmentation jet -- the current jet contains all the 

information on x and y. This is fortunate because the proton 

fragmentation jet is hard to measure since it travels down the beam 

pipe in an e-p collider. This follows from the assumption that 

the PL carried by the proton fragmentation jet is small compared 

to the P~ of the scattered lepton. The effects of non - z ero 

fragmentation jet PL are discussed in Appendix II. 

Figures 3 and 4 summarize our x and y resolution ( for the case 

of 10 on 1000 GeV running) using the measured momentum of the 

scattered lepton, and the measured momentum of the current j et. 

Figure 3 is computed assuming a ± 1 mrad resolution on the 

scattered lepton direction, and a relative electron energy resolution 

0" € .20
of - = This latter error is appropriate for t h e gas s h ower 

€ IS 
counter system outlined in the Detector Section. Figure 4 is 

,.... 
computed assuming a ± 40 mrad resolution on jet angle, and a 

O"€ .60relative energy error of - Appendices I and II discuss 
€ 1£ 

two intrinsic physical effects which potentially further limit 

resolution on x and y -- initial state radiation (I) and the 

primordial P...l of the struck quark (II). Over most of t he x -y plane 

these effects are negligible in comparison with measur ement errors. 

Clearly one can predict the momentum vector of the scattered 

lepton by measuring the current jet momentum vector. The non

appearance of an electron or positron with the predicted angle and 

energy serves as a signature for the charged current p r ocess. The 

equivalent information of the current jet and scattered lepton 
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f ollows f r om Pl balance and the conservat ion of the qua n tity E + P . z 

Cent r a l to t hi s equivalence is the observation that since the 

pro t on jet in general carries no with respect t o the col l i s i onPL 

axis, and is directed against the Z axis, it carrie s a zero va lue 

of E + P. This i s also true for the incident proton. Hence, i n z 

addition to balance we have the general conservation r ule :Pl 

(E + Pz) incident ~ 2Ee = (E + Pz) cu rrent + ( E + Pz) scatte r ed 
e + j e t l e pton 

This r ela t i on is true independent of the mass of e ither t h e sca t tered 

lep t on or current jet, and will serve as a constraint wh en re

cons truct ing mas s e s o f new states produced in e-p coll i sions which 

decay wi t h a missing neutrino. 
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III . The Elect ro-Weak Interact i on 

This section demonstrates how the e-p co l lider can test the 

standard model of the electro-weak interaction in t he large Q2 

regime. After reviewing the form of the neutral c r o ss s e ction in 

the standard model, we discuss the measurement of the Z mass thro ugh 

weak and electromagnetic interference effects and t h e me asurement 

of the Weinberg angle at high Q2. We then discuss the isolat ion 

of charged current events, the form of the char ged current cross 

section in the standard model, and tests of the standard model 

which rely on measuring the charged current propagator. We conclude 

by describing our sensitivity to right-handed ch arged currents. 

The standard model has been extraordinarily successful in the 

low Q2 domain. Its successes include the prediction of neutral 

currents, the remarkable agreements of the value of s i n 2 sw obtained 

in different neutrino interactions, and the agreement of t he se 

values with the values of sin2 sw deduced from the strength of the 

y, Z interference measured in the recent SLAC p o l ari z ed e-p scattering 

studies. However, because the range in Q2 is limited in p re sent 

data, these measurements test only the coupling constants of the 

standard theory. In addition, the theory predicts the evolution 

in Q2 of cross sections in terms of the y, the Z , and the W 

propagators with predicted masses. Nature might have a different 

Q2 dependence, however. 

For example, one might have an assortment of W's and Z ' s with 

different masses and disparate or universal coupling s to quar ks and 

leptons. W's may emerge at high Q2 which have right -handed couplings 

at the quark and/or electron vertices. New vector bosons might 
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a ppear which couple only to mass i ve quarks and /or hea vy l eptons. 

Th es e would produ ce threshold effec ts i n Q2. Th e coupling cons tant s 

themse l ves mi gh t have Q2 dependences reflecting new subs t r u cture 

or o t h er phen omena. 

Si nce t h e simple, elegant, Q2 str u ctur e of the s t an da r d mode l 

is yet untes t ed , we illustrate in this sect i on sev e r al types of 

l arge Q2 t ests possible wi th a high energy e-p collider . Where 

p ossib le we c onstruct tests which are i nsensitive to p ower l aw 

scalin g vio lations, de ferring this la t t er i s s u e to the s ection on 

strong interac t ion s. In all c a s es, we paramete ri z e deviations from 

t h e standar d model ~n such a way as to preserve agr eemen t wi t h low 

Q2 phenomeno logy . 

The avai labi l ity in an e-p collide r of both righ~ an d left

h an ded elec t ron and positron beams wil l allow us to sep a r ate the 

contribution s of the Z and photon. It will search for new phenomena 

such as t he existence o f right-handed charged cur rents. I n t he 

standard mo del , the e xpected polarization and charge asymmetri e s 

due to y- Z i n ter fe r enc e i n t he neutral current processes wil l be 

o f the orde r of unity in high Q2 e-p collisions compar e d to the 

much smaller effects (~ 10-4 ) recently observed at SLACl . 
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A. The Neutral Current 

The neutral current e-p cross section is composed of a purely 

electromagnetic component, a purely weak component, and an 

interference term -- each with a characteristic propagator dependence. 

(Eqn . 1) 

2 
g n [f+F 2 wk + ~ n f - x F 3 WkJ 

21 - (l-y)f 
2 


~n handedness of incoming lepton 


+for e egn gR L R 

Q2L [q (x) + q (x)]F2 q q 


Fint 1 [q (x ) + q (x)]
L 2" (gq Q, + gqr) Qq2 q 

Fint 1 Q [q (x) - q(x)]
x 3 q 

L 2 (gq ~ - gqr) q 

Fwk 1 [q (x) + q(x)]L (g~ Q, + g~r)2 q 2 


Fwk 1 2 [q (x ) - q (x) ]

x 3 q 

L 2" (gq Q, g~r) 


q(x) xu(x) , xd(x) , etc., 


where the coupling constants are described in Table 1. 
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TABLE I 

Parameters Given by the Weinberg Salam Model 

Mas ses Standard Model Value (sin28 . 22 5) 

37.4 GeV/(sin8) 78 GeVMw 
M 37.4 GeV/(sinS cose) 89 GeVZ 

Electr on couplings 

- e + . 28 gL f or , 1-2 s~n .55eL R 

. 2


gR f or , e + -2 s~n 8 -.45eR L 
Le f t-handed quark couplings 

+2 4 . 28 
s~ngq£ : Qq 1 1 - 3 .7 

1 2 . 
s~nQq -3 3 

28 -1 .85 

Right-handed quark couplings 

4 . 28 +~gqr: Qq 1 s~n -.33 
2 2 . 2Q -1 s~n 8 .15q 3 



II I- 15 


Assuming the Callan Gross relation, the quark vertex of the neutral 

current interaction is completely described by a parity conserving 

structure function F2 , and a parity violating structure F . These
3 

structure functions are independent of the type of incoming lepton 

but are different for the y2, the yZ and the Z2 components. Because 

the coupling constants, shown in Table 1, depend on the lepton 

helicity and charge, one can isolate the three contributions by 

forming suitable linear combinations of the various cross sections. 

For example, the charge asymmetry: 

0" - - 0" + e eA (Eqn. 2)
0" - + 0" e e 

f 
xF~nt(x,Q2) 

f+ F
2

em (x,Q2) 

isolates the propagator dependence of the interference term. 

Experimental fluxes can be normalized at low Q2 since the cross 

sections for positrons and electrons are essentially equal. The 
xF3int 

ratio is constant to 1% over the Q2 range available to theemF2 
e-p collider when computed using the structure functions given by 

Buras and Gaemers. Of course any strong dependence of this ratio 

on Q2 would indicate a power law scaling violation, which would in 

itself be very interesting. 

B. Measuring the Z Mass Through Propagator Effects 

If the mass of the Z has not already been measured before e-p 

experiments are undertaken, we could measure it by observing the 

Q dependence of the ratio A defined in Equation (2). Figure 5 

shows A in Q2 bins of 1000 GeV2 . The polarization asymmetry 

measurements at SLAC determine the coupling constants in the low 

2 
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Q2 regime when t he interaction appears pointlike . In this section, 

we employ coupling constants which are fixed by the standard model , 

and vary the Z mass in the propagator term in a manner consistent 

with low Q2 data . Figure 5 shows that the Z mass can be measured 

t o an accuracy o f ± 20 GeV2 in our assumed 10 on 1000 GeV run 

+23 (89 1_13 GeV). A measurement using the above rat io i s independent 

of sin2 ew and insensitive to reasonable changes in the structure 

functions such as a v iolation of the Callan Gross relation . 

C. Measurement of the Weak Coupling Constants 

Measurements of the weak coupling constants gL and gR (define d 

in Table 1) in the very large Q2 regime , wi l l extend present tests 

o f the standard mode l . We construct a ratio Sc which is nearly 

proportional to gL/gR ' Thi s ratio is nearly independent o f the 

structur e f unctions, and the Z mass. 

-eJe L - eJeR+ 
(Eqn. 3) 

F wk ]x 3 

= 


xF int 
3 

Figure 6 shows Sc for different values of sin2 ew in a 10 x 1000 

2GeV r un. Th e error bars reflect the statistics of an i n tegrate d 

38l uminosi t y o f 4 . 10 . I f the standard model is correct , and t he 

Q2 evolution of the weak cross section is given by a single 

propagator then S should be basically constant indep endent o f t he c 

Z mas s , and we will simply measure Sin2 ew to a 10% a c curacy at 

high Q2. Howev er , i f there are changes in t he coup l i n g constants 

at high Q2, if there are any bosons with high Q2 thresholds, or i f 

t here are several Z's with non-universal coup l ings , Sc migh t have 

a drama tic Q2 dependence . 
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D. The Hultiphoton Exchange Cross Section 

The interference of the one photon and two photon exchange is 

the leading contribution of the multiphoton exchange process. The 

two photon contribution enters with opposite phase in electron and 

positron cross sections, and hence will cancel when taking sums of 

cross sections, but add when taking differences. It will thus 

contribute to the asymmetries in the NC analysis . The one y-two y 

interference contributes to the cross section as follows. 

e-f
4n da(2y) f+ F(2y)S dxdy 


f+ = 1 + (l~

2 

323F(2y) L Q q(x,Q) + Q q(x,t)q q- 2
The log Q dependence of this term in the cross sections will 

distinguish it from the single exchange NC contribution. Figure 7 

shows the 2 photon cross section in comparison to the total cross 

section, with M taken to be .3. We will be able to extract the 

parameter M at low Q2 where Z effects are negligible and thus 

subtract the 2 photon contribution at high Q2. 

E. Isolation of the Charged Current Events 

Because the rate for the neutral current process dominates so 

severely over the rate for the charged current process, isolation 

of charged current events will be difficult. The signature for a 

neutral current process is the observation of an electron in the 

direction expected for the scattered lepton deduced by measuring 

the current jet. In particular, the scattered lepton in a neutral 

current event will lie in back-to-back azimuthal projection with 
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the current jet. Events where a single track is found i n this 

direction are potential neutra l curre n t candidates; events where 

no track is found azimuthal l y a gainst t he curr ent jet are charged 

current candidates. Since t he e -p detector f inds electron t racks 

with nearly 100% eff iciency except very near the incident electron 

direction (8 < 100 
), the major contamination to the charged current 

process wil l come from very low Q2 (Q2 < 3 GeV2 ) neutral current 

events which have very f or wa r d electrons. Faulty measurement of 

the current jet from such events cou ld lead one to incorr ectly 

i nfer that the scattered lepton lies within the polar acceptance 

region of the e-p detector when in fact it does not . This subsample 

cou ld create contamination to t he charged current events . 

We have used a Monte Carlo program to study how often this 

occurs. We conclude that the low Q2 contamina t ion to the charged 

current samp l e can be brough t to a manageable leve l if the following 

cuts are imposed. 

1) The predicte d scattered l epton polar angle must exceed 

30 degrees with respec t t o the i n cident electron direction. 

2) The measured current j et polar angle must lie between 10 

and 1 70 degrees . 

3) The measured Q2 o f the e vent mus t exceed 200 GeV2 . 

We have imposed these cuts on all simulated charged current 

events used in the Physics Section i n the spirit of demonstrating 

the real world phy sics capabilities of an e-p facility . These cuts 

result in eliminating al l contaminating even ts to the charged 

current sample in our Monte Car l o simulation. However in the real 

world, one may find exper i mentally tha t jet measuremen t errors will 
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have non-Gaussian tails due both to the intrinsic limitations of 

hadronic calorimetry and to the experimental problems associated 

with isolating the current jet. For these reasons precise final 

cuts will be based on experimental data. We will use n eutral 

current events where the scattered lepton is well within the polar 

angle acceptance region of the e-p detector to measure how well we - can predict the scattered electron direction by measuring the 

current jet. For the interested reader we summarize the detailed 

results of our Monte Carlo simulation. 

- Figure 8 summarizes information on the low Q2 (Q2 < 3 GeV 2 ) 

neutral current events which can potentially contaminate the charged 

current data sample. In these events, measurements of the current 

jet incorrectly indicate that the scattered lepton should have a 

polar angle in excess of 30 degrees and be well within the detectable 

angular region. The figure gives absolute yield in bins of 

measured x, measured y, and measured jet angle for our assumed 

- 10 x G V run . th lntegrate. d 1 . . of l038 cm- 2 . We see1000 e Wl umlnoslty 

2
that before the cuts on jet angle and Q are introduced, millions 

of neutral current events satisfy these criteria, whereas the 

total charged current sample is only ~ 2300 events. 

We assumed a jet angular resolution of ± 40 mrad and an 

energy resolution of ±60%/1E. Nearly all contaminating events shown 

in Fig. 8 have a highly energetic current jet (Ejet > 100 GeV) which 

actually lies within 1 degree of the incident proton direction. 

Because of the large current jet energy, a small error in measuring 

the jet polar angle causes one to infer a large current jet p~ , 

and thus predict a large polar angle for the scattered lepton. 
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2We see from Fig. 8 that a l t hough t h e tota l number o f low Q 

neutral current event s whi c h con tamin ate the charged current event 

sample is quite l a rge, near ly all contami n a t i on is limited to events 

where the measured curren t j et lies within 10 degr ees of t he 

incident proton direction. Aft e r demanding t hat the meas ured 

current jet polar angle l i es f rom 10 t o 1 70 de grees, residua l 

contamination to the charged c urrent event sample is l i mited to 

2events with a meas u r ed Q2 of l es s than 200 Ge V . Final l y af t er 

i mposing a cut requiri ng t h at the measu r e d Q2 b e g reater than 
2

200 GeV , no contaminat i n g even ts a re l e f t in our sample. 

F. The Charged Cu r r e n t 

As previously discussed, i solat ion and me a surement of the CC 

events will be more di f ficul t t h an neutral current events because 

of the resolution errors a s sociate d wi t h t h e current jet . Neutral 

current data will a i d i n the unde r s tan din g o f the true resolution 

of jets in the detector, s i n ce t he co l l i sion kinemat i cs can be 

extr a c ted accurately from t h e scatte red e lec t ron. For t he purpos es 

of t his sect i on we assume t hat jets c an be me asured wi t h an angular 

resolut ion of 40 mra d and an en e r gy res olut i on of ±. 6 / IE: where E 

is meas ured i n GeV . 

The char ged cur rent cross sec t ion i s a s f o l lows: 

4G 2


47f do F 2 (Eqn . 4)S dxdy (ef-) = (l+Q2 / W2)2 [Wl + (l-y ) W2] 
w 

E q (x) E q(x) 
Q=-2/3 Q=l/3 

E q(x) L q (x) 
Q= -2/3 Q=-l / 3 
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Using large Q2 data, we will be able to observe a dramatic charged 

current propagator dependence for the first time, and thus measure 

the mass of the W. Figure 9 shows the Q2 evolution of the 

propagator corrected for acceptance, resolution, and binning effects, 

by the method of Appendix III, for various values of the W mass. 

The error bars of Fig. 9 reflect the statistics of our canonical 

run, subject to the charged current isolation cuts described 

previously. Because our measurement of the W mass requires fitting 

the Q2 dependence of the absolute charged current rate, luminosity 

and efficiency uncertainties may introduce systematic uncertain ties. 

Even if the luminosity were uncertain to 20%, we will determine the 

W mass to 5% (78 I~~ GeV). 

G. Multiple W's 

Models which include several left-handed W's require that at 

least one W has a smaller mass than the standard W. If several 

charged W's exist, the mass and coupling of the lightest may have 

+ been already determined from e e or pp experiments. We can then 

search for the presence of additional W's of higher mass. Consider 

a model in which the propagator is changed as follows: 

(Eqn. 5)+ 

where C and C are the vertex coupling constants for the new bosons,l 2 

which, for illustrative purposes, we take to be equal. The 

agreement of present data at low Q2 with the standard (SU(2 ) L x U(l)) 

model requires that: 
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( Eqn. 6) 

Figure 10 shows t h e Q2 ev olution o f the propagator i n the case where 

the first W i s t ak e n t o b e 50 GeV, and the mass o f t h e second i s 

var ied. We wi l l b e s ensi tive to masses of 200 GeV f or the second 

w. Simi lar r esu l ts a re obta i n e d if the mass of the fi r s t W i s 

taken to be 70 GeV. 

H. Right -Handed Curr ents 

The simplest (SU(2) L x U(l» mo del has only a left -handed 

charged current . If n a ture were ultimately left right symme t ric , 

the eff ects o f a righ t-h anded cha r ged current wou l d appear at high er 

Q2. We wi l l f irst cons ider a V + A charged curren t which couples 

to r ight-handed quarks . Formally the cross section would appear 

the same as the s tandard l eft-handed cur ren t exc ept for t he mass 

in the propaga tor. I f we assume that t he ve r tex coup l ing constan t 

for the r i ght-han de d W is equal to that of the convent iona l W, 

the cross sec t i on i s: 

4 n dcr (Eqn. 7 ) S dxdy (e+ ) = 

where WI and W2 a re defin e d in Eqn . 4. 

At low Q2 the r a tio of the y ield of such V + A current s t o V - A 

currents is less than 1%. In orde r t o reproduce present l ow Q2 data , 

the mass of the new W must be gr eater than 200 GeV . In princi ple 

any CC interactions obser ved wh i l e running wi t h or e~ signifyeR 
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the presence of V + A currents. We expect to run with an 80% 

polarized beam consisting of 90% right-handed electrons and 10% left 

- handed electrons. This polarization will be continuously monitored. 

By measuring the ratio R of the yield of charged current events p 

when running right-handed electrons, to the yield when running left-

handed electrons, one can be free from absolute luminosity 

uncertainties. 

1 + P 1 - P e + e (Eqn. 	 8)2 R 2 L
Rp I 	 - P 1 + p 

e + e2 R 2 L-
2

At Q near zero where the yield of right-handed current events is 

expected to be comparatively small: 

1 - p,.... 2 
= 	 .11 (Eqn. 9)1 	+ p 

2 

As Q2 rises and the W that mediates the V + A 	current begins to 
"e 2_II 

contribute, Rp increases. Figure lla shows Rp (It R_") in Q bins of 
eL

21000 GeV , for the case of coupling to RH quarks. The error bars 

reflect the statistics of our assumed 10 on 1000 GeV run. We will 

be sensitive to such currents with masses up to 250 GeV. 

- For a right-handed charged current coupling to left-handed 

quarks, the y dependence changes and the cross section is:-
- 4 G 2 4 'IT 	 2~ (e+) = F [W (l-y) + W2 ] 

(Eqn. 10)
S dxdy 	 l(Q2 + M2 ) 2

RHW 


W and W as in Eqn. 4.

l 2 

Positrons will thus be more sensitive than electrons to the presence 

- of such a current because the change in the y dependence increases 
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the yield of RH currents of this type to LH currents by a factor 
"eL+1I 

of 3. Figurellbshows Rp(.....--.. ) for such a current. We wil l be 
e +

R
sensitive to masses of up to 300 GeV. With longer running times 

and improved luminos i ty, these mass l imits could be subs tantially 

increased. 

It is possible that future studies of low Q2 phenomena such 

as the TI ~ ~ ~ e decay sequence will reach comparable sensitivi ty 

t o r ight-handed charged current effects. If, however , right

handed charged currents couple only t o massive quarks , high Q2 e-p 

scattering i s the onl y practical way of observing these current s. 
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IV. The Strong Interactions 

-
This section illustrates several ways that QCD can be tested 

using a high energy e-p collider. We discuss how QCD can be 

tested at the e-p collider by measuring scale breaking and by-
establishing the level for heavy quark production. We then discuss 

how well we measure F2 in our assumed 10 on 1000 GeV run, a n d to 

what level we will be sensitive to non-QCD scale breaking. This - latter effect could signify the existence of quark substructure. 

We conclude by discussing how an analysis of the hadronic final-
state produced by e-p collisions is interesting both in its own 

right and as an additional signature for quark substructure. 

Clearly it is desirable to test QCD in deep inelastic scattering 

at the high values of Q2 available to the e-p collider where the 

predictions of perturbative QCD are particularly clean. Even more- importantly, the e·-p collider may take us into the realm of new 

physics where quarks haye a substructure, or color is liberated. 

A deviation from the logarithmic behavior of the struc ture functions 

predicted by QCD at high Q2 will be a dramatic signature for new 

phenomena. - A. Structure Functions and Heavy Quark Production 

At high Q2 where perturbation theory is tenable and mass effects 

are unimportant, the logarithmic evolution of the structure functions 

is predicted by QCD. The QCD predictions of the fraction o f the 

momentum carried by the sea quarks and the gluons increases as a 

function of Q2, hence the average x carried by each quark decreases. 

Thus QCD predicts that F2 peaks sharply at low x as Q2 increases.-
This means that scaling violations should be particularly large at 
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low x. As we show shortly, t hi s effe ct will be quite vis ib le i n 

struc ture f unct i ons measure d at the e -p col lider. 

It i s poss ible to calc ulate h eavy quark produ ction in deep 

i nelas t ic lep t on scat terin g. Thi s giv e s a way to inve s tigate n ew 

quark flavors, and to examine ind i rectly the gluon structure 

funct i on. In order to il lustrate this we have performed a 

c a lcu l a tion to obtain t h e yield of heavy quarks in the p roposed 

e-p experiment . The gluon sea distribu tion was obtained by fitting 

t h e f irst 13 moment s calcula ted us ing the A1tare11i - Parisi equat i on 

to a functional form given i n Reference 2 Figure 12 shows the x 

distribu t ion of F2 f or a 5 GeV bott om quark and a 20 GeV t op qu a rk. 

The rates assumi ng Q2 > Mq~ark a r e g i ven in Table 2. 

B. Measurement of F2(em) 

The measurement o f the one exchange photon cross sec tion 

de t ermines F " St a tistic s will be l a rge, and the extrac t ion of t he
2 

scaling var i ables x and Q2 will b e done by measuring t he moment um 

of the sca t tered e lec tron. The sum o f electron and posit ron c ross 

section deviates l ess than 5% f r om the one photon c ross sect ion up 

to a Q2 of 1500 GeV2 . At higher v a lue s of Q2 Z exchange begins 

to contrib u t e, but this effect can be subtracted using the standa r d 

model for the weak i n terac t i ons. Two photon exch ange con tribute s 

with opposite phas es for posi tron and e lectron beams, and hen ce 

cancels exac t ly i n the s um. 

Figur es 13, 1 4 shows the Q2 dependence o f F2 f or var ious x i n bin s 

of Log Q2 where t he error bars refl ec t stat i stics only. Fi gure 15 

shows F 2 as a function of x. Such mea surements wil l e x t end t h e 
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TABLE II 

Heavy Quark Production from the Quark Sea 

C.C 	 N.C. 

c 	 130 events -	 4
b 	 91 8 x 10 events 

t m = 	20 GeV 1150 

30 108 

40 15 

50 2 

Yield for 1038cm-2 integrated luminosity demanding 

Q2 > M2 The results of these calculations werequark -
found to be independent of A2 for values of A2 between 

20.04 and 0.2 GeV . 

-


-


-

,..... 
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present data on structure functions by two orders of magnitude in 

Q2. 

Presently at low values of x, where the contr i bution of the 

quark sea is significant, and scaling violati ons pr edicted by 

QeD are relatively l arge, muon experiments have been able to study 

the structure functions only over a very l imited range in Q2 

because of the kinematic constraint imposed by the available center 

of mass energy (0 < Q2 < 20 GeV2 for x between . 04 and . 08) . 

An e-p collider will be able to extend the region of Q2 available 

at low x because S is large. Figure 13 shows that even for an x of 

.01 we can reach Q2 values of 300 GeV2 . The dramatic rise with Q2 

of the structur e function a t low x, predic t e d by QCD, due to the 

increase in the quark sea , will be clearly visible. 

e. Non-QCD Scale Breaking 

The e-p collider affords the opportunity to explore the Q2 

dependence of the struct ure function F2 over 3 orders of magnitude , 

hence provides a powerful tool to search for possible power law 

contribut ions to the scale breaking indicating the presence of new 

phenomena . 

In the past, when lepton nucleon experiments began t o reach 

energies of a few hundred MeV , nucleons no longer appeared to be 

pointlike objects, but instead appeared t o have a substructure which 

was described by a f orm fac t or. Ultimately as energies increased 

a new simplicity emerged in the data -- deep i nelast i c sca l i ng. Thi s 

has provided the basis f or the idea that nucleons contain point like 

objects--the quarks. As new energy thresholds are again reached, 

we may find that the quarks themselves may have a substructure. This 
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latter substructure would manifest itself as a non-logarithmic 

scaling violation. We parameterize such an effect by giving the 

- quarks a form factor of the type : 

1 -
where M is a mass characteristic of the energy threshold of the 

scaling violation. Figure 16 shows F2 in bins of Q2 for x between 

.1-.3 and .3-.5 for various values of M. We will be sensitive to 

characteristic masses of up to about 300 GeV.-
D. Quark Substructure 

If quarks have a structure, if they are made of more fundamental 

- constituents, how would it be visible experimentally? We can reason 

by analogy with the observation of nucleon structure, first seen 

-	 a decade ago in lepton-nucleon scattering experiments. In that 

case, the elastic scattering form factor signalled that the nucleon 

was not preserved in the final state at high Q2. The measured form 

factor itself-
IV ( 1 )2 	 (Eqn. 1) 

1 + Q2/M~ 

was parametrized in units of MSIV.7 GeV, indicating the approximate 

size of the nucleon and/or the binding energies of constituents 

inside the nucleon. For quarks which are constituted of more - fundamental units, a similar behavior might be expected: a reduction 

in the "elastic scattering" of quarks. This, of course, is the 

cross-section for the ordinary reactions 

- e+p-+ e+x (Eqn. 2) 
-+ v + Xl 
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which have a highly predicta b l e beha vior ac cordi ng to the laws of 

QED and the Universal Fermi Int e raction . The scattering is just 

that of two fundamental fermions wi th the f inal state consisting 

of a single lepton and a h a dronic j et i n the d irection o f t he 

struck quark . The effect of a f orm f a c t or like t hat of Eqn . 1 

would be a dramatic reduc t i on i n t hi s ordinary sca ttering , f rom 

the va l ue pred i cted on the b asis of f undamental ass umptions and 

basic physical laws that a re well-understood an d well-verified. 

The sensitivi t y to the new mass , or si ze scale, M ' would be scaledS 

by the Q2 probed in the exper iment. As we have seen in t he 

previous section, t h e e-p collider a ffects sens i tivity up to 

MS ~ 300 GeV . 

However, our ana logy permi t s us to go f ur ther. In t he case 

of e lastic nucleon scattering, the disappea r ance of the elastic 

cross-section at h i gh Q2 was n ot t h e on ly , or eve n the most 

dramatic, signal f or c onstituent quark structure of t he proton. 

The strongest evide n ce wa s the emergence o f a new reaction -

deep-inelastic scatter ing. The magnitude of these processes and 

the character of the events were cr i tical e lements in il l uminating 

the s t ructure of the pro t on in terms of quarks. We would expect 

quark substructure to produce a simi lar win dow throu gh which t he 

new physics may be viewed. A new kind of f inal state would likely 

emerge; it would be characterized by incoherent scat t ering of the 

incident electron from the subun its of the quark . Th ere could, 

for example, be a transition Q2 reg ion where excited qua rk state s 

would have a short exis t ence i n the fina l state. At v ery high Q2 , 

the reaction analogous to de ep-inelas tic scattering would emerge. 

The well-unde r stood l aws of e l e c tromagne t ic and weak i ntera ctions 
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-
-

would be absolutely essential in unravelling the electric and 

weak charges of the new quark constituents, and for this reason 

the simple and well-understood point-like character of electrons 

and photons plays a very important role. 

The character of the new events should be dramatically different 

from the ordinary quark-jet events. The final state jets in ordinary - events will have a mean vector momentum pointing along the struck 

quark direction with a direction and magnitude as predicted from 

a measurement of the lepton alone. The fragments within the jet 

will have the limited "qT" relative to the struck quark characterized-

-
by such processes at present energies, perhaps with a slight qT 

growth as predicted in strong interaction theories. The new 

reactions should be easily separable. The binding energies of the 

sub-quarks would be scaled by the large MS (Eqn. 1) characterized 

- by the tiny size of the bound quark unit. The emerging scattered 

sub-quark would not, in general, lie in the exact direction 

predicted from measurement of the scattered lepton. Instead it will 

have an additional P at least as large, on average, as thatT 

characterizing the small quark size. This is a direct consequence 

of the uncertainty principle. Such events will have a dramatically 

different appearance from ordinary events, with the final hadronic 

energy spread over a much broader angular range, and with transverse 

momentum smearing huge on ordinary scales. 

Such events are easily catalogued. It is a relatively simple 

problem, given the redundant kinematic information on the average 

direction of hadronic energy predicted by observation of the final 

- state electron. Once they are catalogued, the cross-sections will 

give us information on the charges, and internal momenta of the new 
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quark sub-constituents. I n a ddition , the f ina l states themselves 

may provide important i nformation on excited quark states, etc. 

E. Exper imental Aspects of Hadronic J ets 

An i mportant piece of e xperimental inf ormation, the measur ement 

o f the f inal state jets, h as some unique aspects in e-p collisions. 

The importance o f this s t u dy was ment i oned in t he l ast sec tion as 

a powerfu l signature f or new sma ll di stance be h avior quarks and the 

strong interactions . I n p r i nc i p l e , t h e large PT b ehavior of j ets 

in high energy hadron - hadron and e+e- c o l lisions is also governed 

by this phys i cs. However , t he study of h i gh in e-p reactionsPT 

offers a uniqueness a n d clea n liness beca use we bel i eve that the 

electron and photon a r e we ll understood . 

In e-p collisions, the b as i c event struc t ure has two emerging 

objects , a lepton and a jet, with rough ly balancing P values.T 

The particular c leanl i n es s o f e-p ev ent s l ie s in t h e fact that , 

for neutral cur rent event s, the out go i ng electron can be quite 

accurately measured without t he fuz z i nes s inherent i n jet measurements. 

By util i zing high PT neu tra l current events, one can explore 

experimenta lly t he problems produced by t he i mper fect i ons of j et 

de f ini tion, particular l y wi t h respe c t t o algori thms for determining 

jet directions and spread . 

This study. besides h a v ing impor tant physics interest in its 

own right, may be crit i cal f or understan di n g and measuring the 

charged currents in e-p , the high PT jet sca ttering in pp and pp, 

+ and the hadronic f ina l states in e e In t h e f irst case , the out

going lepton is not me a s ured; i n t he latter cases , no direction is 

defined independently of the jets themse l ves. 
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The study of lepton scattering from atoms, nuclei, and nucleons 

-

-

-

has been of prime importance in the evolution of our knowledge 

concerning the material world. More recently, the study of 

hadronic jets has shown promise of providing an alternative probe 

of short-distance behavior. Combining the two techniques at the 

highest Q2 is irresistible. The simplicity and understanding implicit 

in the use of the lepton probe will give us deeper insight into the 

use of jets as a tool. If unanticipated behavior is seen, the 

simultaneous availability of both lepton and jet information may 

be essential for our ultimate understanding. 

-

-
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v. New Particle Production 

We conclude the Phys ics Section by discussing the experimental 

s ignatures for the p roduction of heavy qu ark state s and heavy 

leptons produced in high energy e-p col l isions. These topics are 

both physically interesting and serve to il lustrate the general 

capabilities of the e-p de tector i n e luc idating new phenomena. 

Measuring the r a te f or heavy quark p roduction in high 0 2 e-p 

colli sion will test QeD thr ough t h e Altare lli-Parisi Equation. 

As for heavy e lectron state s , an e-p facil i ty offe rs several 

unique advantage s. An e-p c o l lider will produce both neutral 

and charged heavy elec trons with comparable yields. Even neutral 

heavy electrons wi th moderate masses ma y have previously escaped 

detection since the y are no t appreciably produced in present day 

+ 
e e machines which operate at energies sub stantially below the 

mass of the Z. If h eavy e l ectrons h a ve standard weak couplings, 

hundreds of such leptons wi l l b e produced in our canonical e-p 

run, even if they have masses o f up to 100 GeV. This mass range 

will be unava ilable to high e ne rgy e+e- annihilation machines in 

the near future since , t h e re, the heavy leptons must be produced 

in pairs. Furthermore, i n an e -p collider , the heavy electron 

wil l be produced cleanly agai nst a single hadronic jet. One can 

therefore use kine matic constraints to determine the heavy 

electron ma ss whenever i t decays by emitting a neutrino. 

A. Heavy Quar k Production 

Heavy q uarks can be produced in high energy e-p collisions 

via the d iagrams of Fig. 17. The cross section for these processes 
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clearly depends on the momentum d i stribution of heavy quarks in the 

nucleon quark sea. The Q2 
evolution of these quark distributions 

can be computed using the Altarelli-Parisi equation. The expected 

heavy quark yields for our assumed run were presented in Section 

IV. A., Table 2. 

States containing heavy quarks which are produced within the 

current jet can be most easily observed through their semi-leptonic 

decays. Additional experimental signatures include the appearance 

of multiple jets and broader jets due to the production and 

subsequent hadronic decays of heavy quark states. 

In order to study heavy quark signatures, we have simulated 

production and semileptonic decay of 5 GeV bottom mesons and 

20 GeV top mesons for 10 GeV on 1000 GeV e-p collisions. We assume 

that bottom mesons semileptonically decay into charmed mesons, and 

top mesons semileptonically decay into bottom mesons. Both top and 

bottom states acquire a fraction z of the current jet energy 

where D(z), the heavy quark dressing function, is flat from zmin 

to 1 . Figure 18 shows the x and y projections for 20 GeV top 

production based on our solution of the Altarelli-Parisi equations 

for events with Q2 > M 2 Nearly all the events are generatedtop 

with x < .1. 

Figure 19 compares the properties of 5 GeV bottom and 20 GeV top 

decays. The coplanarity variable gives the azimuthal angular 
+ + 

difference between the charged lepton from t + d£-v or b + c£-v 

decay and the scattered lepton, while Fig. 19c gives the 

energy spectrum of the decay lepton . The hadrons produced from a 

20 GeV top semileptonic decay will probably emerge in a single 

jet owing to the large amount of energy available to the hadronic 
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system. The angle between t his decay jet and t he rest of the 

current jet i s histogrammed in Fig. 19b . Clearly the decay jet is 

generally well separated f rom the remainder o f the current jet for 

the case of 20 GeV t op production. A simi l ar dis tribution is 

obtained for the angle be tween t h e cu r rent jet and the electron 

or muon from top decay . 

The hadrons produced from a 5 GeV bo t tom semi leptonic decay 

i nto a charme d sta t e wil l appear more phas e-spa ce-like than jet-

like. In addition, the angle between t he h adronic charm system 

from B decays and the rema i nder o f t he current jet is typically 

less t han 10 degrees (see Fig .19ij. Hence one will not generally 

observe a multije t structure f o r events con taining a B. Fortunately, 

however, the lep ton f r om B decays of t en emerges at azimuthal angles 

of greater than 15 degrees with respect to t he azimuth of the current 

jet and hence can be i s ola ted. The Figs.19 a and 19b demonstrate that 

the bottom event s are more difficul t to detect than top events, 

because the bottom decay p r o duct s are les s isolated f rom the 

current jet. Thi s is p a rtially compensat ed, however , by the vastly 

larger produ ction of bottom expec ted in e-p collisions. 

B. Photoproduct i on of Heavy Quark States 

We have discussed t h e production of h eavy quark states at 

moderate Q2 (Q2 > M
Q

2 ) by the neutra l c u rrent scattering of an 

e lectron agains t t he heavy quark sea. This section discusses the 

production of heavy quark s tates in the low Q2 o r virtual photo-

production limit where soft electron s catter i n g creates a flux of 

virtual photons given by t he Wei zsacker -Williams formula : 
2 

+ E , 2 dN ex E2 ~ax w - = ) Q,n( 2dw 27T 2E ~in 
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In this formula w is the lab energy of virtual photons with 

2 2 masses from -0. to -Q and E, E' 	 are the lab energies of the'nun max 

incident and scattered electron. A virtual photon with a lab energy 

- w appears with an energy of v ~ 2Epw/MN ~ 2100 w in the incident 

proton rest frame. 

In applying the Weizsacker-Williams formula to heavy quark- 2photoproduction, we assume Q . 2 = 5 GeV which corresponds to ourmln 

minimum electron tagging angle of 10
0 

, and a Q 2 = MV2 where MV max 

is the mass of the lowest vector QQ bound state . This choice for 

2 o follows from a V1ID picture where 	the photon couples to a'max 

vector QQ bound state which scatters into 021 allowed bare flavor 

final states. This process should die 	away due to the presence of 

2the vector meson propagator for Q2 > MV The Weizsacker-Williams 

formula gives a large virtual photon-proton luminosity which is 

- ~ 5% of the e-p luminosity for v > 100 GeV photons with 

25 < Q2 < 100 GeV . 

In accordance with recent rea1 3 and virtua14 charm 

photoproduction results, we assume a simple energy dependence 

for the heavy quark photoproduction cross section : 

a ( v ) = a (1 _ Vthresh) 
o v 

The asymptotic photoproduction cross section was measured to be at 

the 500 nB level for D photoproduction and is expected to scale 

as (qQ/MQ) 2 
where qQ' MQ are the charge and mass of the heavy quark. 

Table 3 summarizes virtual photoproduction event rates for our 

canonical 10 on 1000 GeV run with a 1038cm-2 integrated luminosity. 

We see that the photoproduced high mass quark yields are comparable 

or greater than the neutral current heavy quark yields. 
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TABLE III 

Virtual Photoproduction of Heavy Quark States 

Assumed Cross Section Expected Yi e l d* 

1) 

2) 

3) 

4) 

y* ~ DOno 

y* -+ BB 

y* -+ tt 
( 20 GeV Top) 

-y* -+ t t 
(5 0 GeV Top) 

500 nb (1_12 GeV) 
\I 

27 nb (1_ 68 GeV) 
\I 

7 nb (1_ 893 GeV) 
\I 

1.2 nb (1_543~ GeV) 

490 K 

91 K 

21 K 

1.3K 

*Yield for an integrated luminosity of 1038cm-2 10 on 1000 GeV 
e-p co llisions 

.... 




-


-
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As we shall show shortly, the detection of photoproduced 

heavy quark states will be easy since their decay products generally 

emerge at reasonably large polar angles. We have simulated the- photoproduction of 20 GeV top states and their subsequent decay 

- via t + be v. The top states were produced via the decay of a 

virtual 45 GeV "topsilon" vector meson. Figure 20a shows the 

topsilon lab energy distribution. To a good approximation (except 

very near threshold) the lab energy and Pz of a virtually 

photoproduced state of mass MV is: 

Mv2 
E w + 4w -

(Eqn. 1) 
Mv2 

P = wz 4W 

where w is the lab energy of the virtual photon. 

From Eqn. 1 we see that massive vector mesons such as the 

topsilon are produced essentially in the incident proton direction 
,.

with energies of typically 200 GeV. 

Figure 20c gives the distribution of missing P~ carried by 

the neutrino, while Fig.20b shows the polar angle distribution of 

the electron from top semileptonic decay. We see from the figure 

that massive, virtually photoproduced quark states will be easily 
,..... 

detectable since the decay leptons emerge at large polar angles 

and the events have a large P~ imbalance. 
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C. Mass ive Ele c t rons 

Some theories of the weak interaction requ ire the existence 

of ma ssive neutral or ch a rged heavy electrons which appear i n 

either a weak iso doub let, or isotr iplet with the ordinary electron. 

Such objects would be produced in high energy e-p collisions via 

t he diagrams of Fi g . 21 i f they have a mass, Ml , l ess than ;s.

The e-p i n terac tions at very high energies provides a unique 

opportunity to produce the entire range o f possib l e high mass 

+ 
l epton sta t es . Charged heavy leptons will be p r o duced in e e 

annihilati ons of appropriate energy, but neutral lep tons will not . 

In all cases t h e e-p process permits measurements of the new leptons 

in a clean and unique way. 

The kinemati cs of t he final lepton and current jet would be 

modifi e d by t h e presence of massive heavy leptons . As be f ore, we 

denote Ee as t h e lab energy of the incident electron, Ep as the 

2 2n.n
lab energy o f the incident proton, x = Q /2p·q, and y ~ 

The lep t on energy and momentum along the collision axi s is given 

b y : 

En = E (l-y) + E xy + Mn2/4E 
:tv e p :tv e 

PzQ, = Ee(l-y) - EpXy - MQ, 2/ 4Ee 

The current jet energy and P parallel is given by: 

= E Y + E x( l -y) - Mn 2 /4EEJ e p :tv e 


2
p J = E Y - E x(l-y) + Mn / 4E Z e p :tv e 

The p~ o f ei t h er t he l ep ton or current jet i s: 

Pl2 = Sxy(l-y) - YMQ, 2 



I11-4l 

The P..L expression limits the accessible x and y t o regions 

where Sx(l-y) > M~ 
2 These regions are shown in Fig. 22 for several 

M~ values. Figure 23, obtained by integrating the c .c. cross 

section over the allowed kinematic regions shown in Fig . 22 shows 

the expected yield of heavy EO, s as a function of EO mass for 

our assumed run. If the electron-Eo-W coupling has the same 

strength as the electron-neutrino-W coupling as assumed in Fig. 

we will obtain a large sample of Eo ' s even for E0 masses as large 

as 100 GeV. 

- Figure 21 shows several c.c. and n.c. decay modes possible 

for the EO and E-. In nearly all cases the experimental signatures 

for the decays will be easily recognized. In order to simulate 

heavy electron production and decay we employ the following model. 

Each of the decay modes shown in Fig. 21 involve the production 

- of two essentially massless fermions and a massless antifermion. 

The decay of heavy electrons into these three fundamental particles 

follows three body phase space except for a slowly varying matrix 

element (such as the matrix element for ~ ~ evv decay). For the 

cases where a massive electron decays into a lepton, quark, antiquark 

state we either hadronize the quark antiquark system into two 

Feynman-Field jets, or if the diquark mass is less than 6 GeV we 

decay the quark antiquark system as a single hadronic state decaying 

with a variable multiplicity 

Figure 24 shows simulated events for the decay of 

- - + - a 40 GeV heavy lepton into e VV , e ve , and e qq. All events are 

viewed along the collision axis with the current jet drawn to the 

right. Visible leptons are shown with dashed lines; hadrons are 
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dr awn with so lid lines. The length of the line segment is 

proportional to the magnitude of the particle's P~, normal i zed t o 

the particle with the largest P~. Several of the events of 

Fig .2 4b e xhibits the two jet structure one would expect for a massive 

heavy lepton decay. The events have striking topologies, with 

l arge amounts of missing P~, and leptons are well separated from 

all hadrons, as evidenced by the Figures. 

Figure 25 shows the mass resolution obtainable for 40 GeV 

h eavy leptons decaying into several neutrinoless final states. 

The different signal widths of the Fig. 25 distributions refl ec t 

the fact that momentum resolution is best for elec t rons , second 

best for muons, and poorest for hadron jets. 

Figure 26 shows reconstructed mass distributions obtained f or 

40 GeV heavy leptons decaying into final states with a single 

miss i n g n eutrino . In such cases the missing neutrino momentum 

can be reconstructed through measurements of the current j e t and 

the use of PL balance, and (E + P
Z

) conservation. Because the 

proton fragmentation jet has negligible mass and P~ and is directed 

against the Z axis, it always carries a zero value for (E + PZ)' 

This is also true for the incident proton. We thus have t he 

conservat i on rule: 

2Ee = (E + PZ)Final + (E + PZ ) Current 
Lepton Jet 

We can use this rule to compute (E + P ) for the missing n eutrino
Z


fr om t he measured (E + P ) of the current jet and vis i b l e heavy
Z

elec tron decay products. The P~ components of the mi ssing neu trino 
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can be determined from P~ balance. The individual E and Pz 
components can then be decoupled (for a massless particle) via the 

relation: 

P 2 
..L 

Lastly, even in the case of a heavy electron decaying into a 

single charged lepton and two neutrinos, mass estimates can be 

obtained through the coplanarity distribution of the lepton with 

- respect to the current jet. Figure 27 contrasts the coplanari ty 

distribution of a 10 GeV and 40 GeV heavy electron for 10 on 1000 

GeV e-p collisions. 

As the distributions of Fig.28 and the typical events of 

Fig. 24 demonstrate, the leptons produced through heavy electron 

decay are generally well isolated from the hadrons within the 

current jet. For this reason, the backgrounds to heavy electron 

production due to mis-identification of hadrons in the current jet 

(punch through) can be reduced to a manageable level using simple 

kinematic cuts. In this section we demonstrate the use of kinematic 

- + criteria in reducing a particular background to E -+ e jJ jJ decays 

where the scattered electron in an ordinary neutral current event 

is combined with two oppositely charged punch through hadrons in 

the current jet. Such a background is potentially pernicious 

because of the overwhelming number of neutral current events 

compared to the expected number of heavy electron events. 

+As a minimal requirement we would demand that the e-, jJ and jJ 

tracks of a heavy electron candidate have energies exceeding 4 GeV 
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and are separated by at least 10 degrees from all other charged or 

neut ral hadrons in the current jet. Monte Carlo studies performed 

for 10 GeV on 1000 GeV running indicate that over 64% of l egitimate 

E ~ e- ~+~- decays will survive this cut for E masses from 20 to 40 

GeV. I f 5% of the charged hadrons in the current jet are mis

38 -2identifi ed a s muons in the e-p detector, an exposure of 10 cm 

- + integrated luminosity will p r oduce 25 false e ~ ~ candidates which 

s atisfy t hese minimal cuts. Without the 4 GeV minimal energy on 

the punch through hadrons this number would be significantly higher 

indi cating that although a large number of current jet tracks are 

separated from all other tracks by 10 degrees , these wide angle 

hadrons tend to have very low energy. The mass distribution for 

The 25 surviving e-~+~- background candidates populate a highly 

non-uniform Dali t z plot . I n particular , the normalized Dalitz variable 

Te- / ML wher e Te- is the kinetic energy of the electron in the e-~+~ 

rest frame, and ML is the e- ~+~- mass, has a distribution which is 

s h arply peaked towards the maximum value of . 5. Hence pinch through 

e- ~+~- candidates have a very low ~+~ - invariant mass. Figure 29 

cont rasts t he Te-/ML distribut i on of background and legitimate 

e- ~+~- events. 

Applying the cut Te-/ML < .4 reduces the background t o less than 

3 events f or our assumed exposure. The cut is 62% efficient for real 

heavy electrons . 
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Up to this point we have discussed only the production of 

massive, new charged and neutral heavy leptons. Presently, however, 

the possibility that the well-known T(1780) is in fact a heavy 

electron cannot be experimentally excluded. If this is the case, 

thousands of TiS will be produced in 10 GeV on 1000 GeV e-p collisions. 

The T events can be identified by reconstructing the T mass in 

known decay modes such as T + TIV and in the new decay modes open 

- + - - + to a heavy electron such as T + e e e or T + e ~ ~ . 

We conclude that the use of e-p collisions at high energies 

creates a new window into the world of heavy leptons coupled to 

the presently known leptons through the weak interaction. This 

window has not been available previously. 
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APPENDIX I 

Radiative Ef fects 

The techniques for explicitly unfolding radi atively corrected 

e-p cross sections from measured cross sect ions are well known. 

In this section we examine the k inematic distortions produced by 

one of the radiative effects -- multip le photon emission from the 

incident ele ctron. We a ssume that an energy W i s radiated away 

f rom the incident elec t ron where W follows the normalized 

distribution: 

P(w) dw = t (_w_)t 
w max 

dw -w 

and t = a. 
7T 

(Ln 
2 
~ M -1 ) 

e 

This expression is based on Eqn. iv. l of Reference 5 in the spiri t 

of Reference 6, Eqn. 2-6 . 

Figure 30c shows the distribution (in 50 MeV bins) of incident 

electron energy subsequent t o multiple photon emission for Q2 > 10 GeV 

10 on 1000 neutr al current e-p collisions. About 80% of these 

co l lisions have incident energi es within 0.5% of the nominal beam 

energy of 10 GeV. Figures 30a and 30b show how initial state 

radiation a f fects the mea surement of x and y. The events of Fig . 

were generated with the incident electron energy distribution of 

Fig.30c. The x and Ymeas values were extracted using theme a s 

i nversion formulae of the k inematic section assuming an initial 

incident electron energy of exactly 10 GeV. About 60% of the events 

have an x within .004 of the true x value ; about 80% of the meas 

events have a y within .00 4 of the true y value. Hence, exceptmeas 
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for a small but long tail, the resolution effects due to initial 

state radiation are generally much smaller than experimental 

measurement error. 
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APPENDIX I I 

~he Ef f ects of Proton Fragmentation Jet PL on x,y Resolution 

The current jet x, and y inversion formulae presented i n the 

Kinematics Section assume that the proton fragmentation jet carries 

n o PL. Experiments indicate that partons within the nucleon 

t ypical l y acquire PL's on the order o f several GeV when produci ng 

h i gh mass dimuons via the Drel l-Yan process. The observed i ncrease 

o f the average dimuon with increasing dimuon mass suggests t hat 

this P~ has a component due to t he pr i mordial P~ of the interacting 

partons as wel l as a growing QCD component which is due to multiple 

g l uon emis sion . Although the theory governing these P~ con tri b ut ions 

is unclear, one expects that this PL will continue t o grow slowly 

with increasing Q2. Estimates from Re f e r ence 6 indicate 5 GeV 

t ypica l P~ ' s for Q2,s on the order of 10000 GeV. The presence o f 

such a clearly modifies our picture of the e-p collision process.PL 

In the hadronic center of mass frame (HCM) the jet as wel l 

as the current jet carries a momentum of W/ 2 where W = Is y (I-x) 

I f the fragmentation jet carries no p~. i t will lie col l inear with 

t h e momentum of t h e incident proton (P), while the current jet 

wil l lie collinear with the momentum of the exchange particle (q). 

Parameteri z ing the PL by the invariant t = -2 F.P ~ (F_p)2 where F 

i s the four momentum of the fragmentation jet, we can compute the 

aco l lin ear ity e v i a: 

cos e = 1 + 2t 
W2 

2
For values of Itl«w , -t is approximately the PL2 

of the 

p r oton f r agmentation jet in both the HCM frame and the laboratory. 
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r- In order to complete our description of an event we must orientate 

the azimuth of the current jet with respect to the plane of the 

scattered lepton. We define ¢ so that the proton jet is coplanor 

with the scattered lepton when ¢ = o. 

Using W, e, and ¢ as defined above, one can construct the 

current jet in the HeM frame, boost into the lab, and construct x' 

and y' using the inversion formulae presented in the Kinematics 

Section. Figure 2 shows x'-x plotted as a function of e, for the 

indicated values of -t for events with x .5, and y = .5. The 

value of y'-y is nearly independent of e and very small 

2 

-
( Iy' - yl < .001, for -t < 20 GeV ). 

Figure 30 is computed exactly, as described above. The 

following approximate formulae appear to be valid for cases 

where _t « W2 . 

x' '" x + 2 / x I t I cos $
/ Sy(l-x) 

Y' + t
'" Y S(l-x) 

The formula for y' uses the E + P conservation relation discussedz 
in the Kinematics Section and expands E + Pz of the proton 

fragmentation jet around O. The formula for x' neglects y'-y and 

changes x to x' by an amount necessary to balance the acquiredPL 

by the fragmentation jet. Averaging over e we thus see that the 

major effect of a fragmentation jet P~ is to smear x by : 

~ f21tl ~) 21tl
- ISxy(r-y) - P 2 

.L 
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where -t ~ p~2 of the fragmentation jet, and p~ is t he p~ 

of the scattered lepton. Hence we see that the relative e rror in 

x due to fragmentation jet p~ is small as long as the fragment a t i on 

jet a cquires only a small fraction of the p~ of the scat tered 

lepton . 
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APPENDIX III 


Extracting Structure Functions from Simulated Data 


In this appendix we discuss a method which can be used to 

extract structure functions from data collected at a colliding 

e-p facility. This method simultaneously corrects for acceptance, 

binning, and resolution effects and has been applied throughou t 

the Physics Section on simulated data. 

The basic method produces a corrected structure function (Fi)c 

by comparing the experimental yield (N~) in certain x and Q2 bin, 

to the expected yield (N~) in that bin computed by using a Monte 

i
Carlo simulation based on an expected structure function (FE)· 

Because yields are directly proportional to structure functions, 

the correction equation is just: 

i
NDFi Fi= --. 

C Nl (Eqn. 1)E 
E 

The Monte Carlo simulation must, of course, incorporate the 

resolution and acceptance effects which are expected in the data. 

If the x and Q2 bins are sufficiently small, the Monte Carlo 

structure function (F~) can be evaluated at any arbitrary spot 

within the x and Q2 bin and Fi will be close to the true structure 
c 

are large thatfunction. If, on the other hand, the bin sizes so 

the ratio of the true structure fun.::tion (Fi) to the Monte Carlo 
T 

structure (Fi) varies significantly within a bin, Fi will differ 
cE 

t This effect can be eliminated to firstsignificantly from FE. 

order (in the bin size) by evaluating the assumed F~ at the yield 


averaged x and Q2 for events within the bin. In bins where the 


measured x and Q2 differ substantially from the true x and Q2, 
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one shoul d evaluate t h e structure functions at the y i eld av era ged 

2tru e x and true Q va l u e s, even though the b in boundar i e s are in 

t erms of me a sured quantities. I n light of these c ons idera t i ons 

we recast Eqn . 1 as: 

F 
c 

(iX 
0' 

iQ )
0 

= 
Ni 

D 

Ni 
E 

FE (iXo , iQ~) (Eqn . 2 ) 

where : < X >true Bin i 

> 
Bi n i 

In principle, Eqn. 2 can be interated in order to eliminate 

2 2higher order variation of FT( X,Q )/FE(X,Q ) within a bin. This 

did no t prove necess a r y on simulations used in the Physics Se c tion, 

h owev e r. I n some o f the charged cu rrent simul a t i ons a large 

fr a ct i on o f events in a given measured Q2 and x bin we re a ctually 

h i ghly smeared events wi th x true and y true outside of t h e b in . 

We e liminate these bins when the fraction of "out of bin events" 

reaches 50% -- clearly the interpretation of such events i n the 

data would be clouded. 
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importantly, the exploration of the inner structure of 

quarks or of leptons can be started. 

If facilities for bringing electron beams into collision 

with proton beams are not yet being constructed, it is not 

for lack of study. Indeed extensive workshops have occurred 

at Fermilab for the Tevatron,l at Brookhaven for ISABELLE,2 

at CERN for the SPs,3 at DESY for Petra,4 and at KEK for 

. 	 t 5Trl.s an. All of the investigations have been made in depth 

* but the recent study for the HERA project at DESY is the 

most definitive. Thus, the physics of electron-proton 

collisions has been well considered and the problem of 

preparing an electron target has also been looked into rather 

thoroughly. What we are proposing here is what must be done 

specifically in the United states in order to realize 

experiments with electron-proton colliding beams. 

In these days when the appetites of meritorious projects 

already underway can easily absorb all the funds available, 

and that is why ep projects have not been started earlier, 

it may not seem an auspicious time to suggest yet a new 

project. But those projects already funded will be completed 

before long so that new undertakings should be considered now. 

What must be especially emphasized here is that very modest 

funding for electron-proton experiments can produce -knowledge 

which will be competitive with that which will result from the 

more expensive projects. It is for this reason that we describe 

* 	 HERA is the acronym for a project for 30 GeV electrons on 
820 GeV protons at a cost of about 600 million DM. It has 
not yet been approved for construction but if approved it 
mig~t come into operation toward the end of the 1980's. 
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II. ectives of Electron-Proton 

The proposed electron target facility opens up a new 

kinematical range, heretofore inaccessible to fixed target 

electron, muon and neutrino experiments. The capabilities 

of this new facility cover a wide range of fundamentally 

interesting physics. Among the topics to be studied are: 

1) study of the structure of the proton. the quark and 

the electron. 

2) study of neutral current effects. with the kinematic 

region available, the strength of the l~ and Z amplitudes are 

comparable. The availability of left and right handed 

circularly polarized beams for both electron and positron 

will make it possible to study the details of the weak and 

electromagnetic interaction. 
\ 

3) The measurement of the propagator effect and hence 

deduce the mass of the Wand Z mesons. 

4) Search for right handed charge currents. 

5) Tests of time reversal invariance. 

6) The production of new flavored quarks. 

7) Photoproduction. 

8) Hunt for new and exotic particles. 
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i\- Kinematics 

We describe below the notation we will use 1n this 

report. 

Consider the reaction 

ep -. e I + X • a (1.1)• 

. ~ .. 

k 

p pi 

2 
= -q 

2S = (k+p) 2 ._ 4E E +om 
e p p 

e 
. 2 ~4E E Sln e e 

I 

2 

rnp\l = p • .. (k-k') 

2 
X = Q 12m \I 

. P 

We have assumed that the final state consists of a 

scattered lepton, a current jet which is the materialization 

of the struck parton, and a target jet which represents the 

dissociation of the incident proton. 
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~~~~==~--~--
PROTON JET 

l1 
CURRENT JET 

We have the following kinematical relationships for 

the current jet: 
~.- . 

" 

P = xp + q
J 

P
J 

1. 
2 

= sx(l-·y) 

cosB = E y-xE (l-y)/E y+XE (l-y)
J e p e. p 

B. Comparison with the Tevatron Program 

Figures la, and lb, compare the NC and CC event rates 

expected for the ep facility to those expected in fixed 

target ~, v experiments at the Tevatron. The cress sections 

used in computing the e-p rates are shown in Appendix I. 

For ~ and v calculations, we assume an incident lab momentum 

of 600 GeV/c for both the ~ and v and predicate our rates on 

expected time averaged luminosities (including duty cycle) 
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32 -2 -1 34 2 1of 10 cm sec for ~IS and 10 cm- sec- for v's. 

Figure 1 shows that the rates expected for the ep 

facility are considerably larger than fixed target rates 

for Q2 exceeding 100 Gev2• We thus see that an ep facility 

opens up kinematical regions inaccessible to fixed targ~t 

experiments at the Tevatron. 

Aside from the obvious advantages of enhanced rate, an 

ep facility will allow one to study lepton-nucleon scattering 

with an open geometry. We can thus study the hadronic 

states accompanying the scattered lepton in considerable 

detail. For example, we will be able to separate the current 

jet from the proton dissociation jet, and search for the 

presence of new quark flavors among the hadrons in the 

current jet. 

The ability to vary the polarization of the incident 

electron, inherent in an~p facility, offers the additional 

advantage of allo\",ing us to observe dramatic weak and 

electromagnetic interference effects. 

Next, we elaborate on the physics objectives 

outlined above. 

1) study of structure of the proton, the quark 

and the electron. 

Using the equations outlined in Appendix I, we calculate 

the CC and NC rai:es for the proposed electron target 

experiment. Figures 2a through 2d show these rates as a 

function of x and y. In Sec. III, we discuss the separation 

of charged and neutral current events. We conclude that a 
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cut on the missing p~ > 5 GeV/c is sufficient to separate the 

two samples. We also discuss the systematic errors involved 

in measuring x and y from the current jet. 

In addition this facility offers a unique opportunity 

to study the substructure of the quark. It would not be at 

all surprising, given the large number of flavors, to find 

that quarks do indeed have a structure. We can probe distances 

-17 as small as 5 x 10 cm. If the quark has a form factor, we 

can observe a change in the x, Q2 distribution of the events. 

In addition we will measure the neutral current cross section 

for both charges and helicities. Using the asymmetry parameter 

least sensitive to the weak interaction effects, we will be 

able to extract the one photon exchange cross section. If 

2there is a damping of the form 1/(1+Q2/M2) due to quark 

structure, we will be able to observe it if M <s:; 0.5 TeV (for 

six weeks of running). 

2) Weak and electromagnetic interference effects. 

We will be able to demonstrate the presence of the weak and 

electromagnetic interference through the measurement of 

asymmetry parameters. The available polarization allows us 

to measure the parity violating asymmetry, which is expected 

to be ~ 25% at x = 0.5, Y = 0.5, in a region where we have 

appreciable rates. The ma.gnitude of this asymmetry can be 

4compared to the fixed target asymmetry, which is ~ 10- • 

In addition, the availability of both electrons and positrons 

will enable us to measure additional asymmetries (Pig. 4). 
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Such measurements 1m'll one to de ne the 

s ths of vector and al vector terms. 

3) 

As a new nematical is up, where propagator 

e become e 

e very , e.g. bosons. 

We that we will have the Ie a new 

si If the mass of the t W 

are known, it is pos this to the 
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o, s, up a mass ~ ~ 7 GeV. 
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there is left charged current. However nature 

cou very well tric. e sent 

at low Q
2 the SU(2)L x U(l) a few 

the mass a propag has to grea 

200 GeV. Hence as one approaches high Q2 of 

ft current s would rease, 

resulting increased sensitivi We should be sensi 

to these new currents up to ator mass of 350 GeV. 

-For example, .f\m = 3 GeV the rate th e R Q2 > 

1000 2 is 94 th a background of 730 The 

7 come assume 90%e L 

e R beam, 6 s of runni . ) 
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5) Time reversal invariance. 

In addition to having circularly polarized beams, it is 

also possible to work with transversely polarized electrons. 

By measuring a • e, 

P1"n = incoming electron momentum, P = momentum ofout anyone 

of outgoing particles, it will be possible to detect any T 

___~iolat~on, which may arise from the Higgs mechanism, etc. 

6) Electroproduction of heavy guarks at high Q2. 

In the limit of high Q2, all quark flavors (u, d, s, b, t ••• ) 

are expected to equally populate the quark-antiquark sea. 

" t" 7PreVlOUS es lma t es, based on simple generalized vector 

dominance model considerations, conclude that the production 

of particles con'taining a top quark, should occur at the 10% 

level in interactions with a Q2 greate~ than 500 Gev2 
. 

We have computed the expected yield 

of particles con 'taining heavy quarks using the Al tarelli-

Parisi equation: 

d P i(t) = ~ ij(t)p jet)
dt n n n 

' 2/ 2 h nth moment ofwhere t = 1 / 2 fu Q A , P 
n 

is a vector of t e 

the parton distributions (i,j = g,u,u,d,d, ••• ) and ~ is the 
n 

matrix of anomalous dimensions, which is dependent on the 

2 8 
running coupling constant g Georgi and politzer have 

calculated ~ for heavy quarks to ·firstorder in QeD theory. 

Figure 5 shows the parton momentum fraction carried by the 

quarks where we have taken ~ = 5 GeV and = 15 GeV.mt 
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tting cu moments to s lar to 

Buras and , we shown 

below I. 

In to ti the rates for 1 ti avy 

in the sea by the neutral current, we 

are studying a lighter quark s 

in sea a qu charged current~ For 
.. 

, if t were cons the 

b quark, the rate converting a b quark into a t quark 

w e might over the rate a t 

quark out of the sea the neutral current. 

In of x and high new 

tion occurs), the current jet and e 

are well s Hence we will 

tion of ays 

into with to current jet s. 

ly c are to produce a ning 

jet. 

7) 

Q2ion in the limit of can be 

as of an a t photon followed 

on the photon with the The i ty of 

formu :the beam is given by the We 

a
kN(k) 

21f 

and scwhere E E' 	 are the ies of the 

2 ,2 vector mesonsand Q = EE 


bare quarks produced day is shown low. 9 




II-9 

mass 
(charge) 

°Tot Events/day(GeV) 

'Y+p -+ J/~+ -. . 3.1 30 nb 26,000 

'Y+p -+ '1'+ 9.4 90 Pb 80 
- .-- -..... 

'Y+P .... C+ 1.5 (2/3) 1 !1-b 900,000 
~J 


'Y+p -+ b+ 4.5(-1/3) 27 nb 8,000 I '. 

I 

'Y+p .... t+ 15 (2/3) 10 nb 900 

These vector mesons .will have small laboratory 

longitudinal momentum, and will therefore be easy to detect. 

2Furthermore, as the Q of the event increases, the cross 

section contribut:ion from low mass vector mesons such as 

the p is suppressed relative to the contributions from 

the heavier vector mesons such as the T. 

8) Hunt for new and exotic particles. 

The list of new, exotic particles predicted in modern 

theories continues to grow. Because of the flexibility of 

the ep facility, it wJll be possible to look for many of 

these particles. We have unique capabilities for producing 

and detecting heavy leptons with the electron quantum number, 

and leptoquarks \'lhich are required in current grand 

unification schemes. Both particles will have dramatic 

signatures. 
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Mass 2 

I 

5 

15 

20 

30 

50 

25 

225 

400 

900 

2500 

2.7 x 

1.0 x 

2.3 x 

2.1 x 

3 

5 

3 

2 

Note that 

0
2 

> 

valid. 

region 0 2 

limit. 

r:;;; 

above rates 

the 

11 be 

As 

are lated 

group 

production 

above rates are a 

are 

lower 
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III. 

In to show that a 1 

a 

cs, is feas It could built today, sent 

we tes techniques. We will show the 

rate I the rou are ea ly 

overcome, and that ng rate is to 

sent s rates. We 1 show that 

s is deep phys s. 

so many the new will 

tacular s s detector. 

In this on, we scuss requirements a 

which can: 

(1) neu (ep .... e'X) (ep .... \IX) 

current ons. 

(2) Measure X, Y for both reac 

Note that a measurement of x, y is an x and 

measurement, hence s ons can ned. 

(3) Detect ons (Q2 < 10 

ch we 1 

For of this discus on, we assume a 15 X 1000 

e-p ne, and 1 t ourse s to 10.meter in the 

intersec reg throu t discussion we assume 

-2 -1 a luminosi ern sec 
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The rates quoted here are in events/day (for a luminosity 

2of 10 32 cm- sec-l ). We h ave a tota1 of 	about 3 x lO 6 ep ~ e'X 

2 2 2events, and 1000 ep ~ vX per day, with Q > 3 GeV /c • To 

study the details of the detector's response to the simulated 

events, we have fragmented the current and target jets into 

stable particles (rr, K, p, n, e, ~, V, ~). We chose the 

Field-Feynman technique. 10, Appendix III. 

In the discussion to follow, the momenta of the particles 

are given in the right handed coordinate system where the 

posi tive z axis (e = 0) is the elect'ron direction, while 

e = 180
0 

is the proton direction. 

B. Separation of Neutral and Charged Current Events 

The selection of charged current events relies on the 

large P imbalance characteristic of a missing neutrino. 
J. 

Missing P , however, can be due to the resolution in detecting
J. 

the energy and angle of the hadrons in the final state. We 

have incorporated these effects into a Monte Carlo program, 

which shows that in neutral current events the P imbalance 
.l 

is < 5 GeV/c. A ' cut on the missing P of 5 GeV/c should leave 
J. 

us with no neutral current events and with ~ 90% of the charged 

current events. Furthermore electron identification by the 

-3shower counters should achieve rr/e separation of 10 . The 

missing P and the missing electron are sufficient to obtain 
J. 

a clean sample of charged current events. 
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c. Scaling Variable Measurements 

The scaling variables x and y can be extracted from the 


energy and angle of the outgoing electron, or alternately 


from the energy and angle of the current jet. In Figs. · 6a-d 


we show the energy and angle of the outgoing electron and jet 


as a function of x for several values of y. Note that the 


target jet is assumed to have zero P • 

l. 

(1) In the low y region the electron energy is a slowly 

~arying function of x. As such the error ~n x, at low y, will 
\ 
lbe dominated by the electron ·energy resolution., Fig. 6a. 

(2) In the high y region, the electron angle is a 

slowly varying function of x (for x > 0.1). The error in x, 

at high y, will be dominated by the electron angle measurement~ Fig. 6b. 

(3) In all regions of y, the current jet angle is a 

slowly varying function of x (x > 0.2). The error in x will 

therefore be dominated by the angular resolution of the 

jet axis, Fig. 6d. 

~s(4 ) For very low y (y < 0.01) the jet axis very 

close to 1800 
• Hence there will be problems due to the loss 

of some or all of the jet particles down the beam pipe. 

Figure 7b shows the lines of constant jet angle in the 

x-y plane corresponding to 100, 50, 25 mrad with respect to 

the proton beam. Note that x and yare shown on a log-log 

The x and y regionsscale, with y going up to only 0.1. 

below these lines are inaccessible for x and y measurement, 

if the beam pipe subtends 200, 100, 50 mrad, respectively. 
2 

This means that one has no information about the very low Q 

region (Q2 = 60 - 300 Gev2/c 2 ) for charged current events. 
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(For current I we can use lepton . ) 

It is however si to low enough Q2 to link th 

2) •(Q2 100 This can be 

done lowering the beam For in 

Q215 x 500 datal one can a 2 

same p diameter (see • 7 a ) • 

We have s e of energy and angu tion 

on sys errors in x and y 8a. b 

the (10' ) errors obtained from current 

jet of out Ii 

Sec. D. We bel that a 

ng x y must excel y resolution 

at small y (or at small angles) I and excel angu 

throughout the detector. 

9 shows c of e-p 

detector. It consis tors coverl 

) di central 

(4 ~ e ~ 160°), and the backward (proton) direction 

( ~ e ~ 180°). the s 

as 1 as choice the elements of 

de , is on the and rate 

outlined Figure the regions 

the x-y s ing vari by e 

for lepton current jet. 

Next we scuss de each of the three 

detector systems. We size the rate Ii 

energy and angu res t 

I 
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covers the ion a :-;;: e s;: 4 the 

s 1 KHz (ref. Fig. 12 for 

s covers 

the energy resolu is 

We a 3 m x 3 m 

th 1 m x 1 m sodium iodide block ze 

will S cm x Scm. a of 3600 

(1 mrad) 1 be a s of 

3mm placed in the array. s 

tion 0 f (JE/E O.OS//E. Two 

reasons motivate p at the center the 

array: 

(1) improving the tion the 


ion, 


(2) glass well away from 

tron could over a of 

cause yellowing of lead glass. 

A small tion the 

de (see . 13 for the hadron ctrum) • 

come x y the of 

the jet is rapi ng with x and y. Therefore the 

de des to hadrons need 

lar 	resolu tion. We a 2 in.-l/2 

c sc llator ter, th 
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t 1 mrad angu segmentation. ene resolu 

detector will of order a :::: o. .7 Note 

that there no x-y space both the 

electron current jet 1 ectron 

This simpli • 

F. 

energy the hadrons current jet 

tion (Fig. 14 ) such that it is 

a We considered net configura

solenoidal We find that a solenoidal 

try has the t most uniform in the 

of moderate Q2 (a few thousand 2), and in addi 

minimum with the beams. A 1 configurat 

-s the lab p-p (Sm long, 3m .) 

is suggested. A coil s s 

Ids of up to 1.5 Tes with 

i region 1 m toward tron detector, 

ration covers the angles 450 ~ e ~ 1600 
• With 

s lacement of tion region. lk of 

electron rate falls 

e detector. 

jet is made 

Ins the coil 1 a system. outside of 

1 is surrounded electromagnetic 

ters. 

s 

noid's the 



1. 

I 

We propose a indrical drift for the 


tern. A ft 
 with 1 cm ft cell and 10,000 

swill of 300 res tion, or alp
J. 

0.001 P. We do most our wi BJ. 

0.5 Tesla. 

In one can place a 

with wires lar to rection, around 

interaction This 11 locate i tion 

ve and 

G. 

events. 

As we i earlier, jet ar 

is cruc important, e ially in 

current events the jet es are used to 

the scaling s_ The cu j multipl is 

charged les are 

measured with sion in ft chamber) • and 

{whose are measured c }. 

Consequently resolution the jet 

ted by resolu of the shower 

of a imeter th segmentation 

a an especi e. 

we tes a (1/4 in. ) lead s argon i 

11e readout ca r. We energy 
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of O'/E = O. and an re tion of shower 

of 1/3 We be that the 

resolution can to = 0.15//E .. is rly 

c = O.l//E obtained by sci llator .. 

However, the economy, ease of cons , 

and the makes the calorime 

to 2 crn x 120 cm 

modules to be in octets (see 15 ) .. module 

covers 1 8, 1f/4 ¢. th 2 cm x 4 cm 

, one can obtain 8 mrad e segmentation and 25 mrad 

¢ t is after 1, 6, 20 

lengths to achieve ,.... total e channel 

Ie = 128 x 3, rp. 32 X 3, or e + ¢ = 

The counter would 7,680 ADC 

H. 


The hadron calorimeter measure neu 


as as very high ed measured poorly 

by the magnetic detector. In spirit of the 

, we an (l on teri 

sixteen modu 250 cm x cm. e is 

15 , while ¢ is mrad. The 

of ADC l280~ a Stanford-Wis n 12 

group tested a SJ..mJ.. cou = 0.7 



II 

I. 

tector, which covers reg 1 :s: e :s: 1800 
• 

on calorimetry. It is It to match 

a tor in this region th ne irements. 

We a 3 m x 3 m gas a design similar 

calorimeter. i will 

a rad length (1/4 in. netic 

lowed by 4.5 (1 in•. iron) 

The segmentation in x and y will 

3 mrad). In each is sampled 

i nally times. ADC is 6000. 

s tor will scan ion both 

and hadrons (rate ~ 1 Hz), Q2 region for 

(rate,...., 1 KHz), and upstream gas interactions 

(rate is 1 KHz for 1013 protons Torr) • 

J. 

resolution outlined er, we examined the 

sys errors. re 10 shows 

errors to x-y extraction variables. 

It is c x-y sys errors 

is pos • even ~n charged events. The very large 

has the worst sys c errors when jet variables 

are u However in this reg it is s stical errors 

c errors that 11 For example. 

at x 0.8, Y = 0.8, the rate for 100 run is only ~ 10 

current events. 
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K. Background Sources 

We intend to make an extensive examination of the back

ground sources as soon as the machine parameters are precisely 

defined. For now, we rely on the examination of the background 

sources in HERA. The authors conclude that with suitable 

placing of simple veto counters, background rate from beam 

gas interactions can be reduced to ~ 100 Hz. At this low 

rate, selective triggering is then possible. 

L. Instrumented Machine Elements 

It is necessary to have a calorimeter placed behind the 

proton detector in order to capture some of the target jet 

energy, and possibly measure its P . This will likely be a 
i 

one or more machine element whose iron laminations are inter

sperced with scintillator. We are at present studying the 

requirements of this detector. We will come up with a 

detailed design as soon as a complete layout of the machine 

element is finished. We consider the correct design of this 

detector of utmost importance to the success of the experiment. 

M. Conclusion and Costs 

An e-p detector capable of measuring both neutral and 

charged interactions is feasible. The detector is relatively 

simple to construct, requiring no new advances in detector 

technologies. The reliance on gas calorimetry serves the 

dual purpose of providing the necessary angular segmentation and 

simplifying the construction of the detector. The cost of 

gas calorimetry is also lower than scintillator or liquid 

argon. 
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We a t of esse teetors as well as 

an es ir cost. We bel cost is 

7 million 1 
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IV. The Electron Target and Interaction Area 

Fermilab has tentatively decided that the ep interaction 

area should be located at straight section D, and has expressed 

a strong preference that the electron ring should not be in 

the Main Ring tunnel but rather should be in a separate tunnel 

tangent to the Main Ring, see Fig. 16. Designing a 10-15 GeV 

electron or positron storage ring is relatively straightforward 

because by now numerous very similar rings such as CESR or 

PETRA have been built and are in operation. What is difficult 

is to bring the electrons into collision with the 1 TeV 

protons of the Tevatron in the rather short straight section 

(~ 50 m) that is available. Polarization of the electron beam 

is an eventual requirement which adds a degree of complexity 

to the problem. We are also seeking an economical design 

which does not compromise either performance or reliability. 

Happily, Tom Collins of Fermilab has made a design of 

the electron ring in which he has solved the problem of 

bringing the electron beam into collision with the Tevatron 

beam for an electron energy of 10 GeV (see addendum by Collins). 

He has also expressed confidence that after such a ring has 

been in operation, it should be possible to increase the 

electron energy on the basis of the experience acquired. 

Collins calCUlates a basic luminosity of 1.5 x 1031cm-2 

-1 
sec ,but he suggests a number of improvements such as a low ~ 

insertion, rebunching the beam into fewer buckets, and using 

a larger electron current (at the cost of more rf power). 
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1 of 	 se he estimates wou raise the luminosi to 


-2 -1

2 x 10 3 sec It thus 

-1of luminosity, 10 3 , is a rea one to use in 

compu ng cou ng rates, t with 

s ngs wou indicate that a 1031cm 

might be more reali 

As shown in Fig. 16 e is racetrack 

design curved an 

of 150 m and th of the two 

stra is 100 m. s a is long to ing 

the e tron beam into col s with the proton and 

the norma transverse i 

a right handed or left handed while in the 

i reg and then it to its orig inal 

di are a of ways of accomplishing this: 

we u s itu field in the 

sses by 90 s i then a 

short th of magnet would cause the 

s to a 1 to 

image this wou restore the pol We this 

me ause the pol zat can d s ly 

the magnets. We do not claim to be able to use 

the t exper because we have not yet 

ca necessary accu nets nor, 

alterna ly, have we invented an 

sm controlling the s. the importance 
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and u ss zat nts, it is imperative 

that we eventually this ion. We 

1 al adequate for beam st s are 

In same , we t al to a i 

beam of the e t we will not have it in 

the s. If necess , we cou dupl the 

u ~n CESR for of 

itrons into one or a nches. It would be more de 

to have a acce to the e trons 

or i a few GeV at energy the s~ze the am 

would idly ter, a 

success pu s could be injected from a 50 MeV 

inj This booster its wou be p 

at the outer straight posi of the 

booster wou be 

The rf acce 11 ly a of that 

u at up from 8 10 GeV 

sca down for s. This impl s a 

s turn of about MeV/turn of Corne 's 

6. current in machines is also 

the same, 0.2 mA, of c ties at Fe lab 

will have to i CESR's 4 to 6, g a total 

th of t 25 m wh easi the 100 m 

long s section. To 15 GeV t 40 Mevi 

turn which wou n adrupl the th of the 
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cav~ s 100 m, t would no other 

necessary s such as qu i ts. 

there would space 80 m of cavi 

plus use of more rf to t the necessary vol:tage. 

s from a u of t 3.6 Mil at 10 

GeV to t MW at 15 GeV. To run at or above 15 GeV in 

would most require rf 

s. 

The tunneL cut and II, wou It of 

st sections, 8 wide by 8 high. 

Iding it of c sewer sec with a floor 

poured in might The of the 

would Ited in su a way that it would tou Main 

at the side but that the other s 

with rf and would be c sur 

ce much on). s reduce 

cost of tunnel, and wou 

drainage. A building 100 m long and t 

are feet) wou cons just ins outer 

section. One million has allowed for 

s bui assuming a 1 cost of $50 square 

It would possible to reduce the size this bui ng 

a factor of if necessary. 

It is assumed the ntal area at s ight 

D of the Main al been funded. s, 
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funds are being requested to allow for the electron ring 

to be joined to the experimental area. 

The lattice of the magnet ring is shown in Figs. 4 and 5 

of the addendum by T. Collins. In calculating the cost 

of the magnets, it has been assumed that the construction 

would be identical to that of CESR except to be 1.5 times 

greater in length. In fact because of eddy currents in .the 

aluminum donut, it might take too long to accelerate the 

electrons from the few GeV of the booster to 10 GeV. The 

substitution of a stainless steel donut lightly gold plated 

on the inner surface would probably not be more costly and 

would allow the acceleration in a reasonable time. 
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V. 


The des ring 11 c 


of CESR s ng at ity. 

Thus most of cos sc ra r 

s The 1 and bui costs are taken 

from the recent at rmilab': cost 

estimates are shown in Table I: the column 

the costs 1977 (reestima for actu 

the rf second es 

10 GeV inflated to values , and the 

column shows e tes 15 GeV a in lars. 

course estimates are very and allow 

improvements which to the costs. 

cost of de ~s shown in Table II. It is 

on etc. etc. 

Roughly, this can to 

ring 11 cost $20M about $7 M. 

if $2 M are left , we get $10 M 

for years i the introdu on. An 

addi year $10 M ld allow us to and 

ng the ene up 15 GeV. Because the rf cost is 

dominant and because it is constructed in a near fashion , 

it can absorb some share of the contingency. implying the 

s 1 of at a sl energy in 

of the E 4 dependence of the lon loss. 
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The schedule cal for the expe nt into 

in s the $10 M per year re 

assuming nding were to start 1981- If it were to 

start 2, $15 M two years would 

Much that will involve severe 

at t one nters. 



V-3 


Item 

nets 

Power Supp1 

Vacuum 

Injector 

rf 

controls 

Tunnel 

Ii s (5 MW) 

8 GeV 

00 m 

1 

7 $ 


(in K) 


11 


225 


5 


1747 
+112 

930 

10 GeV 

R==l 

1980 $ 
(in K) 

2360 

340 

00 

3800 

1350 

50 

1000 

15 GeV 

17 

560 

1800 

3000 

9000 

1000 

1000 

50 
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costs 

1 in. steel, 2 . steel $2,000, $1.500/ton 

1/4 l,500/ton 

ADC $ 

TDC + $30/ehannel 

s $100/1000 

PM 2 in. $100 

PM 5 in. tube $200 

MWPC t $20/channel 

$1000/1000 em 3 
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th 5 m 
Diameter 3 m 
Maximum field 1.5 

3 m x 3 m x 60 em 
5 em x 5 em 

3600 

# of Planes 4 
3mm 

# of Channels 4000 

ft Cell ze 1 em 
# .10,000 

s 
¢ Ie 25 1 32 channels ..e 8 " " 128 
z " " 3 (L 6, 20 r.l. ) 
# of Lead Plates (1/4 . ) 20 
Total # ADC's 7,680 



V-6 

Hadron Calorimeter 

Sixteen 8 ft x 6 ft modules 
¢ Segmentation/module 50 mrad/channel 16 channels 
e" " 15"" 64 " 
# of Steel Plates (1 in.) 30 
Total # ADC's 1,280 

Forward Detector 

Electromagnetic Detector 

x Segmentation 300 

y Segmentation 300 

z Segmentation 5 

Total No. of ADC's 3,000 

Number of Lead Plates (1/4 in.) 20 


Hadron Calorimeter 

x Segmentation 300 
y Segmentation 300 
z Segmentation 5 
Total No. of ADC's 3,000 
Number of Steel Plates (1 in.) 30 



1 M 


Glas 500 K 
PM (2 in.) 350 K 
ADC 1 K 

(50 tons) 80 K 
PM (5 in. ) 20 K 
ADC 4 K 
Chamber Electronics 120 K 

TDC 300 K 
ADC Counter o K 
ADC H.C. K 
Pb (70 tons) 100 K 
Iron (500 ) 1000 K 

ADC 250 K 
( tons) 15 K 

( ) 100 K 

Costs 
& 

2 M 

Computer & 800 K 
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VI. 


A run 'With x 1000 e1ec ) 

would resu in '" 5 x -+ e' 15,000 ep - 'V 

s th Q2 > 3 
2 A run at x 500 Gev2 

'Would follow. The data 11 a 

s-free of the structure func 

to find if QeD is i a theoryWe 

Also R measured th a rcent accu 

If nothing known about Z or W masses at that 

we able to the mass the t z andl 

or W to ~ 4%, if mass is ~ 350 GeV. If the mass and 

ng the t Z or Ware known, we are 

sensitive to in the Q2 di due to extra 

Z or W, up masses "" 3 GeV. 

-17If the quark has radius of order 5 x 10 cm or larger, 

then the Q2 di t , or structure functions wi 

a s s ni 

tributions. Pinning down the exact in 

se anoma 11 the li i 

to eliminate s we ts. 

On a less tacu but ss 

we would search for the top quark. Rates should be ~ few 

+hundred if m 30 GeV. No e e 11 have 
t 

8
by 1984. We 11 also accumulate 2 x 10

ction events, wh in the past have proven to 

a source new part les. 

that 



VI-2 

tall pola hardware not come 

until the A for 

current inter term between elec ne 

will out. Pas will corne 

a later. both charged and lici s will make 

a te of the details of weak 

interac 



We wou like to • T. D. Lee, Prof. A. Muel 

Dr. T. Collins and Dr. J. Pe s for many va 

scuss 
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APPENDIX I 


Calcu of Rates 


We the rst react 

ep ~ e + x (2.1) 

The l~ cross on is 

2
(x, Q ) (x,Q2 )} 

If we assume s a 

(x, ) I then 

(l-y + P 2 (x, ) ••• (2.3) 

2
In evaluation of (x, Q ) I we u Buras rs 

QeD parame zat the qu (see Appendix II). 

react (2.1) can 1'1' 

1 cross sections ch now depend 

on the Ii a the elec are 

::::: . f('I1) (2.4) 

-Here '11 

- )+ 


+/
./ 


(2.5) 

fu f(71) is 9 

j::::: j (x)f(71) [ (x) +s'l1 ] 

= 
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i = 1 j = 1 corre to 1'Y e term, 

i = 1 j 2 
} corre to and 

:::;:: " i 2 j 1 

::;:: ::;::1. 2 2J to Z excha term 

1 w(-l+~S~ e )2 2s1.n e
::::: /2 W 

2s e 
w 

-1+25 e 
w 

1.
Here G 1.S the ing 'Y or zn I 

e is nberg Ie. 
w 

are and are 

pI :::::; 1 

2 
P 

+1 )-1 

+1 

-1 

2
E e k
k 

J 
. 

::::: 
2 

'E 
k 

E 1.S the sum over all quark flavors 
k 

are the ngs the 'Y ( ) z( ) 

the left and handed k-flavor quark • 
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lR :::: e
k 

2 /2 ek 2 

L = \e I (1-2ek sin Sw) 


k 


-2/2 e sin2
S

k w 

Next we charge 

.... \I + x 

al cross section is 

22 

[(1-y)F (X, (x, Q 
2 

)2 

structure func are for e and 

+ e . , the Callan-Gross is assumed 

2
2 m 

ws . 2 2) [( 
m +Qw 
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Appendix I I 

Quark Distribution Functions 

The explicit expressions for ~, Ok are in accordance 

with the Buras-Gaemers parametrization, and CHD8 neutrino 

measurements. 

= u + s 
v 


Q ' = d + s

d v 

where 

d 
v 

'Il3 'Il4 
2 x (l-x)d (x, Q ) 

v B ('Il 3' . 1 +'Il )
4 p 

p p s - 2
2 s 8 

s (x, Q ) = (2. 1) (l-x) 3"6 8 3 p 

P P 
c - 2

2 c c (x, Q ) = (~ 1) (l-x) c3
2 c 3 

where 

0.72 -1.19 Gs 

(~l 2~8 5.06 Gs'Il2 
= 

0.97 1.69 Gs'Il3 
3.55 S.06 GS'Ill 

( 
1 

with 

s = 

number of flavors, 

2 
Q = 2., O. 2 • 

o 
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+ 1/4D22 2 l
D22  2 

8 3/4 D + 1/4
3 23 3 


D - 1/4
C3 23 3 

0.11 e -0.427 S 
2 


0 667 S
= 0.009167 e- . 
3 


-0.427 s+ 0
O. 8 e .429
2 

l 0 609 S -0.667 0.0028 e- . s+ 0.1634 e- . 0.157 e S 

s 
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III 

of Jet 

dress quark J is done ng to 

10
the 1 qu flavor 

q momentum W creates a in which a 
o 

antiquark pair is produ The inal 

nes with the 	 ark to form a meson, and the ss 

1. S repe a ted rema qu The ng ru s 

are 

1. The tion of 	energy n that primary 

leaves 	to remaining jet is g by 

2
f(n) :::::: 1 	 a 0.88. 

2. The 	 p carry zero net P but 
.L 	 ' 

that is gauss th cr 350 

flavor is 40% u, 40% d, 20% s. 

3. 	 ss stopped when momentum of 

ng jet arou the inal jet direc is ~ o. 

4. ng mesons are p 

50% 
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Fig. Same as la for charged current events. 

suppress of cross sect due to the 

the ator is also shown. 

· 2a rate of 
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Fig. 4a The asymmetry parameter (o(e-L)-o(e-R»/ 

(0 (e-L)+o(e- » as a function of y for x = 0.1, 0.5,
R

0.9. 

- + / - +)Fig. 4b Same as 4a for (o(e L)-o(e L» (a(e L)+o(e L) . 

Fig. 4c Same as 4a for (o(e-L)-o(e+R»/(o(e-L)+o(e+R»· 

Fig. 5 Evolution of the second moment (n=2) of the parton 

distributions as a function of t = 1/2 ~ Q2/A2 

(A 2 = 0.2 Gev2). The calculation is done according 

to the prescription of Georg i and Poli t'zer. The n=2 

moment corresponds to the average fraction of the 

momentum of the incident proton carried by the partons. 

Fig. 6a-d The energy and angle of the electron and current jet 

as a function of x for y = 0.01, 0.2, 0.6, 0.9. 

Fig. 7a Lines of constant current jet angle with respect to 

the proton beam. Note the log-log scale (15 x 500 GeV2 ). 
2 . 

Fig. 7b 	 Same as a for 15 x 1000 GeV • 

Fig. 8a 	 Scaling variables x-y (10) errors obtained from 

lepton variables using the resolution of the 

proposed detector. 

Fig. 8b Same as 8a for jet variables. 

Fig. 9 A schematic of the detector. 

Fig. lOa 	 The shaded regions indicate the x-y regions where 

the current jet will be in the electron, central, 

and proton detectors. 

Fig. lOb Same as a) for the lepton. 

Fig. 10c The overlap of a) and b). 



Fig. 11 	 A sample of Monte Carlo events in 5m x 3m solenoidal 


field with B = 15 kG. The fragmentation of the 

z 

current and target jets is done according to 

Feynman and Field. The electron beam direction is to 

the right; the proton beam direction is to the left. 

Fig. 12 The electron angle spectrum. 

Fig. 13 The track angle spectrum. Field-Feynman fragmentation 

is used. The shaded region is the target jet 

contribution. 

Fig. 14 The track energy spectrum. Field-Feynman fragmentation 

is used. 

Fig. 15 sixteen shower counter modules arrangement. 

Fig. 16 The electron ring at Fermilab. 
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CALORIMETER MODULES 
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TEVATRON 

\ 

\ -t-----''r---- R=150 m 
\ I \ 

l ~'-"_ FUTURE RING
\ 

\ I R =300 m 
\ II 

''\ /....... -- ./ 


" "'<: PENTEVAC 

The electron storage ring. 

A second ring of about 300 m average bending radius is indicated 
by the dotted lines to allow for running at a higher electron 
energy, 20-25 GeV, for collisions with the 1 TeV protons in the 
Tevatron. It might eventually turn out to be tangent to the 
Pentevac should such a device be constructed. This would then 
allow for, say, 25 GeV on 5 TeV ep collisions. The ultimate 
(well, the penultimate) might be to have a 75 GeV electron ring 
in the Pentevac tunnel, giving over 1 TeV in the c.m. system 
of 75 GeV/5 TeV ep collisions. If the 300 m ring were to be 
built, the first ring would be most useful as an injector 
into the second ring, as a device for polarizing the electrons, 
and as a part of the preparation of a positron r~ng. 



I ( Work ) 

I could make a st1s S Let me put 

as machine consi If you at ics at 

, we both the U.S. and ~n Western 

d ' 0machines ~scover Z over. 

facili in U. S. are qu unique, and we cou 

the rather modest s in a 10-15 GeV e 

ng ep s we have heard t 

last days. It is cs. no 

stion the of quarks and 

We can on arks, on s, 

on Nothing more be said. The 

stion is when can we qu on 

of S, and over what I am to see 

that s s covered all the physics 

can do with like spec lar, you can 

if and have structure, or you can simp 

study proton stru or, if are a enthu 

can test the va of the theory. s to 

talks makes it absolute c ep 

I 

- + dup or p-p, ated by e e I 

~sconverse also true. Therefore, with s 0, we 

should ourselves if we Id base our program on ru ng 

on the second ne to European machines, discover the 

several behind else. To conce sing 
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mi on or e + e - is a mistake. Many years from 

now we will look if se our prej ce, 

if because narrow mi ss, or if of our 

, we this re ly simple 

which the to a of 5. 

we wi it. We will not done j ce to 

ou or our community. 



II 

Chris Llewellyn 

Theoretical Issues May 3, 1980 

1. 

I will t scus on to three possible 

and discuss issues they can address. One usu 

starts with a st issues carefully to t in 

the I this 


The three are (see . 1) : 


I 

1. 20 x 400 s 32000 	 ISABELLE 

2. 15 x 1000 60000 	 FERMILAB 

3. 	 30 x 800 00 HERA 

Many items are from the theory section of 

HERA report. 

A large new is opened up (Fig. 3) I 

lines of 10 In Fig. 4 the of 

Q2events per are given 

One , 10 s/day> 

for charged s as 

well (Fig. 5). 

What can we th events? 

:> s/5. s is 

2. 


First neutral currents, model SU(2) x U{l). 


What about fu g e structure? 


Can we test s in ider? Look at 
 Ii 
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It can be reduced at small Q2 to s model. 
2 

one extra term c (Jem) . This term would not 

seen scattering se neutrino is 

Nor been seen SLAC 

polarized s because it 

conserves parity. It would show up scat ng 

PETRA. it did which limits c < 0.15. Not very 

s cons 

2
Of course at Q more vector 11 show 

ensure that low at st• 

one the Z0 mu a mass lower the Zo of the 

model, i.e. lower than 90 

Le and right-handed W Z have nt masses. 

Because the s works well, ft-handed 

will The 

must have masses> 0 (200 GeV). Can we see this in ? 

This assumes s couplings to If for 

Wi s want to turn 1 quarks 

heavy quarks d ...... t) could be 

we see? will 

st as well as currents. Z's 

the 
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is no t qu necessary. 1 occur and strange

ness l Pais 

shown how to this. In this model, are flavor 

currents in b If no top 

one can find out studying b decay. Leptons are put in 

s as are the w's must st. For 

example one can e + u -+ \i 
l + b where v· is a new sort 

of neu If (v ') 0, then to J-l 

decay cay , the new Wi s must have masses nw> 
240 GeV. If m{v ') = 5 new W 

the lon eu ... V'b as as 

Another + q ... T + q I changing 

lessons: 

1. 	 s more one Z and W. 

Cannot 	 seen at low s. could have non-

anal masses. 

2. If Z's and W's light quarks to heavy 

mass > GeV, then we would not seen s. 

ZI S W's 

3. 	 w's and z's that to 

must be m > 0 (200 energy 

y. 

4. 	 e s to a new neu v' • If m(v') = 0 

m(W) > 0 (200 For m(v') large, meW) can be 

smal 



5. Flavor chang 	 currents can occur. 

6. 	 Note that ep can II see" W's and Z's that are than 

their e 

3. 

For , see s. 9 10. are good" 

+ssed zero in .. 10. we go from e to e 

rate drops se we off d instead 

of u quarks are fewer of them, and se the 

usual hel ty 

How well can 'i,ve see a standard W? See Fig .. 12. W is 

m(W) ~ 300-500 GeV ng 

which are considered. Resolu 

tion for 

up ~ ~ 1.6 If 

with 

the ion and the poles are in 

One can up a th 

sum of two poles. But we that one W 

sts, say at 70 GeV, but it s not have the 

coupling ~ decay_ Can we tell 

is a W? We can tell that m 

or 27 of three nes are 

and 

are two w1s it ~s 

to m(W) 

New quarks, , currents (lower of • 8) .. 

Up to mass Ware we sens for 

? Rates are 9 on of . 13, 

up 500 GeV. 

and 
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If M ~ 5-10 GeV and m(W') = 78 GeV, then table at 
q 

bottom of Fig. 13 and Fig. 14 gives sensitivity to heavy 

leptons up to 160 GeV. Even if quark is 100 GeV and heavy 

neutrino is 50 GeV, we get 50 events/day! 

If new neutrino is massless and quark is 150 GeV, we 

get 10 events/day. 

ep is sensitive to fantastic masses even if meW') is 

larger than 70 GeV (see Fig. 15). 

Can we see this? Use right-handed electrons, this 

is absolutely fundamental! Signatures in Fig. 17. The new 

heavy quark and heavy lepton will decay through their own 

new current to the lightest lepton or quark to which it 

couples. Those in tUrn will be either stable or decay by 

mixing with the light quarks. There will be a current jet 

consisting of a heavy quark at a large angle. The heavy 

lepton will decay into an electron, a light quark and a 

heavy quark for example (if lightest heavy quark is lighter 

than the lightest heavy lepton). Signature is spectacular. 

4. Back to Neutral Currents 


what are the signatures? 


1. 	Parity violation 

2. Apparent C violation: 

Two photon exchange gives this too but it has very 


different characterisitics. 


3. 	 Y distribution is different: it has an F3 type term due 

to V-A interference. 
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All this has been extensively studied and will not be 

repeated. But it is clear that one needs electrons and 

positrons of both polarizations. 

Rates, see Fig. 19 and 20. Figure 21 gives dependence 

of a(eL 
- )/a(eR 

- ) on sin2 e ' it can be determined with an w 
2 . 2

uncertainty ~(sin e ) ~ 0.01 and ~m(Z) ~ 5~10 GeV from Qw 

dependence independently. If two Z' s exist and one is 50 GeV, 

then ep is sensitive to second Z if m(Z2) < 100-200 GeV 

depending upon which of three machines. 

For left-right symmetric models, we get a better limit 

on ~, see Fig. 22. Solid lines are standard. The lightest 

extra Z allowed by the SLAC parity violation experiment has 

m(ZR) = 224 GeV. It gives the dashed lines. Figure 23 

gives same information. Maybe can be done for m(ZR) = 400 GeV. 

5. Production of Free W's and Z' s 

Cross sections are pathetic (small), this is not the 

way to discover them. 

6. strong Interactions and QCD 


Two parts: 1. structure functions, 


2. Details of the final state. 

For neutral current easy by presence of electron in the 

final state, but weak effects are small with respect to 

the electromagnetic effects, see Fig. 25. 

charged current have missing neutrino but are still 

easy to detect. Use special e xpression for y, see bottom 

of Fig. 25. Resolutions in x and yare given in Fig. 26. 
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27 glves reconstruction s from 

measurements 

Figure 29 gives i as function of 

2= 2, 10, 100, Lots near Q = 2. la, 

s s people s by saying 

it is a high Q2 and one is better 

low Q2. s course assumes of QeD 

that is what we are after to .I got to see 

stop at will also 

remove higher and s ish 

logari power low s violations. see 

• 30. 

interesting to measure. 


Deuterium in llo.'''-'U..Lne would ceo 


Now second Is of state. 


high s, 2 j ng, see Fig. 32. 

at rapidi p the removal stuck quark 

s a hole. more than 2 ts of rapidity 

2(correlations are over 2 units of , so large Q and 

s. Look at and large 

correl 

Fragmentation ons can be measured the 

+ of the e e ! 

jet events manifest. 

round will be th respect to effects at these 

2
Q . 
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+ 
contrary to e e case, in ep neutral current case one 

knows the current quark axis by measuring the electron. So 

one knows where the current jet should have gone if it 

were a 2 jet event. Figure 34 gives an event with 3 jets: 

an extra gluon jet is present. 

7. Photoproduction 

spectrum of Weissacker-Williams photons. 

Integrate over their spectrum to jet L(~p) = 10% of L(ep) 

for untagged and = 1% of L(ep) for tagged photons. 

Gives millions of events/day. Look at soft hadronic 

physics: aT as function of s, lots of J/W produced etc. 

(see Fig. 37). 

Large PT processes can lead to 3 and 4 jet events owing 

to the point structure of the photon. The photon structure 

function antiscales with Q2: they increase with ~2 which 

cancels out the extra power of a in the 4 jet event with 
s 

respect to the 3 jet events. So both should occur equally 

and have the same scaling behavior. It will lead to ~PT 

10-15 GeV/c~ See Figs. 38 and 39. 

8. Production of Heavy Quarks 

At high Q2 and low x, there will be democracy among 

the different flavors. What are its consequences? 

+Conclusion is that ep is not comparable to e e for 

production of heavy quarks out of the sea; you run out of 

rate at m ~ 20-40 Gev/c 2 . See table at bottom of p. 40. 
q 



But QCD a s about the dynamics of 

production; it is a set of 

predictions. 

9. 

1. Higgs? Cannot be 

a (Higgs) "" 1 

2. Technicolor s like Higgs 

similarly small cross 

3. 	Exotic quarks: produced by high Q2 impacts. 

em4. Quarks with Q = 5/3? 	 big se in F at2 

small x - example e + u ~ V Q( ). 

5. Integer charged s: now by recent measure

ments on eta decay. Han-Nambu 

give 	a big se has 


2

As soon as Q 1S te them. a increase 

occurs. 

6. Supersymmetry: s fferent spins in same 

mul tiplets. ar sp 1/2 gluons could exist. 

Nobody knows at what might come in, guess 

same scale as ons ~ 100 GeV. Scalar 

g a large a small x. 1/2 gluons will
L 

to the 	momentum sum rule. 

7. Lep·toquarks must be listedi to say. 

8. Monopoles must Ii 	 to say. 
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9. Substructure of quarks (see Fig. 44). Too many flavors, 

are 	they themselves composites? 

2 ep very good for x-raying them-at large Q , one can resolve 

substructure . and excited quarks may be produced. Subquarks 

will lead to scaling violations at smallest x because their 

momentum distribution is softer than that of quarks. 

Increasing Q2 any further, one gets rescaling and the 

distribution shifts to small x. 

Excited quark, consisting of 3 subquarks of spin 1/2, 

may have spin 3/2. This will give an enormous jump in aLe 

2What happens at higher Q depends upon the spin of the sub-

quarks. If it is spin 1/2, a will go down again to O. IfL 

some of them have spin 0 (and are charged) a L will stay up. 

Toy model to show what may happen, see Fig. 45. If this 

is right, one may see substructure in quarks with a form 

factor characterized by a mass m up to ~ 3Js or up to 1000 

+ -GeV. LEP e e machine would not see this: a value of 1 TeV 

would give a 10% change in the cross section at the top LEP 

energies. You would not necessarily know how to interpret 

this. 
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10. 

1. 	 machines open a huge new region 
2rates ""-' 1 	 for Q ~ 

2. Weak 	 currents: 

M(W) to 0 (1.6 ) 

for W, about same: 0(1.5 Js) 

New W' 

new quarks leptons M ....., 0 (Js/2) 

3. 	 '-..L.\..I1J:O I neu currents: 

sens one or more Zls 

currents 

coup s. 

4. strong interactions: 

test QeD 

tions 

multijet 

5. Photoproduc 

all physics 

unique jets (large PT struc ) 

6. quark production 

laboratory dynamics 

7. Novel s 

exotic qu s 

subquarks ( to masses o ( » .. 
No eonclus as this is a 



Addendum III (ep Workshop) 

Tom Collins 

If I may be so bold, I know what the detector will 

look like but I am not sure what the interaction region 

will look like, so the nature of this experiment is to a 

great extent, the process of bringing these two beams 

together. That's where the flexibility is, this is where 

the great game is. Bringing electrons and protons together 

is non-trivial; it is the hardest of the colliding beam 

things; as we have two beams that are very difficult in 

character. 

Let me remind you of some of the jargon. A machine is 

a linear focusing device and any beam that can be described 

as an ellipse propagates through as an ellipse of changing 

shape but constant area. For our convenience we describe 

the machine by an ellipse which repeats when it goes around 

once. That ellipse becomes a stationary thing as it goes 

around and becomes a description of a multi-turn beam. 

Now we do not care which turn its on, but only the shape of 

the beam. There is no definition of the beam until we 

make it close. 

The equation that describes the beam is as ·follows: 

Area = K = 1/P(~2 + (p ~' + a ~)2) 

a describes the tilt. We want a = 0 in the middle of our 

intersection region. 

E2 
€ = -:K 

p 
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13 1/2 de s the m x nt the am. It is 

important se in order get the nosi up we want 

a 1 envelope the a 1 13. 

I am g n something can built today 

with absolu ng. That will give us a lowest 

I, an absolu 1 the and 

we will work our way from there th and 

things. 

We start off th protons which 1000 GeV p 

is to have an 0.02 rr 

for an el se which covers about 9 This 

on the current as: 


3

E: (10 )rr for n x 1 p 

The will a of O. .3 eV sec 

and come around th an rf of 53.1 Mc or 1113 

nches, some of whi are empty in ss of 

filling the machine (see . 1) . 

Now we do not want that many bu s because the 

is occur 1/2 a wavelength whi means we 

will have lisioh just upstream downstream the 

reg causing a rou .50 we 

these bunches every third bucket. The way you do that 

lS that while you off one r you turn on the 

at the frequ and at the voltage. This ss 
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coalesces the bunches quite efficiently. Irt the process, 

the emittance goes up, because the momentum spread goes up. 

This makes the next collision 333 in. away and in that case 

10 
we will have 6 x 10 particles per bunch. Then € = 1 eV 

sec which means the length of the bunch is about 3.4 nsec; 

the interaction region will be half of that. 

The electrons are a totally different story (see Fig. 2). 

We have an enormous handle on what we want the electrons to 

be, since we can make the size of the ring as large as we 

wish, and we can make the emittance whatever we like. I 

assumed the emittance to be about 5 times that for the 

protons (e = 0.1 rr). Now the electrons come out in a flat 

ribbon which is bad for the luminosity because of non-linear 

effects, so we couple them intentionally to get a round beam. 

That implies that we want e = e /5 at the interaction e p 

region since we want both beams to be the same size when 

they hit each other. 

(Here he gives an example of the flexibility of the 

electron ring . An important point 

he makes is that the polarizing elements should be separate 

from the rest of the machine.) 

Luminosity 

~ = Sbeam current in beam 1 x density in beam 2. 

Since we want to tailor the electron beam to fit the proton 

beam, we will use the proton e and the electron current. 
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Both are same round so the is 

easy; we get (see Fig. 3): 

32= 1. :x 10 I /13
e p 

as , I not changed the lumi t I 

electron current by three se I 

to fi 1/3 as many nches. So I cut 

the in manner. We might to more 

but I do know I can increase that 6 x 1010 

nch s se. 

How do we get 13 down? I have ned long 

It is my pri to rede n the doubler 

on account of fact that I ned it. I found it hard 

to t enough se re is to g the 

I put the back on correct course, 

ation out of 

magnets and e th some of 13. I took the bull by 

horns only way I wou feel 

th radiation was to out one of 

and it 20 

on ......, 1 kW. nets can 

1 t.) This g s a deflection of about 2 in. 

fore you hit the t magnet. I was not 

Notice ss of ng 1 1/3 

s 



worried about the quadrupoles where the beams are going 

straight through and the only radiation is scattered 

radiation, though they will still have to be protected. 

Then I ran out of space. But I came up with a solution 

shown in Fig. 4b. There is a much longer string of dipoles 

on each side and the three warm magnets. What do you do to 

find a solution? Well you must make the ellipses match up 

on either side otherwise you have to go back to the problem 

of closing the beam, and you find that you make the beam 

bigger and the doubler does not like that. The solution 

introduces two rather large quads 180 in. long, at 25.4 kG/ 

in. For the "doubler" we built a three shell quad originally 

at 25 kG/in. but it was more practical to use two shell quads 

at the time. So I am totally certain we can build these 

quads. Then I end up with 750 in. on either side of the 

center. Figure 4c shows the ~ functioni the little squiggle 

shows how powerful the two quads are. This solution has a = 0, 

a momentum vector that is less than 1/2 meteri the important 

thing is that the maximum value of ~ is less than that 

presently exists in the machine, so there is little question 

that one can inject through it. 

The question is how to get the beam in and out in this 

+ 750 in. , i.e. 19 m. Because of the fact that we want to 

run the proton machine at various energies, and because 

we would like to keep the machines independent for purposes 

of filling the machines, I realized that I did not want to 

put the protons through the electron quadrupoles. 
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(At 150 GeV, the 	 are t 3 n. ) 

So the first thing is After 

leaving a + 5 m space, I put in a 2 net to 

sweep the beams. It is weak to 

down (see 5). I in 2 

put the proton beam back ag One is 12 

the back one is 18 kG. s g a rather 

Now that I think about it I'd f3 for 

electrons larger. 

will some 

weak magnet. Note s magnet mrad whi 

s than is the 

Now the synchrotron 1 same 

pattern as it is to 

a 0.1 - 0.2 mm band. Before you ly g a, 

think about putting in a as : I th 

this is a more favorable detector. We not want t 

too much field in there, but the best your 

money is to make your ld and gives you 

the best lever arm. So why not use a 5 in 

case we could redo s We would some 

thinking about the But 

the field would be in the ht on to 

the jets you really want. 

So 	if we had only 0.1 A, we would a nosi of 

31
1.5 x 10 but I can tely up, 


guarantee that - today~ But what se can we 
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a) P to 4 m. I use 30 the 

I we can t. £ goes to 

y! = 1.55:1:. 
a 

• 

b) We can rebunch more. Divide by 7 instead of 3. 

59. So we can fac without 

electron , but I am not sure the 

stability_ 

c) I can't more by pu more in since 

the goes You lose t as fast as gain. 

In fact one think t scraping and 

the ones. 

d) More electron It costs rf - s 0.2 A.· 

But I think s is more by the of 

we can have Power at 100 meters s is 

8 MeV/turn, at 150 x 8 MeV/turn. One shoD arrange 

devices so you can it off, 

higher • since we can current to 

0.4 	A. 

e) I can't do anythi to change s 

i.e. the product the in planes. 

But I can trade. I can put in an rf ch I can 

increase the momentum and decrease the ttance of 

the beam. So if you want I can stretch the rac 

reg and give you more luminosi How is the 

interaction region t + 10 So a + • inter-

region twice the luminos 
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with things I you 11 	 ree that our 

32 can be something than 10 • I will be 

su if we can't ,most of thout much 

thought. 

Q. there any advantage not bunching 

A. 	 We must bunch protons se I' rn ng to 

beams the times once and 

miss c once. I am not worred tuneshift 

but I am very putting one beam the 

edge of ces all of non-1i s. 

31Q. HERA s 2 x 10 as a 1umi - why can 

do so much 

IA. B. 	 ng lS di .> 

Q. What t tuneshi 

A. The beam tune s are 1. The my 

machine is 10 GeV. To increase the e y means 

weak magnet must get - sooner or later we run 

out space. 

Q. What do you expect the power requ to be? 

A. I would expect to about 10 	MW of power. 
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Q. What is est radius you can t on the 

? 

A. I thi cou in ju t ng. 

I think we on and do an if I 

could say at this For so long I've pushing it. 

I meant it when I I was an old - except I 

't manage s the horse. do it is to 

out there worry too 

the thing is, t carried 

these 1 things that are reasons 

for not doing it. We now look back in past to the 

inal electron ng. Because if we'd done that 

this point we wou not be quibbling. We'd already 

ng to to take out of that 

i the one and there'd be no argument. 

problem is need a that has 

e's and piS at it estate. if we'd once get 

that then we can thing. 

Q. Can you move the interac ion to an tric 

tion? 

A. Not easily. The is an 

, so if I move nt th the lowest 

the you get i es. 



e 

Q. 

A. 

They 

Is s compatible th pp? 

It means for the peop 

't want the 

They on e 

wi th 

the 

Q. Would you 

A. I 

there then pu 

accelerating them. 

trons first? 

trons ng 
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