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GENERALITIES ON THE STUDY OF AN ELECTRON-PROTON FACILITY FOR EUROPE

Ugo Amaldi

CERN, Geneva

In September 1978 the European Committee for Future
Accelerators decided to organize, in collaboration with DESY,
a study of the physics interest and of the technical feasibi-
lity of an electron-proton facility to complement the European
program, which in the eighties will be centered around the
electron-positron storage ring LEP. The following Organizing
Committee was formed, under the chairmanship of M. Vivargent:
A. Bohr, N. Cabibbo, M. Jacob, J. Mulvey, J. Perez y Jorba,
A. Salam, H. Schopper, J.J. Thresher, B.H. Wiik and A. Zichichi.
P. von Handel and myself agreed to act as organizational and

scientific secretaries, respectively.

In Europe electron-proton colliders have been studied
with great interest since many years. In DESY first reports

were published in 1972-73(1) and in October 1973 a special

(2)

seminar was organized in Hamburg . Electron-proton facilities

(3)

were later considered at the Rutherford Laboratory

(4)

CERN . More recently the physics of such machines was dis-

(5)

, and

and at

cussed in detail by C.H. Llewellyn-Smith and B.H. Wiik
a comprehensive report was issued by a working group set up by
ECFA, with a strong CERN participation, to study the interest
and the feasibility of colliding electrons with the protons
circulating in the CERN SPS(G). The work was concluded by an
ECFA Study Week on Electron-Proton Storage Rings organized by

the Rutherford Laboratory at Milton Hill House, Steventon



(10-14 October 1977). The outcome of all this work, the
"CHEEP report" of reference 6, covers theoretical, experimental
and technical aspects and has been extensively used in the

present study of an Electron-Proton Facility for Europe.

Our study aimed to reassess the physics relevance and the
technical problems of an electron-proton project, taking into
account the new high energy machines that will be available in
the eighties: LEP in primis, together with the Proton-Anti-
proton Collider, the Energy Doubler, Isabelle, and UNK. The
main project under consideration was PROPER, the electron-
proton facility obtainable by constructing a superconducting
storage ring for protons in the tunnel of PETRA. This would
allow the collision of polarized electrons (and positrons) of
about 20 GeV with protons of about 300 GeV. At the same time,
the physics groups were required by ECFA to consider also the
interest.in colliding the protons of the CERN SPS (maximum
energy about 400 GeV) with the electrons and the positrons of
LEP (maximum energy about 100 GeV). For this reason many
reports and discussions appearing in these proceedings consider
ep collisions ranging from about (20 + 300) GeV to about
(100 + 400) GeV. However, the lack of time did not allow a
careful consideration of the higher energy possibilities, and

studies are continuing while this volume is appearing.

The time scale of the study was relatively short: four
months between the first meeting of the Organizing Committee
and the two days of presentation and discussion in Hamburg,
on the 2nd and 3rd of April 1979. It was in fact decided to
have an early meeting for the first open discussions and to
continue later going deeper into the problems, if so decided
by DESY and ECFA. The program of the meeting is reproduced
in the tables.



FIRST DAY : technical aspects

Rapporteur Discussion Leader Topic
K. Steffen G.-A. Voss ep projects under
discussion
K. Hubner possibilities and
limitations of ep
machines

A.V. Tollestrup H. Schopper
W. Sampson .
superconducting
J. Pérot magnets

L. Resegotti

H. Hahn H. Schopper

B. Montague

panel discussion on

D.B. i
B. Thomas technical problems

A.V, Tollestrup
G.—-A. Voss

The first day of the meeting was devoted to the technical
aspects. K. Steffen reviewed the ep projects under discussion
and K. Hubner discussed the possibilities and limitations of
these colliders. Other contributions were presented in this
session and appear in the proceedings. In the next session
four speakers presented the status of the art of making super-
conducting magnets in various laboratories. A.V. Tollestrup
spoke of the Fermilab magnets, W. Sampson discussed the solut-
ions adopted at Brookhaven, J. Pérot (Saclay) spoke for the
GESSS collaboration and E. Resegotti reviewed the lines fol-
lowed at CERN. Various technical aspects were clarified in

a lively panel discussion chaired by H. Schopper.



SECOND DAY : physics issues

Rapporteur Discussion Leader Topic

R.J. Cashmore L.M. Sehgal new currents and new
particles

C.T. Sachrajda D.H. Perkins large q2 physics  and
hadron structure

W. Hoogland M. Greco small q2 physics and
photoproduction

R. Turlay K. Tittel detectors for charged
current events

P.G. Innocenti M. Holder detectors for neutral
current events

For the physics subjects, discussed on the second day,
a different format was chosen. The arguments presented had
been prepared during the previous months in five working groups,
each one organized by a Discussion Leader and a Rapporteur.
The first three subjects refer to the physics potentials
of an electron-proton machine and, when possible, to the com-
parison with similar physics that could be produced at other
types of accelerators. The two subjects '"new currents and new
particles" and "large q? physics and hadron structure" had al-

ready been treated by Llewellyn-Smith and Wiik(s)

(6)

CHEEP report , so that the main point here was to review

and by the

these on the basis of the latest experimental and theoretical
acquisitions. The third subject, "small q? physics and photo-
production", had never been examined in depth before and,
albeit not the main argument in favour of this kind of acce-
lerator, it was felt worthwhile to go carefully into it. The
written report appearing in the proceedings shows that this

was indeed done.



The detector problems were, somewhat arbitrarily, divided
between two groups. It has to be stressed that the CHEEP re-
port describes only a non-magnetic detector that can be fitted
into the SPS tunnel, so that the groups had ample space for
considering more ambituous detectors. The written reports
show, not only that the groups have looked into the feasibility
of various magnetic detectors, but also that new insight has
been gained on how to deal with the particular kinematics of
the reactions, particularly in the case of charged current

events having an undetectable neutrino in the final state.

In these proceedings, for every session of the meeting
we reproduce (i) the talk of the Rapporteur, (ii) a summary of
the discussion (that was recorded during the meeting), (iii)
the comments of the Discussion Leader on the subject discussed
and, when 1t was felt useful, a list of the problems that are
still open. In some cases some particularly interesting indi-

vidual contributions have also been included.

Since no list of ''generally agreed" conclusions can give
full justice to a very open discussion meeting, all this
material is offered to the attention of the European physicists
as a faithful collection of the arguments that have been put
forward and are relevant to the choice of an electron-proton
facility as an essential part of the European high energy
physics program in the eighties. After the meeting, the Dis-
cussion Leaders and the Rapporteurs discussed the outcome of
the meeting. Their preliminary conclusions were presented by
me at the Plenary ECFA meeting held at DESY on May 11, 1979.
They can be summarized as follows:

a) the technical problems connected with the mass production
of superconducting magnets are about to be solved in the

States for fields around 5 Tessla. Higher fields can now also



be envisaged;

b) the physics argument presented and discussed at the
meeting confirmed that an electron-proton collider is

ideal for studying strong interactions;

¢) such a machine provides a unique opening on new phenomena,
particularly in the field of weak interactions: new

charged intermediate bosons, right-handed weak currents, new

leptons, subquarks, etc. This opening would be favoured by

energies somewhat higher than the "standard" PROPER energy:

(17.5 + 280) GeV;

d) a high degree of polarization of the electron and positron
beams is essential for the study of weak interactions;

e) at the meeting it was shown that detectors can be built to
reveal and accurately measure the kinematical variables of

neutral current and charged current events;

f) an electron-proton facility is complementary to the other
accelerators that will be working in the eighties and,

together with LEP, will offer to the European physicists a

rich and balanced program.

After the meeting, ECFA and DESY agreed with the positive

spirit of these conclusions and decided to pursue the study.

The merit of the perfect organization of the meeting goes
to Peter von Handel and to the enthousiastic staff around him.
I am also very grateful to Mrs. M. Stuckenberg, who took care

of the printing of the proceedings.



(1)

(2)

(3)

(4)

(5)

(6)
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SESSION ON MACHINE PROBLEMS

Discussion Leader: G. A. Voss

Scientific Secretary: R. Kose
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ep PROJECTS UNDER DISCUSSION

by

K. Steffen
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List of ep projects and references

A 1ist of the seven ep projects under discussion, including e- and p-

energies, CM energy and design luminosity, is given in Tab. 1.

Tab. 2 gives the references used in preparing the subsequent summary

description of the individual projects.

Table 1 Current ep colliding beam proposals

Proposal [Zgw [EEV] [:zw [cm-;mggc-ll

UNK 20 3000 490 1032

CERN 80 (LEP) 270 (SPS) 294 1.7 » 1032

FERMILAB  11.5 1000 (ED) 214 1032

ISABELLE 15 400 155 0.5 - 1032

DESY 17.5 (PETRA) 280 140 4 . 1032
[ »457] [+2257]

SLAC-LRL 15 (PEP) 300 134 1032

TRISTAN 16 70/200 67/113 0.6 - 10%2

Table 2 ep References

UNK L. Fedotov (rapporteur): IEEE Transact. on Nucl. Science,
Vol. NS-24, No. 3, p. 1900 (June 1977)

CERN A. Hutton: CERN-ISR-TH/79-13 (March 1979)

FERMILAB A. Ruggiero: Report on group study on ep colliding beam
facility, Batavia (April 1978)

ISABELLE Proposal BNL 50648, Brookhaven (April 1977)

DESY E. Dasskowski et al.: DESY 78/02 (January 1978)

SLAC-LRL A. Garren et al.: Proceedings of the 1979 National
Accelerator Conference, San Francisco (March 1979)

TRISTAN S. Kamada et al.: IEEE Transact. on Nuclear Science,

Vo. NS-24, No.3, p. 1194 (June 1977)
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UNK ep project (Serpuchov; design to be finished this year)

Proton accel. to 1.5 GeV 1.7 - 102 ppp
in FAST BOOSTER rep. freq. 20 Hz
Proton accel. to 70 GeV injected: 30 pulses in 15 sec
in U-70 SYNCHROTRON Np =5 . 10!3,
e =2.100%n

at 70 GeV: beam debunched and picked
up by sawtooth rf with

h =1,

f

rf 200 kHz,

U 17 kV

rf
bunch length 2 og = 150 m

Proton accel. to 200 GeV injected: 64 x 1 bunch
. . R st = . 15
in UNK iron ring (1°° stage) Np,tot 3.10
(aperture 10 x 5 cm?) accel. with frf = 1 MHz, i.e.
(Bmag = 16.7 kG) 64 bunches, 300 m apart
Proton accel. to 2.7 - 3 TeV accel. of the 64 bunches, i. e.
in UNK supercond. ring 3 « 10!S protons with frf = 1 MHz
(2" stage) in-30 min to 3000 GeV

(aperture 7 x 6 cm?)

(Bmag = 4.5 -5T; NbTi coils)

Electron accel. to 20 GeV e injected from either

in UNK iron ring (1St stage) - a 2 - 3 GeV electron synchrotron or
(operable with polarised - collected at 10 - 20 GeV from inter-
electrons) nal target, bombarded with small

portions of 3000 GeV protons up to

N =3 . 10"

e, tot
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CERN

Proton accel. to 130 - 270 GeV
in SPS
(¢ ~ 6.9 km)

Electron accel. to 20 - 80 GeV
in LEP
(¢ ~ 30.6 km)

15

ep project - one ep insertion (SPS bypass toward LEP)

Np =4 « 10'! per bunch
( 50 1in dedicated mode
" 7 1110) in parasitic mode
e, = 20:107/gy; €, = 10.107/gy [m]

B¥, B optimized as fcts. of E

in dedicated mode:

n, = 220x; Ne optimised as fct. of E

in parasitic mode:

ny = (4)s Ny = (1.5-10'2xE_/80 GeV)

- 6.9.1078 m) independent of E

m
|

m
|

9 )
= 4.3-10 9 m) (wigglers!)

* Comment: n, = 220 is the optimum for all energies since HOM losses

and AQp get smaller for smaller Ne per bunch.

For optimization of parameters, equal tune shifts in x and z

(A. Hutton):
1/3

i/3

€ex Epx

in dedicated mode

z Spz

max. luminosity L [cm'2 sec'1]

in parasitic mode

2
Pex . fexfpx o, Pax
B €. € ? B,
ez ez ~pz pz
for AQp = 0,01
= 0.005

for AQp

2.8 - 10%°
0.8 - 10%°

1.7 - 10%2
0.9 » 1032
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LEP ep Luminosity

s
.k
:

s = 3

13

3
r

WA (WORIY = SEOICATED wOm cw Ty
L]

L » » Rd - - - -
BeCTOn Sudnne

rig. 4. Maximus luminosity in dedicated ands.
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7ig. ). luminosity at top enargy as a functioa of
the nusber of slactzos busaches.
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FERMILAB ep project - one ep insertion

(E. D. to be ready 1981)

Proton accel. to 8 GeV

in BOOSTER

Proton accel. to 100 GeV
in MAIN RING

Proton accel. to 1000 GeV
in ENERGY DOUBLER
(E. D.)

Electron accel. to 75 MeV

in e-LINAC

2 « 103 ppp with
e= 1.5 . 10°% m at 8 Gev

No. of pulses from main ring:

rf stacking:

Ip = 0.15 /1.5 A

Np per bunch /2 . 101!

Np,tot /2 - 101%
n, = 1113
frf= 53.1 MHz; Urf= 1 MY
at 1000 GeV:

_ -8
ex,z =1,3.10 " m
Jg = 50 cm
op/E = 1.2 . 1074
€g = /3.8 eV s
specs:

rep. freq. 15 Hz

pulse length 2 usec

Iuise = 400 mA in
e =25.10° and
(o}

E o 0.5¢

1
10



Electron accel. to 750 MeV
in ECR

(separate function)

Electron accel.. to 4 GeV
in BOOSTER
(combined fct.;

ax='2,az=1,as=5)

Electron accel. to 11.5 GeV
in MAIN RING

18

Ng = 1.1.10'2 adiab. captured into
24 bunches with frf = 53.1 MHz;
h = 24; Urf = 40 kV

at 750 MeV:

Og = 36 cm
(e}
-EF: - 8.5 . 107%

€g = 0.0024 eV s
rep. freq. 3 Hz
rep. freq. 15 Hz (i. e. 4 out of

5 cycles without beam)

frf = 53.1 MHz; h = 34; Urf = 1.2 MV

n, = 24 (60 empty suppressed buckets)
at 4 GeV:

e =05 10°%m;

& = 0.0024 eV s

Oy = 17.4 cm

?EE- -5.10"%

injected: 46 pulses of 24 bunches each

ny = 1113
Ie = 380 mA

- . 13
Ne.tot =5-10

Ng per bunch: 5 - 10!°

frf = 53.1 MHz; U . = 4 MV

rf

at 11.5 GeV:
rad. loss 2.7 MeV/turn
Ps

vn = 1 MW
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- . 1076
€y = 0.2 - 10" m
e =0.42.10°m
z
Og = 13 cm
o}
E_, . 1n%
T = 6 - 107
Interaction data
—_ P
crossing angle 2 mrad, horizontal
B§ 0.35m 5m
B 0.30 m 5m
Ay 0.02 0.001 | « small!

L ~ 10°2 em 2 sec”]
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i fA

FERMILAB
ep scheme

MAIN Ring
¢
ENEAGY DOUBLER/
SAvER

S-LINAC q - “‘3 l”
(B85 fomlsc)

\

Fig. 111, The e-p Scheme Leyout

as v - fovsher

40-

R [
i

Fig. VIIL-1. Half of the o p Collidrog Regron.
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ISABELLE ep project

21

The 2 x 400 GeV pp rings are to be finished end of 1983, "a later

ep_addition is desirable".

Planned:

15 GeV e-ring

As an alternative:

electron ring 4 - 20 GeV

2 ep insertions

1/2 above, 1/2 below p-ring;

2 crossings. In the other 4 pp-halls,
the e-ring bulges out to a distance
of 6 m.

Vertical ring separation 90 cm.

Small vertical crossing angle.

2 sec™! with

L ~0.5-103% cm
6 MW rf at 15 GeV; a higher L is

possible at lower energies.

separately housed with one ep-

insertion only
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TRISTAN

Proton accel. to 12 GeV

in KEK PS

Proton accel. to 70 GeV

in TRISTAN, RING I

(YT = 20)

Proton storage at 70 GeV
in TRISTAN, RING II

(iron magnets, 18.6 kG)

Alternative:

Electron accel. to 2.5 GeV

in e-LINAC

Electron accel. to 16 GeV

in TRISTAN, RING I

23

ep project (hoped to be started in 1982)

5 « 10'2 ppp; cycle time 2 sec

ng = 9; h=29

h =54 (6 x KEK) = Nys Urf = 100 kV
only 9 consecutive bunches filled
cycle time 22 sec (accel. 10 sec)

120 pulses 44 min. total

= 'y 14, = ; =
Np 6 - 10'%; Ip 14 A Ny 54

coasting proton beam

accelerate bunched beam in ring II

(i. e. use ring I for electrons only)

Ie = 50 mA
pulse length 1.7 sec; rep. rate 50 Hz

Ne =8 . 1012; Ie = 200 mA injected in
32 Tinac pulses (n = 0.5) with repe-
tit. rate 6/sec

h = 3232; ny = 54;

frf = 47 MHz; Urf =71 MV

At 16 GeV:

47 MeV/turn

9.4 MW

Psyn
5 MW

Pcav



Interaction data

crossing angle

BH

£ [m]
g

3 [m]
interaction length

sz

L [cm_2

sec” ]

24

e p

e P

straight crossing
4 mrad
1.5 5.0
1.0 1.0
1.2 m
0.056 < 0.0005
3 - 103!

curved crossing
0
1.5 5.0
0.6 1.0
1.8 m
0.057 < 0.0005
6 + 10°%!

!l.._l A goneral layout ot TRISTAN

¥ig. 2 Allecsction of incarsecting and service inserci:cy
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SLAC-LRL ep project (PEP to be finished end of this year)

Proton accel. to 50 MeV
in p-LINAC
Proton accel. to 5 GeV/c

(4.15 GeV)
in BOOSTER SYNCHR.

(¢ = 122.2 m)

Proton accel. to 300 GeV
in supercond. p-RING
(C = 2000 m = 18 x booster
= 18 x booster syn.)

(Byag = 73 k&!)

(rapert.=

(lgipote = 4-5 ™

Tquad = 2-5 ™)

Electron accel. to 15 GeV
in PEP
(raperture =3 cm;
g8 = 900 m)

2.5 cm; B = 1100 m)

Ip = 100 mA

injected: single turn, adiabatic
pickup

0.83 « 102 ppp

frf = 4,82 MHz at 5 GeV/c

repetition period 5 sec

injected: 18 pulses in 1.5 min

Np = 1.5-10'3; ny = 363 2 rf systems:

one for accel., one for final bunching

€, = 1.6 10—8m; €y = 0.025 m

€'| = 0.025 m

g -
1} =1.1073

N, =0.8 . 1013 n, = 36

e

Prf = 12 MW

e , = 3.1+ 108 m
€] = 0.034 m

oy = 1.2 cm

O 3

+=1-10
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Interaction data

& S
crossing angle 2 mrad, vertical (as small as possible)
By [ml 0.5 1.0
B [m] 1.25 1.9
v, /Av, 0.054/0.049 0.004/0.005
L [em? sec™}] 1 . 1032

PEP ep scheme

" s o
Fig. 1. b

Py SLP PROTON = (LECTRON ! e —— _l
CHOISNG AZGIN LNENT MALF) K:_—____[-
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PETRA ep project

Proton accel. to 50 MeV 50 mA, > 8 « 10! p

in proton linac

Proton accel. to 5 GeV/c a = 0.03; transition at 5.4 GeV/c
in DESY 8 « 10'! p in 8 bunches
5 sec accel. time

rebunching into single bunch frf =1MHz: n=8->n=1

0.05

Proton accel. to 40 GeV/c quads weak - o
trans. at 4.1 GeV/c
"rf bypass"
(8 to) 67 bunches
5 min filling time

3 min accel. time (eddy currents!)

frf = 8 MHz
Proton accel. to 280 GeV/c o = 0.003; trans. at 17.1 GeV/c
in the supercond. p-ring (8 to) 64 bunches

5 min accel. time
bunch Tength 1 m at 100 kV

bunch compression bunch 1ength » 0.6 m;-éB +~ 0.03 %

P
frf = 128 MHz

PETRA is filled with electrons during p-bunch compression.

Total filling time < 15 min
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PETRA ep project
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PETRA ep project

Luminosity per |.P versus Energy

ALlcm?sec™]

4x10%2 /////’
ng

L4

s<"
S

3x1032

2x10%2 ‘\\\\\\\

%

1x1037 n-l\
E(GeVi
—
p: 100 150 176 200 250 28(

e 63 Q4 1 12,5 15.6 175
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Now proposed and being studied:
PETRA 45 45 GeV electron S.R. in PETRA tunnel

Principle: Very low g* through very small insertion quads

that are very close to the I.P.

Very small ¢ through very strong focusing ring lattice

Very small electron current at same AQ and L

i.e. very small beam power

c nb(AQ)2 e(l + K)y?

Luminosity: L = —
Ta N
- ffect: =
Beam-beam effec A Vi np €Y

The possibility of PETRA 45 ep is being investigated. It will necessi-

tate the addition of a separate ~ 30 GeV proton booster ring that, in-

dependent of energy, is now being considered as a basic improvement to

the PETRA ep system.
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PETRA

UPDATED VERSION
OF THE PETRA PROPOSAL
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ep interactions region geometries with and without longitudinal

electron spin orientation

For the discussion of electron spin orientation we assume that the

equilibrium spin direction in the ring is vertical. This is the case
in a plane ring with radiative polarization as well as in a very high
energy ring where beam polarization is maintained with the éid of two

"siberian snakes", as shown in fig. 2.

Fig. 1 gives a survey of the types of ep interaction region geometries
that, to the author, appear most interesting. The crossings shown at
the right side occur at a vertical slope that is chosen as to have a

longitudinal spin orientation at the interaction point, while the cor-

responding geometries shown at the left side have the vertical electron
spin orientation at the I.P. Solutions IIA) have a "plane" proton ring,
with the electron ring being alternately/above and below, while solu-

tions IIB) have a "flat" electron ring and a proton ring of alternating

location.

Common bending magnets for the separation of electrons and protons
greatly facilitate the technical design of an ep interaction region;
they cannot be used in the schemes Bl) and A2), and the author, there-
fore, would prefer the scheme B2) if the problem of synchrotron radia-

tion background generated by bending the electrons can be overcome.
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FIG.2: e RING WITH SIBERIAN SNAKES OF THE 1st

and 2nd KIND (SCHEMATIC).

Siberian snake, 2™ kind.

vert: spin comp?nent } inverted
longit.

hor.

" 2"

maintained

equlibr. spin orbit

N

equlibr. spin orbit

Siberian snake, T kind

hor. spin com;zonent} inverted

vert.
fongit. " " maintained



36

Discussion

Ting:

I would 1ike some comment from you with regard to the calculations
of Tuminosity. You mentioned on the TRISTAN project they use as an

injector a 1.5 GeV linac and they have a luminosity of 6 - 1032.

The PEP project which has SLAC as an injector has a luminosity of 1032.
The project at DESY which has a complicated injector has a higher

Tuminosity of 4 - 1032,

I wonder how you would explain that.
Answer:
The Tuminosity is probably more a question of the AQ limits which

have been assumed.

Ting:

4 - 1032

is a very, very nice number. Is there some safety factor

in this?

Answer:

The next talk of Hiibner will deal with the limitations and clearly the
question of space charge limits is at the bottom of all this. We will
hear then how optimistic or pessimistic these numbers are. The DESY

project assumes a AQ of 0.01 for protons and 0.05 for electrons.

Vivargent:

The e'- &~ project with the mini beta insertion reaches 45 GeV. What

will be the length of the free space on either side of the crossing point?

Answer:

About 60 cm.
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Vivargent:
Did you give some luminosity value?
Answer:

No, not yet. It may be a 1ittle below 1032.

Schopper:
Do all these projects assume bunched proton beams?

Answer:
A1l except one. There is a coasting proton beam in TRISTAN as an

alternative.

Voss:

How good is the vacuum in the FERMI Lab. machine and what kind of
life times are expected for electrons?

Answer:

At 12 GeV the pressure due to synchrotron radiation outgassing is

expected to be 10”7

Torr, the corresponding life time is 50 minutes.
Adams:

What happened to the CHEEP project? I did not see it on the 1list.
Answer:

I was under the impression that this project was withdrawn some

time last year, and I have been presenting only subjects that are still
considered. Of course the CHEEP report is at the basis of much of the

work done during this study.
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REVIEW OF DESIGN CRITERIA FOR e p MACHINES *

K. Hubner, CERN, Geneva

1. Introduction

The design of an ep machine is challenging because not only prob-
lems common to electron and proton rings have to be tackled but also
a number of problems particular to ep. The main emphasis of this
review is on topics concerning ep though questions common to other
machines are also touched upon. It is hoped that this summary pro-
vides a useful reminder of effects which have to be taken into account,
though no claim is made that the 1ist is exhaustive. The 1imitations
on size and energy imposed by present knowledge are discussed, and
numerical values are given assuming an isomagnetic electron ring.
Most of these limits are of a more technical nature, and means might
be found in future to remove or surmount them, if enough effort is
made. Remedies already exist in some cases, where the limits presented
below have only the function of warnings that things may get more
complicated from a certain point onwards. A1l that is said in the
following applies for electrons and positrons though only the term

electron is used throughout the paper.

2. Energy and Size

There are a number of effects which 1ink size and energy of the
electron ring.

2.1 Chromaticity_correction

Since the focussing properites of the magnetic structure depend on

* Talk given at the ECFA ep Study, DESY, Hamburg, April 1979
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particle energy, chromatic effects due to the energy spread become
important in high-energy rings, particularly if the beam is focussed
strongly at the interaction points by means of low B insertions]).

Present techniques provide correction for relative spreads AE/E up to 0.01,
maybe 0.02 in future. Since the relative spread oE/E in the beam

should be smaller than AE/E by a factor =10 if a good lifetime is

required, we obtain
op/E < 2:107% . (1)

The relative energy spread in an isomagnetic machinez) is

g Ee Cq
T - mVﬁ (2)

e

where Cq = 3.84 10-13 m, Jp =2 and p, the bending radius. According

to (2) the spread will become excessive at high energies if Pe is not

increased. If we impose (1) we obtain from (2)

Pe(m) 2 200 [Fe(GeV)/30] ’ (3)

where we have normalized to the PETRA bending radius (p = 192 m).

This Timit is plotted as curve I in Fig. 1.

In order to maximize the benefit for physics from an/ig/facility,

polarized electron beams are required3). Beam polarization has been

obtained in small efe” storage rings, and there is strong incentive to

achieve it also in larger rings4). In a machine various ways of

obtaining polarized beams exist: radiative po]arization5), injection
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6,7)

of pre-polarized beams, and polarization by a laser

If the ring parameters are chosen appropriately radiative polariza-

tion will take place, leading to a gradual build-up of spin polarization.

In the absence of depolarizing effects, the beam becomes polarized with

a time constant t 8)

and the approach to equilibrium polarization is given by
P = P(1- exp(-t/t,))

where

1
ds
8 } 0’
P, = :
5/3 ’--l ds
pe3

If a polarizatioh time is required which is smaller than the beam
lifetime, say 30 min, we can calculate an upper 1limit on Pe from (4).

For an isomagnetic machine with Re/pe = %ds/ane = 2 (PETRA)

pe(m) < 200 [Ee(GeV)/ls] s

The line II in Fig. 1 corresponds to this limit.

(4)

(5)

(6)

(7)
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If Pe is much larger, the natural polarization time will become
inconveniently long and must be reduced by introducing wiggler magnets

which enhance the term [1[p]| in (4)9’]0’]]).

However, inspection of
(6) shows that reverse bending in wigglers reduces the equilibrium
polarization from its maximum value (92.4%). A better solution is to
introduce a series of positive "kinks"” in the orbit avoiding reverse
bends altogetherlz).

If the radiative polarization cannot be enhanced sufficiently, the
beams must be either injected in an already polarized state or they have
to be polarized by a laser. The former requires either an extremely
tight control of the depolarizing resonances during acceleration after
injection, or a powerful injector capable of providing the pre-polarized
beams at operating energy. Neither of these two propositions is very
attractive. Polarization by laser works via spin-dependent Compton
scattering of the photons on the electrons. It is promising but has not
yet been used.

The most troublesome depolarization resonances occur when the number

of spin precessions v per revolution

v o= vge(9-2)/2 = a-Ee/mec2 (8)

becomes an integer

v = k (9)

where g is the gyromagnetic ratio of the electron. These resonances are

caused mainly by the radial magnetic fields, encountered by the particles
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travelling on an orbit displaced vertically in the quadrupoles.
These numerous resonances can be very strong and alignment of the
orbit to make them harmless for particles crossing them is rather

13) 14).

difficult =/, though not hopeless From (8) and (9) it can be inferred

that these resonances occur at intervals of mecz/a = 440 MeV on the energy
scale. The best way to avoid them is to put the operating energy between
two resonances. This introduces immediately two requirements: the
energy spread Cf in the beam and the width of the resonances must be much
smaller than 440 MeV.

The first requirement sets a lower limit on the bending radius.

Imposing (somewhat arbitrarily)
8op < mecz/a = 440 MeV (10)
we find for an isomagnetic machine by virtue of (2)
L
oe(m) 2 200 [Eg(GeV)/30 ] an

which is shown as curve III in Fig. 1.

The requirement on the width of the resonances puts a constraint on

th

the admissible k“' Fourier component of the vertical closed orbit ¥

Y = ¥ sin (kecot/Rg) . (12)

In order that the kth and the (k+1)th resonances are distinct and well

13)

separated the inequality

Y << Ro/(E -a/mgec?) (13)
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must hold. Measurements in the SPS indicate that Yo = 0.1 mm can be
achieved provided that k is sufficiently far from the betatron tune of the

15)

machine For this value of Yy and a safety factor 10 in (13) we obtain

from (13)
3
pa(m) 2 200 [Ee(GeV)/3{] (14)

If this holds, the integer resonances are well separated. Comparing (14)
with (11) shows that (11) is the more stringent criterion in the range we
are interested in. Thus, the 1imit according to (14) is not shown in
Fig. 1 because it is automatically fulfilled if line III, corresponding
to (11), is not crossed.

If the last criterion (11) cannot be met and, furthermore, if the
depolarization time on these resonances is too short, the design of the
ring must incorporate a so-called "Siberian Snake" which removes the spin

16,11)

resonances altogether This device has a number of disadvantages

but they are certainly not insurmountab1e17); the equilibrium polariza-
tion is 1ikely to be lower, and a variable orbit geometry in the snake
is needed if operation over a wide range of energy is wanted. Since
installation of only one of these snakes suppresses the radiative polari-
zation, two of them must be 1nsta11ed]8) if radiative polarization is to
be maintained.

Avoiding the integer spin resonances is only a necessary and not a

sufficient criterion for obtaining polarization. A1l other depolarizing

mechanisms must be scrutinized carefully, as has been done for PETRA]9)

chegp29) 21)

and PEP™'/, to make sure that the depolarization time Tq 18

indeed much longer than the polarization time Tp, at least over wide

intervals in the operating range. Otherwise, the equilibrium
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polarization P is reduced by a factor!419)

Td + Tp

because (5) has to be replaced by

P = —-;Ei——— « P, q1 -exp] - 1 .
Td+Tp e P }; ?d— t (16)

if Tp << T4 is not fulfilled.

Examination of the ratio Tp/Td for these effectslg) studied for PETRA
seems to indicate that Tp/Td << 1 can be expected in an isomagnetic
machine, provided that inequality (11) is fulfilled. The only exception

seems to be the depolarization by direct vertical quantum excitation22’23)

where
Tp/Td " Q% (17)

This effect could be bothersome in rings with a very high vertical beta-

tron tune Qz‘
In general, the beam-beam interaction is not expected to depolarize

the beam if it is so weak that it has no adverse effect on the beam 1ife-

time24). However, its influence on spin resonances should be examined

. .. 14,25,26) . : iy
in detail if operation close to the beam-beam 1imit is planned.

Table I summarizes the formulae.
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Table I. Limitations on bending radius in an isomagnetic

electron ring

Chromaticity ,
pe(m) = 200 [Ee(GeV)/adl for op/E < 24107
Polarization

5
pg(m) < 200 [Ee(GeV)/lsT B for < 30 min
Depolarization

N

pe(m) 2 200 [E(GeV)/BO] for 8op < 440 MeV

Fig. 1 gives a synopsis of the limitations in the Pes Ee plane.
Although it is no more than indicative even for an isomagnetic ring,
it provides some useful guidance. Below curve I, the energy spread
?E/E in the beam becomes larger than 2-10"3, and chromaticity correc-
tion with present techniques becomes very difficult. Above curve II,
the radiative polarization becomes very slow and means to speed it up
must be applied. Below curve III, depolarization by integer spin
resonances becomes very strong. They must be fought with special
tricks such as the "Siberian Snake".

According to Fig. 1, PETRA and PEP are in the "good" region up to
~ 30 GeV, whereas a special effort would be needed in a machine like
LEP if polarized beams were to be provided'’).

If the same tunnel were used to house the electron and the proton
rings, the proton energies shown in Fig. 2 could be obtained for a mag-
netic field of 5T in the magnets of the proton ring. The resulting

maximum centre-of-mass energy squared is shown in Fig. 3.
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The Tast two diagrams are certainly not complete because effects
proper to the proton ring may introduce new limitations, though it
seems that proton rings are less demanding as far as the choice of

bending radius and energy is concerned27).

3. Coasting versus bunched proton beams

This topical question has not yet found an answer. The luminosity
can be made virtually the same for bunched and coasting protons.

In the latter case many more protons are needed, and the filling
time will be longer or a more powerful injector is needed in comparison
to the bunched beam. The safe disposal of the high-intensity proton

27,28)

beam needs attention and shielding is more difficult.

However, the advantages of the coasting beam also deserve considera-

tion: it is expected to be more stable (no synchrotron motion, no
29,30)

problems with RF noise ) and no synchronization between e-ring
and p-ring is required, which could Timit the operating range in energy
with bunched beams; stochastic coo]ing31) may be applied more easily
to the coasting than to the bunched proton beam32).

For a cold bore vacuum system, the power loss of the proton bunch

by unavoidable corrugations of the vacuum chamber must be considered.

The power deposited per metre is given by33)
— 2 2 '
ppm = kb e Np fo kpm (18)

where kb is the iumber of bunches, Np the number of protons per bunch

and fo the revolution frequency. The parameter k' 1is the energy

pm
deposited on average per running metre of the vacuum chamber by a single

proton riding in a bunch which has a total charge of one Coulomb.
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In order to illustrate the effect we calculate this loss for
PROPER assuming it has a PETRA type vacuum chamber. The loss parameter

of the latter is

' = .1010 .
kpm = 0.5-1010 eV/Cem

for a bunch length Oy = 3.7 cm34). The PROPER parameters35) are

_ 11 - -
Np = 8.10%1%, kb 8 and O 30 cm.
If kﬁm scales with ¢72, we obtain

pm 1.3 W/m .

©
1

1 -1.3
for kpm N

p 5.5 W/m

pm

This heat-load at ~4%K is comparable to the heat-load of the magnets

expected to be around 5 w/m36). Thus, the refrigerator power might
have to be increased substantially if a cold bore vacuum system is adop-

ted in combination with bunched proton beams of such high peak intensity.

4, Luminosity

For simplicity, a bunched proton beam is considered colliding head

37,38)

on with the electron beam. The Tuminosity is given by
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f_skp*N N
L= 2 - : ie p 2 212 (19)
21T(opx + oex) . (Opy + oey)

with fo the revolution frequency, kb the number of bunches; Ne and N
are the number of particles per bunch; o describes the r.m.s. beam
dimensions at the crossing point. The number of particles cannot be
chosen at will; it is limited by the condition that the non-linear
forces exerted by a bunch on its counter-rotating partner remain within
certain bounds. It is generally accepted that the maximum linear
tune-shift AQ, created by the interaction of the two bunches, is a good
measure for this non-linear force, and that the non-linear forces do not
become destructive if AQ does not exceed a certain value. The linear

tune-shift is approximately

A0 . = oni L 20
Q4 n v, 0,i(0g5 + Olj) (20)

where n is the index of the particles (e or p) experiencing the tune-
shift, £ is the index of the particles (p or e) creating the non-linear

forces. The index i (x or y) refers to the direction where the tune-
shift is calculated; the index j (y or x) to the orthogonal transverse

direction.

Evidence is available from small ete” rings that the electron tune-

shift AQ, can be as high as 0.05 to 0.0637°40);

M)

initial performance
of PETRA has indicated lower limits Some computational studies
have been done on the tune-shift sustained by protons interacting with
electron bunches42) but no experimental evidence is available. The
only guidance comes from coasting proton beam-beam experiments in the

1sR%3)

, indicating that a tune-shift 0.005 to 0.01 is acceptable.
During standard operation (beam lifetime > 1 month) of the ISR, a tune-

shift of only AQ, = 0.001 is reached because of current limitations;
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at this level, the non-linear beam-beam effect is not noticeable.
In order to elucidate this problem, it would be very desirable to
perform the ep experiments at DORIS which were proposed a long time

ago*H).

Great attention should be paid to all other beam-beam effects45)
and to the non-linear resonances created by misalignment of the two
beams in the interaction point46), because ep machines do not benefit
from the automatic alignment so beneficial in ete” machines consisting
of a single ring.

At this point it is useful to examine the limitations imposed on
some of the individual parameters.

Inspecting (19) shows that the luminosity is proportional to kb
as in e'e” rings. In an efe” ring, kb‘is usually chosen to be one
half of the number of interaction points to avoid crossing of the bunches
in the normal lattice. In an ep machine, however, kb is not limited
in this respect because the beams circulate in two rings. Thus, more
bunches can be used to the benefit of higher Tuminosity provided that
enough RF power is available in the e ring. If the RF power in the
e ring is limited, it is also advantageous to operate with the highest
possible number of bunches kb’ because this reduces the peak current
and also therefore the direct parasitic mode loss as well as its con-
tribution to the power dissipation in the RF cavities. Hence, a higher
average electron current

I, = ef kg N (21)

is sustained by the RF system with a concomitant gain in Tuminosity as

47)

can be seen from (19) Unfortunately, the number of bunches cannot



51

be increased beyond certain limits set by multi-bunch instabilities.
If the spacing between the bunches becomes too short, these instabilities
become very serious48).

The limitations on the number of particles per bunch and on the
transverse cross-sections at the interaction points are the same as in
ete” or pp rings; for this reason, they are not treated here though they
must also receive careful attention in an ep design.

Examination of all these criteria leads to the conclusion that no
trustworthy general scaling law for the luminosity can be given. No
fundamental limitations seem to exist and the only real restriction
comes finally from the available funds. This is corroborated by the fact
that all ep machines so far conceived reach, theoretically at least,
within a factor of 2 the "magic" luminosity of 1032 cm'2s'1 at nominal
energy49).

For a given ep machine the scaling of Tuminosity with electron and
proton energy depends on the detailed boundary conditions, making it
very difficult to establish general rules. However, certain 0ptimii
zation techniques exist which can be found in the descriptions of the

facilities worked out in detai]2°’35’50’5]).

5. Design of the insertions

5.1 Longitudinal_polarization

Radiative polarization directs the spin parallel to the main magnetic

fie]ds) with the preferred spin direction defined by

[

]

e |x
i"" <o

(22)

=<

where v is the velocity of the particles. The experiments, however,
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require a longitudinal polarization of the beam in the interaction point.
For this reason, a number of schemes were invented which rotate the

spin before the interaction point into the longitudinal direction and
turn it back into the transverse direction before the particles again
enter the magnetic field of the lattice. This rotation can be performed

by a sequence of horizontal dipole fie]dssz)
53)

or by a combination of
horizontal and vertical magnetic fields
The spin precession depends only on magnetic field times the length
of the magnets; however, the orbit in the rotating magnets also depends
on the energy of the particles. Thus, if the orbit is kept constant at
all energies, the spin rotation will be correct at only one energy, though
a judicious lay-out of the magnets may attenuate this effect53). A
better solution is to accept a variable orbit geometry in the spin-rotating
magnets; this provides a correct spin rotation over a wide energy range54).
When designing a spin rotation scheme attention must be paid to the fact
that the radial fields have to be rather weak in order to reduce their
depolarizing effect.

From the physics point of view3)

a capability of spin reversal at
the interaction point would be very desirable so that both helicities
would become available at the collision point. This can be done in
various ways:

i) The transverse polarization of the whole beam is reversed by

crossing an artificially excited spin resonance55).

Since the
radiative polarization will restore the spin in the original
direction, this scheme is practical only if the natural polariza-
tion rate is low.

ii) Strong reverse bending (pe < 0) can be used according to (6) to

10)

change the sign of the transverse polarization =/, negative

"kinks" being the most efficient way'2) to accomplish it.
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iii) A supervariable geometry can "over-rotate" the spin in the

insertion54).

This method is Tikely to work only in a narrow
energy interval.

iv)  two distinct channels can be foreseen, one for each helicity.
This method appears to be rather clumsy and has not received
great attention.

Another problem particular to ep is the separation of the electron
beam from the proton beam after the crossing region. Various insertion
geometries have been proposed. In most of them, the electron orbit
is bent away from the proton orbit by bending magnets at or close to
the interaction point. This brings about a serious background problem
because the photons created by synchrotron radiation in these magnets can

56,57)

hit the protons A small crossing angle alleviates the problem

but is reputed to worsen the beam-beam effect according to experience
in DORIS®).

Not only the direct synchrotron radiation but also the back-
scattered radjation can give rise to substantial background in the
detector due to the high primary photon flux. A well-designed system
of absorbers must reduce it to a tolerabile 1eve158).

Since the e-pcentre-of-mass frame is moving in the laboratory,
the detectors tend to become highly asymmetrical. Many of the interesting
events fall into a narrow cone around the proton beam, and the detectors
are in competition for space with the focussing elements. It is then
essential that the design of the insertion and the detector are fully

integrated in an ep machine; all possibilities should be explored for

detectors specifically adapted to the asymmetrical e-p requirements.
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SUMMARY OF THE GENERAL DISCUSSION
(G.A. VOSS)

The discussion centered on a number of technical and physical problems:
If the transverse polarization angle of the electrons is to be turned
to produce a longitudinal polarization at the interaction points
vertical bending magnets close to the interaction region are necessary.

The background to the experiments due to the synchrotron radiation

from these magnets must be avoided by specially designed interaction

region vacuum chambers.

The question of collision angle between the two beams was discussed

at some length. A collision angle between the two beams would make
it easier to separate these two beams but the space charge 1imits may

be considerably lower than that for head-on collisions.

Another topic of discussion was the field quality in the superconducting

proton magnets. The discussion was not very conclusive, but it was
generally felt that in view of the much strong nonlinearities due to
the beam-beam interactions a field homogenuity of 3-10'4 in the bending

magnets might be adequate.

Also discussed were the questions of space charge limits for electron

and proton beams. As far as the AQ in electron storage rings is concerned
there seems to be a considerable amount of empirical data with more data
soon to be expected from PETRA, PEP and CESAR. There is no such relevant
experience with proton storage rings. The experiments in the ISR suggest

that AQ-shifts for beam-beam interactions of 0.005 may be tolerable.
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But since the ISR has an unbunched beam and these AQ-shifts were only
applied in one plane it may be dangerous to extrapolate these numbers
to e-p storage rings as they have been proposed. It was felt that the
experience with the p-p - experiment in the SPS may yield the most

relevant numbers.

A very important aspect of most of the proposed ep projects is that

the proton beams are bunched. Since there is no damping mechanism

for protons 1ike in electron-positron storage rings long term stability

of proton bunches with high density is very important.

T. Wilson from CERN showed a video tape of single bunch motions in the
SPS that were observed in experiments to test the feasibility of the

pp project. At bunch lengths of 1.0 m and about 1011

protons per bunch
longitudinal instabilities were observed. Also a slow increase

in lTongitudinal emittance developed. In view of the fact that these
numbers were not so far from the assumptions made for various ep projects
and in view of the fact that the SPS vacuum chambers were not especially
designed for Tow longitudinal impedance there was some degree of opti-

mism that the problems of long term stability of high density proton
bunChes might be manageable.
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STATUS OF THE FERMILAB TEVATRON PROJECT
A.V,Tollestrup*
Fermi National Accelerator Laboratoryt

Batavia, Illinois

SUMMARY
A brief survey of the Fermilab Tevatron is presented, with empha-
eéis onthe magnet development. Some operational aspects of strings of

up to 24 magnets are presented.

*A great many individuals under the direction of R.R.Wilson have con-
tributed enormously to this project. Recognition of some of these
contributions is given by means of references —- others are presumably
having their deeds recorded by Abou Ben Adhem and will be rewarded at

an appropriate time and place.

tOperated by Universities Research Association, Inc., under contract

with the U.S.Department of Energy.



68

The Energy Doubler is a proton accelerator that receives its in-
jected beam from the Fermilab Main Ring at 150 GeV and is capable of
accelerating the beam to 1000 GeV. Fixed target physics as well as
colliding beam experiments are planned and both slow (few seconds) and
fast extraction (~1 msec) are planned at intensities of 2x10'® protons
per pulse.1

In the ring there are 760 dipoles and 240 quadrupoles. These
elements, consisting of four dipoles and one quadrupole per half cell,
are all connected in series and operate at a current of about 4500 A.
The field in the dipoles 1is near 4.5 T and the quads have a gradient
of about 20 kG/inch.

The magnets are powered by six 2 kV supplies distributed around
the ring that are capable of generating a 75 GeV/sec ramp rate.? At
flat top a single very well regulated low voltage, low ripple, holding
supply will maintain the current during extraction or colliding beam
experiments.

Since at full field each magnet stores almost 0.5 MJ, it is ob~
vious that a sophisticated protection system is necessary to protect
the magnets during a quench of any one of them. The system planned,2
uses a micro-processor to monitor the voltage across each half cell
and compares it with all the others. In the event of a quench the in-
creasing resistive drop is detected and identified as a quench condi-
tion. That half~cell is then shorted and internal heaters fired to
drive the four magnets normal as quickly as possible. The energy is
absorbed in the cold part of the magnet structure, which increases its
temperature to less than 150°K and the energy in the rest of the ring
is dumped into resistors.

The refrigeration system3 consists of a very large Central Helium
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Liquefier Plant and 24 satellite stations placed around the ring. The
Central Plant is capable of producing up to 5000 &/hr of liquid helium.
In normal operation each satellite is supplied with 92 2/hr and acts
as an amplifier to produce 966 watts of cooling at 4.2°K. Each satel-
lite feeds a string of about 32 dipoles and 8 quads. The satellites
in a stand-alone mode are capable of maintaining the ring supercon-

ducting in case of failure of the Central Plant.

PRESENT STATUS

The Tevatron will be the first large high energy accelerator
employing superconducting technology. Not only is it planned as an
accelerator, but dlso it will be used as a storage ring. This is an
exceedingly ambitious project with no antecedents for guidance and
consequently we have concentrated our efforts on answering as many of
the new and fundamental problems as possible. So far the following
five areas have mainly occupied our attention:

1. Methods to fabricate magnets

2. Measurement of the magnet characteristics

3. Behavior of strings of magnets both from a cryogenic

point as well as protection under quench conditions

4. Effect of high energy protons striking the superconducting

coils

5. Development of the necessary cryogenic plant.

We address some of these areas here.

1. Magnet Fabrication

The magnet" consists of two shells (see Figure 1). The inner
subtends a half angle of ~72° and the outer ~36°. The wire is trap-

ezoidal with dimensions of .307" wide, inside height .045" and outside
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height .056". It will carry >5300 A of 5 T, and is insulated by a
double overlap wrap of 1 mil Kapton and a spiral wrap of B-staged
glass tape.

The inner half-coil of 35 turns is wound flat and pressed into
shape in a 3000 ton, 24' long precision press. The cross section of
the mold is controlled by constructing it from precision stamped lami-
nations.

The outer half-coil of 21 turns is wound over the inner one,
using it as a mandrel. This whole structure is again placed in a pre-
cision mold, pressed into shape with a second 3000 ton press and cured
to its final shape at about 240°F (see Figure 2).

After the half coils are molded, they are measured for circumfer-
ential length with a gauge that can apply pressure up to 2000 1b/linear
inch on either the inner or outer coil. The size at 1500 1b/linear
inch is measured at 10 places along the axis and on each side of the
coils. The average of these 10 readings can be controlled to about
*+2 mils. Magnet #172 had measurements as given below:

Magnet 172 Coil Sizes

Inner Outer

Right  Left Right  Left
Top 2.117+,002 2.117+.002 1.272%+.002 1.272+,002
Bottom 2.115+.0015 2.116+.002 1.273+.003 1.2725%,002

The error is the rms fluctuation of the 10 measurements. It is
very important to control the size of the coil halves very accurately
or when the coil is collared the median plane will not be centered and
a quadrupole moment will arise. For instance, a shift of the median
plane of .001" of the two coils relative to the fixed corners in the

collars will generate a skew quadrupole, a,, of 2x10™* inches™'.
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A second reason that the coils must be accurately sized is that
the ""preload" on the coils when collared must be carefully controlled.
In order that the coils not move away from the key surfaces in the
collar, it is necessary to compress the inner coils with an elastic
force of 1300 1b/inch and the outers with 500 1b/inch. However, when
the coils are cooled, they shrink more than the collars. The stress-
strain curve for the coils, both warm and cold, has been studied® and
it is found that an initial room temperature compression of the outer
coils of 1500 1b/inch and the inners by 4000 1b/inch is necessary in
order to achieve the required preload when the coil is cold. These
compressions give a differential Young's modulus for the coils of
about 10°(psi)~!.

The control of coil size is crucial to understand, and addition-
al techniques are still being developed to improve and simplify the
accurate fabrication of coils.

After the magnet is collared, the field in the horizontal plane
is measured at room temperature.6 This is done by inserting into the
magnet bore a set of 12 long loops 0.195" wide X 24' long, spaced
.215" ¢ to ¢. The coils are supported in a stainless steel tray and
cast into epoxy for stability. The magnet is then excited at 11 Hz
with a current of about 10 A and a lock-in amplifier used to measure
the difference of the induced voltages between adjacent loops. This
gives a number proportional to the gradient of the field. The coil
must be calibrated since differences in area are much greater than the
change in B over the aperture (8B/p ~10"*). We have been able to re-
fine these measurements sufficiently so that we can determine bi, bz,
bs, by These parameters as measured at room temperature without an

iron yoke can be related to their final value with a yoke and with the
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coll superconducting.

The block diagram of the factory then can be outlined as in

Figure 3.
Yoke Precession
AN D NAacuaY
Raw Faavenr | corn Caxesrar NeAaL,
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L ERROR. , Y
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Figure 3. Block Diagram of Factory

The room temperature measurements provide a means for immediately
monitoring the quality of the collared coil.

If deviations outside of acceptable limits occur in a coil, it
can be set aside for recollaring, and appropriate adjustments made in
the next coil to correct the trouble. The long-term stability of the
system 1is controlled by a slow feed-back loop provided by the preci-
sion magnet test facility.

Two very Iimportant points are implicit in the operation of this
scheme. First, the factory must make reproducible coils. Fluctua-
tions from coil to coill cannot be removed by the fast feed-back loop.
The reproducibility is controlled by the very precise tooling used in
the manufacture. It was necessary to invent the "laminated tooling"
in order to achieve the necessary small tolerances."

The second important discovery came when it was realized that

absolute dimensional accuracy is not required anymore. Consider a
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coil of the shape shown below (Figure 4).

Figure 4. Coil Cross Section
The structure is designed in such a way that the stainless steel
shim stock can be inserted before collaring, at the points labeled (:)

and (:) . Thus the angles of the coil blocks can be changed by small

amounts at will.
Consider the harmonic structure of such a coil. The calculated

movements in §B/g at 1" are given below (integrated through the magnet).

b2 = 0

by = 1.1x10™"
be = 4.4x107"
bg = -12.1x10""
bio = 3.6x10""
bi» = -0.8x10~"
b1y = .07x10~"

These coefficients give a B(x)/Bp (integrated through magnet) &s‘#
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function of x as shown in Figure 5.
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Figure 5. Variation of the Integral of B Through

the Magnet as a Function of Radius

With a little work it can be shown that for small changes of the
coil shape only the multipoles below the l4-pole will change. Thus,
if the coil is not exactly circular, but perhaps a little elliptical
or square, or some other shape, the higher multipoles which are deter-
mined by the Fourier components of the current block corners will be
nearly the same as in the correct coil shape. However, the decapole
terms and below will be different and there are eight places shims can
be inserted into the coil structure to modify these components.

Thus we arrive at an important point. If the factory is repro-
ducible, a coil can be built, measured, and the next one corrected to
have a uniform field without having to produce a coil whose absolute
dimensions are known. This process will leave a small random fluctua-

tion in the central field, Bg, but this is very small and the orbit

distortions can be corrected by the horizontal correction elements



77

that are necessary in any event.

We now present some data gathered over the last two years. Over
170 coil assemblies have been constructed during the development of
the coil fabrication technique. Some of these colls are suitable for
accelerator tests after their insertion into a cryostat. Some are be-
ing used in rather extensive systems tests to be described later, and
many of the rest will be useful for beam transport. To get some idea
of the overall quality of these magnets, for use in beam transport
systems, it may be said that the random errors have always been small
enough so that a single pass through 740 such randomized magnets leaves
the phase space inside *%" essentially an undisturbed ellipse.

The last major hurdle was to close the room temperature feed-
back loop, which was done in January 1979. 1In the meantime the magnets
have been shortened by one foot in order to accommodate shielding in
the quadrupole cryostats which will help protect the dipole coils from
stray beam at injection and extraction. Since April 1979 the new
series of 21' magnets has been underway. On the basis of what we
have learned it is expected that "Accelerator quality" magnets will be
produced. The factory has been operated at a level of five magnets per
week for short test periods and should be capable of 10/week. The

main problems expected are in the quality control area.

MAGNET MEASUREMENTS

We begin by presenting data obtained in vertical dewar tests of
the collared coils.’ The yoke and cryostat are not yet assembled and
only measurements of training, peak field, ramp rate dependence, change
in radius of the coil, azimuthal motion of the wire, transfer constant,

and residual field due to persistent currents are measured.
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Figure 6 shows the training history of one of the recent coils,
#167, and Figure 7 gives the B dependence of the quench point. A typi-
cal load line and maximum quench point are given in Figure 8. With the
iron, the peak field point is 1.1 By at the key of the inmer coil, and
without iron the high field point is at the inner turn at the very end
of the coil. The end turns are spaced out slightly to reduce the field
at the end.

Now to examine the statistics of a number of coils we show the
following three histograms. Figure 9 shows the number of quenches to
reach 957 of Imax’ and Figure 10 shows the percent of expected short
sample current that the coil achieves. The short sample curve of each
reel of wire is measured after being received from the manufacturer.
Finally, Figure 11 shows the distribution of peak quench currents ob-
tained.

The ramp rate dependence of the coils is determined by both the
heat generated during ramping as well as by the cooling. The coils
initially were wound with Stay-Brite-coated wire. Subsequently it has
been determined that eddy current losses in the coil package were too
high with such good contact between the strands of wire. Consequently
we are now using Ebonol-(copper oxide) coated strands and the losses
are essentially all due to hysteresis.

COIL LOSSES

Ebonol Stay-Brite
Hysteresis 200J 200 J
Eddy Current ~20J 160-560 J

The above numbers are for the following ramp:
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The collars must contain a force in the x direction of 6000 1b/

inch, which tends to blow the coil apart. Fatigue studies were made of
the collaring system and a lifetime in excess of 10° cycles is now ex-
pected. Figure 12 shows the radial deflection as a function of coil
current. It is accurately parabolic and a histogram of the deflections
of 23 magnets is given in Figure 13. There are other elastic motions
of the wire. These have been studied and their net effect on the field
shape is well within the level of the correction circuits. It is worth
noting that the persistent currents generate a rather stropg sextupole
field (~10 gauss) which must be corrected and in general, in super-
conducting magnets, there must always be dynamic correction elements
which are under program control and with a magnitude of a few x10™ %,
After the magnet coil is assembled in its cryostat8 it is given a
complete set of precision magnetic tests in the Magnet Test Facility.9
This Facility consists of six test stands where a magnet may be con-
nected to power and refrigeration, and a 1500 watt refrigerator capa-
ble of cooling the system. Each magnet is vacuum tested, tested cryo-
genically, trained, its ramp rate dependence measured as well as the
energy loss per cycle at various é's. Finally, a complete set of dc
and ramped field harmonics is measured at eleven different currents.
The /B*dl is measured by a combination of NMR and Hall probes that are

moved through the magnet automatically by the computer. This complete
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set of data plus assembly data is stored on a DISC File as permanent
data for each magnet. So far about 40 magnets have had a complete set
of measurements made, and almost 80 have had partial measurements. We
can now examine some of this data.

Figure 14 shows a histogram of the quench current at 200 A/sec.
The effects of different types of conductors can Be seen in Figure 15a.
Figure 15b shows a histogram of the magnet effective length. Some
identifiable structure changes took place and account for some of the
spread in the histogram.

Both the normal and skew harmonics are measured up to 30-pole.

The following Table lists the harmonics averaged over 24 magnets.

TABLE 1
Average Limits
K Pole A(k) B(k) A(k) B(k)
1 Quadrupole 1.78%£3.18 -0.16%1.65 *2.5 2.5
2 Sextupole 0.58+0.89 -9,20£6.15 *1.6 6.4
3 Octupole -0.16%1.72 0.33%0.71 4 t4
4 0.11+0.62 3.69+1.87
5 -0.18%0.48 0.33%0.40
6 -0.26+0.38 3.41%0.49
7 0.15%0. 34 -0.01£0.36
8 0.21+0.67 -12.96+0.41
9 0.36+0.45 0.06+0.45
10 -0.00+0.45 4.42+0.37
11 -0.16%0.34 0.08+0.37
12 0.00+0.37 -1.13£0.36
13 0.06x0.42 -0.04+0.53
14 30-pole -0.01%0. 40 -0.01+0.33
All units §B-x10" at 1*
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at I = 200 A/sec
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All of the a, and the odd b, should be missing in an ideal magnet.
These terms therefore give some indication of the random errors gener-
ated during coil fabrication. The even b, are permitted and their val-
ues are listed on page 9, along with the design value. It is seen that
above the decapole the design values agree well with the desired onmes.
The sextupole and decapole are not correct. These will be corrected
by adjusting the shims at the keys. The line labeled "Limits" indi-
cates the results of theoretical studies on the acceptable limits for
various multipoles in the Tevatron. This study is not yet finished
and work 1s still in progress. Limits on multipoles not listed will
shortly be specified.

Small effects due to coil motion and persistent currents in the

superconductor cause the multipole movements to be current dependent.
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Eddy current effects are also present in the cable strands. All of
these effects mainly show up in the sextupole moment. Eddy currents in
the Ebonol winding are too small to measure, but Figure 16 shows the
hysteresis in the sextupole moment b,. Dynamic corrections are planned
to cancel out this variation. The results of many other measurements

are given in Reference 9.

b2 (in=%)
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Figure 16. Sextupole Moment vs Magnet Current

BEHAVIOR OF STRING OF MAGNETS

At present tests on strings of magnets are being intensively

studied. Three types of tests have been conducted.
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First, strings of four to eight magnets have been cooled, pulsed
to full field and their behavior under quench conditions studied.!®
These tests were above ground and no beam was involved and their pri-
mary option has been to develop the quench protection system and apro-
totype power supply. Cryogenic tests have also been made, whichverify
the initial calculations of the static heat load of a magnet being
about 6 watts.

Figure 17 shows the enthalpy of the coil itself, the coil plus
collars, and the helium. It is seen that the helium serves as an ener-
gy "ballast" at operating temperature and that a full energy quench
with all of the energy uniformily deposited throughout only the coil
would raise the coil temperature to no more than 100°K. The main
function of the heaters that are fired when a quench is detected is to
bring as much of the coil as possible into active energy absorption.
The crosses show the temperature actually recorded in the magnet struc-—
ture gas at about 2-3 minutes after a quench. It is seen that some
fraction of the energy 1s carried off by the helium. This is not yet
quantitatively understood and further work is in progress to study
these effects.

Figure 18a, b, shows the fI2dt and the pressure in the cryosfat
vs the current in the magnets for induced quenches in a string of four
magnets.

In the near future the string of four magnets will be increased
to eight and then 16 -- which is close to half of a "“cryogenic string®

In addition to tests above ground, three series of tests have
been carried out with beams of protons passing through the magnets.11
We reproduce here a curve from the study by Cox which shows the varia-

tion of the number of protons at 400 GeV hitting the magnets that will
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cause a quench vs the magnet current. The magnet has a no beam quench
limit of about 4000 A. Calibration of the beam indicated that at
3500 A in the magnet, 4 mW/g for slow extraction, or about 1 mJ/g per
pulse (1 msec) for fast extraction will cause quenching of the magnets.
Extensive studies of technique for shielding the magnets during ex-
traction have been carried'out,12 and techniques are being developed so
that the Tevatron can provide both slow as well as fast extracted beam.
Finally, a string of 24 magnets and their associated quadrupoles
are installed in the Main Ring tunnel and are being cooled by a satel-
lite refrigerator. (See Figure 18.) Beam was first passed through
the string at 90 GeV in January 1979. Much experience has been gained
in learning how to install and cool Doubler magnets under the actual
conditions that must finally be faced. At the low injection energy it
was very pleasant to discover that the string of magnets would recover
from a beam induced quench in less than 30 sec. These studies are be-
ing continued, but full field studies will not be carried out until
tests above ground on smaller strings of magnets have been studied in

greater detail.

SUMMARY

The program at Fermilab is now about ready to go into production
of accelerator-quality magnets suitable for installing in the final
Tevatron ring. It is felt that the major problems of producing high
quality, rugged, vacuum-tight and cryogenically acceptable magnets have
been overcome. It is hoped that a major step toward applying super-
conductivity to accelerator magnets has been mastered and that the way
is opened to applying these techniques to still higher energy machines

in the future.
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Discussion

Weber/DESY: (
Could you say something about the rumors that the length of the magnet

was changed recently?

Tollestrup:
Yes, we changed the length when we changed directors at FERMILAB. The new

management thought that there was not enough space left for correction coils
and for shielding. The subject will come up more later. So the magnets have
now been shortened. I would not be surprised if we end up without empty

space, but everybody feels much more comfortable now.

Schopper:

How long are they now?

To11estrug:
21 feet!

Weber:

Instead of 28?7

Tollestrup:
Instead of 22! It is a five percent change. That is why I said the peak
field for 1 TeV would have to change by 5 %, up to 44.5 kilogauss.
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*
The ISABELLE Superconducting Magnets

W.B. Sampson

Brookhaven National Laboratory
Upton, New York 11973

Introduction

The basic design concept for the ISABELLE superconducting magnets
can be traced back at least fifteen years. The first magnet of this type
was a short quadrupole wound from Nb3Sn tape conductor.! 1In the intervening
years the fundamental features of the design have changed very little
but continuous improvements have been made in the conductor and assembly
techniques. Dipoles have been constructed with apertures ranging from
5 cm to 25 cm and with lengths up to 475 cm.2-3  In addition a number of
quadrupoles have been fabricated with lengths in the one to two meter
range, 4 The magnets consist of a single layer of very wide conductor
wound into coils of circular cross section which are enclosed in a tightly
fitting cylindrical iron core. 1In this paper the details of the design
are outlined and recent results from commercially produced colils are summ-
arized, Some suggestions are included on how the design might be modi-
fied to match the requirements of the proposed proton ring for the PETRA
machine.
Conductor

An important feature of the coil design is the fact that only a single
layer of conductor is used. This requires a conductor of very high as-
pect ratio. The ISABELLE conductor is approximately thirty times as wide
as it is thick, and is formed by braiding many small wires (0.3 mm dia-
meter), Each of these wires is, of course, a composite containing many
very fine filaments of NbTi. The width of the conductor is a function

of the number of wires used in the braid and determines the field obtain-

*Work performed under the auspices of the U.S. Department of Energy.
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able from the magnet for a given current density. The parameters chosen
for the ISABELLE magnet conductor are given in Table I. To date two man-
ufacturers have successfully produced finished conductor and both are

now in the process of mass producing this wire for the first one hundred

magnets of the machine.

Table I.

Conductor Parameters

Type Flat Braid
Dimensions 16 mm x 0.6 mm
Critical Current (4.2 K, 5 T) 5000 A
No. of Strands 97
Strand Size 0.3 mm
No. of Filaments 500
Filaments Size 7 u
Insulation Spiral Wrapped Fiberglass
Manufacturers Airco and I.G.C.

The conductor fabrication process was developed at BNL and the tech-
nology then transferred to industry. Approximately 10° kilos of conductor
will be required to wind all the coils of both proton rings.

Magnet Assembly

The magnets consist of coils whose current distribution approximates
Cos (n ©), enclosed in cylindrical iron yokes. Dipoles contain two iden-
tical saddle coils ahd quadrupoles four. Both types of windings are made
by high pressure molding using "B stage" thermosetting epoxy to bond the
conductors together. The winding fixture is shown in Fig. 1. Pneumati-
cally operated clamps are used to position and tension the turns during
winding. Pressure is applied hydraulically while the coil is being cured,
The winding fixture is internally heated to approximately 140°C to poly-

merize the epoxy. A central post and wedges, precast from special epoxy,

are used to form the circular shape of the coils. The Cosn® distribution



99
in current is achieved by the incorporation of "inert" or spacer turns
which are wound in parallel with the superconducting braid. These spacer
turns are also braided but contain no superconductor. A cross section
of the turns distribution for the dipole is shown in Fig. 2a and for the
quadrupole in Figf 2b. Coils formed in this way are monolithic, rigid
structures which are then assembled into the completed magnet, In the
dipole, two of the saddle coils are clamped onto a fiber wrapped stain-
less steel bore tube which contains the trim windings. The coils are
then banded with a fiberglass epoxy wrap and cured at room temperature,
When fully cured, the bands are ground to size and the coil assembly is
inserted into the irom core. Since the magnetic forces are to be trans-
mitted to the core by the bands the preloading of the coil package must
be maintained as the magnet is cooled to operating temperature, This
is done by making the bands slightly larger than the bore of the core,
cooling the coil assembly in liquid nitrogen and inserting 1it, cold,
into the warm iron shield., The resulting interference fit between the
bands and core ensures that the coils are under a compressive mechanical
load at all temperatures. Spiral grooves and notches in the bands provide
flow passages for the high pressure helium gas which cools the magnet. The
iron shield is formed by stacking flat "washer" laminations in a heavy
walled stainless steel tube which serves as the pressure vessel. Three

functions are performed by the irom core:

1. enhancement of the central magnetic field
2. reduction of the external or stray field
3. containment of the magnetic forces exerted by the windings

The magnet is then installed in its vacuum vessel to complete the

assembly., A cross section is shown in Fig. 3 and Fig. 4 is a schematic 1l11-

ustrating two magnets side by side in the tunnel.
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Magnet Design

As indicated in Fig. 2a a six block approximation is used to simulate
the ideal cos ® distribution. It can easily be shown that such an approx-
imation will allow the elimiation of the first six allowed harmonics in
the magnetic field produced by the windings (i.e. one allowed harmonic
for each block). The following procedure is used to determine the azimu-
thal position of the turns:

I. The region to be occupied by the turns is divided into six equal
current blocks defined by the Bethsangles.

II. Using the computer program MAGFLD®the current density required
to produce the desire field shape is calculated., It should be noted
here that the ISABELLE magnets are designed with a "built-in" sextupole
component to minimize the trim current required for chromaticity adjust-
ment in the machine., This can be calculated easily since the program
will determine the currents required for any distribution of harmonics.
Harmonics other than the sextupole are normally set to zero.

I1T. The nearest integral number of turns in each block is then calcu-
lated by normalization from the mid-plane or highest current demnsity block
and the appropriate number of inert turns added fo fill the available space,

IV. Next MAGFLD is used to reposition the blocks slightly to compensate
for the effect of having integral turns.

The resulting turns distribution produces a very high quality dipole
field with a superimposed sextupole field. Six current blocks were chosen
as optimal for the dipole, since fewer blocks would compromise the field
quality, while the potential provided by a larger number of blocks can
not be realized due to positional errors inherent in construction. Experience

with a number of magnets indicates that the random error in turns placement
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that can be expected in mass-production is about 0,05 mm. This random
error gives rise to the distribution of harmonics listed in Table II.

In this table the coefficients are given in the usual cylindrical expan-
sion with the b's representing the normdl and the a's the skew components.
The coefficient given for b, is, of course, the mean variation expected
about the 'built-in" value, The design procedure is identical for the
quadrupole except that only three blocks are used because of the higher

order symmetry, and there are no built-in field components.

Table II
Harmonic Components Dipole Quadrupole Units
ag, bo (dipole 18) 1.7 1.4 10™4
a1, b; (quadrupole 26) 7 4 10‘2 cm L
ap, b, (sextupole 38) 7 11 107° cm2
ay, by (octapole 49) 12 12 1077 cm=3
a,, b, (decapole 50) 20 20 10-8 cm 4
as, b (duodecapole 60) 32 32 10-9 cm™2

In addition to the main winding each type of magnet is provided with
a set of a auxiliary windings used to control the details of the field
shape. The dipoles have the following three '"trim" coils:
1. Sextupole; to compensate for the effect of iron saturation at
high field and maintain the sextupole component at the correct value,
2. Octupole; for machine '"tuning".
3. Decapole; to compensate for iron saturation,
The quadrupoles also contain three windings:
1. Dipole; for closed orbit compensation.
2. Quadrupole; to allow for adjustment of the effective length of
~ the focusing and defocusing magnet.
3. Duodecapole; to compensate for iron saturationm.
The main windings in each ring are connected in series. Tracking

between the bending and focusing fields is provided by a "by-pass'" circuit
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as illustrated in Fig. 5a. This is required because the saturation effect
is more pronounced in the dipoles (See Fig. 5b). The design assumes that
the main windings operate in excess of 907 of the short sample current,

at 5 Tesla, This requirement is considerably less stringent in the auxil-
jary windings where the maximum current required never exceeds 307 of the
short sample critical current,

Magnet Performance

As originally conceived, ISABELLE was to consist of two intersecting
rings operating at a peak field of 4.0 Tesla, equivalent to a proton energy
of 200 GeV. More recent designs have been upgraded to 400 GeV at 5 Tesla.

Some parameters, of the magnets for the two versions are summarized in

Table IXX.
Table III

200 GeV x 200 GeV 400 Gev x 400 Gev
Magnetic Field 4 Tesla 5 Tesla
Dipole Length 4.25 m 4,75 m
Dipole Inner Diameter 12 cm 13 cm
Operating Temperature 4.5 K 3.8 K
Allowed Training 1st quench >4 T 10 quenchs to 5.2 T

(i.e. no training)

Obviously, the most significant change was incre&sing the field to 5T,

This was to be accomplished by reducing the operating temperature and
allowing for a certain amount of "training'. In addition improvements

in the critical current of the conductor and a small increase in the trans-
fer function at the new larger aperture make the achievement of 5T a
reasonable design goal. Immediately after the project was approved, it
was decided to have a series of magnets built in cooperation with

industry as a pre-production test of the construction technique. Six
dipoles and two quadrupoles which would then be assembled into a proto-

type "first cell'" were contracted for with the Westinghouse Corporation,
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Since these dipoles._were to represent the beginning of production, they
were given the serial numbers 001 thru 006. This section will be confined
to the performance of this series of magnets, the earlier developmental
coils having been adequately covered elsewhere.’

At the time that this report was prepared, four of the six dipoles
and one quadrupole had been tested. The tests were performed in liquid

helium at 4.6 K wusing vertical test cryostats. Testing in the forced flow

configuration at 3.8 K will be attempted as soon as the new cryogenic system

is available. All four dipoles exhibited excessive training, the first
quench occuring at approximately 4T and subsequent quenches at higher

and higher fields. The increase in field with quench number was very
gradual indicating that an enormous number of quenches would be required
to reach the design field. This is illustrated in Fig. 6 for dipole number
003, Also shown in Fig. 6 are results for an earlier magnet (MkV) which
exhibited markedly better training characteristics, The test data for
the MkV magnet were obtained using the forced flow gas cooled mode of
refrigeration., At the present time the reason for the excessive training
in this new series of dipoles is not fully understood and a number of
possible explanations are being investigated. Measurements of the overall
length of the coil assembly before and after installation in the iron

core indicated that considerable axial stress was being applied to the
winding when the coil and core reached thermal equilibrium. At one time
the relaxation of this stress as the magnet was energized was thought

to. be responsible for the training but the testing of later coils with
reduced amounts of interference fit showed that this was not the case.
Another possible source of training is thought to be inadequate bonding

of the turns in the low current density regions. A modification in the
winding technique used only i the Westinghouse coils has been shown to

give insufficient epoxy in the blocks near the central post and little
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or no bonding between the turns in these regions. This is being corr-
ected in the new series of magnets along with a number of detail changes
which are expected to improve the training situation.

The quadrupole, however, did reach its operating level after only
five quenches and its performance was acceptable in all respects. A
training curve for this quadrupole is shown in Fig. 7.

In addition to the poor training performance of the dipoles, the
transitions to the normal state (quenches) were observed to occur much
too slowly. This would lead to excessive heating of portions of the
coil if some of the energy was not extracted during the quench. Since
the electrical system designed for ISABELLE requires that a quenching
magnet absorb all its own stored energy8 this situation is not tolerable.
The slow quench propagation is caused by the copper braid used as inert
turns in this series of magnets. The high conductivity of this material
slows the azimuthal propagation leading to overheating of the ajacent
single turns, This problem is exagerated in the third block from the
post (See Fig. 2a) where the discontinuity between the turns which in-
corporate a copper braid and the single turns occurs on both sides of
the block. 1In retrospect the choice of copper as a material for the
spacers was a mistake and cupro-nickel will be subsituted in future

dipoles in this series,

The magnetic measurements for the first four dipoles are given in Table
IV along with the mean and standard deviation for each harmonic. A com-
parison of this table with Table II shows that, except for the b2 and b4

components, the agreement with expected values is excellent.
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Table IV

Std.
Harmonic Coefficiant 001 002 003 005 Avg, Dev.
by (x1072 em~1) -5 -6 -5 =3.5 -5 1
by (x1076 cm-2 -500 -595 -521  -544 -540 40
by (x1077 em™3) -1.5 -6.4 1 7.5 0 6
by (x10°8 cm %) 270 420 360 340 350 60
bs (x10'9 cm's) 5 -18 .5 6 -1 12
a1 %1073 cm~l) -5 14 -10 2 0 10
a, x10°% cm2) 3 7 -11 -14 -4 10
a3 (1077 cm™3) 30 50 -8 13 20 25
a; (x10°8 cm™%) -20 10 8 10 2 15
a5 (x1072 em=5) 5 -2 4 -12 -1 8

The sextupole data, however, exhibits considerable scatter and is not in

The source of these discrepancies has been traced to errors in the tool-
ing used to mold the coils. Differential expansion between the coils
and the steel mold at the curing temperature combined with a certain
amount of "spring-back" lead to deviations from the ideal distribution.
This will be compensated for by modifications to the molding fixture,
The procedure used to clamp the dipole halves on the bore tube for band-
ing has also been modified to eliminate a slight ellipticity observed
in this first series of magnets.

Because of the high order symetry these problems are much less
apparent in the quadrupole.

The present dipole situation is summarized below;
Training

While the first quench occurs at a reasonable field level (4 T) the
rate of trianing is much too slow. Detail changes in the construction
and operation in the forced flow condition are expected to lead to a

significant improvement in this area.

good agreement with the designed in component (approximately 300 x 10_6 cm—2

).
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Quench Propagation

Previous experience indicates that the slow quench propagation ob-
served in these first commercial coils can be corrected by using inert
turns of higher resestivity. Cupro-nickel braid will be substituted in
the next group of dipoles.

Field Quality

All the harmonics forbidden by symmetry are in good agreement
with those expected from the ranaom construction errors. Tighter control
over the allowed and built-in harmonics will be achieved by changes in
the molding technique.
Quadrupoles

The smaller size and higher symmetry of the quadrupole coils effect-
ively eliminates the above problems so that no significant changes are
contemplated before production begins.

Application to PETRA Ring

The principal dificulties in adopting the ISABELLE magnet design
for use in an existing tunnel would seem to be the rather large external
dimensions of the vacuum vessel and the stray magnetic field which could
effect the operation of the existing electron ring. The large size of
the vacuum vessel arises from three considerationms;

1. Large Magnet Aperture., This requires a considerable iron thick-

ness (approximately three coils radii) to efficiently return the flux.

2. High Design Field. To make maximum use of the field enhancement

capabilities of the iron core it must be tightly coupled to the windings,
so that relatively little flux can return in the space between the coil
and the core. This in turn leads to a thick core to reduce the stray

field to an acceptable level.
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3. Low Heat Leak. To achieve the very low heat leak (4.6 watt/dipole)

large insulation spaces are provided between the magnet and the heat shield
and between the shield and the outer vacuum vessel walls.

A much more compact design could be developed if some of these re-
quirements were relaxed. In Fig. 8 a possible modification which might
be applicable to the PETRA tunnel is shown. The coils are formed using
the same technique as for the ISABELLE magnets but are of smaller aper-
ture (9 cm). A stainless support tube is used to constrain the coils
and a larger annular space provided to reduce the coupling between the
core and coil. The much thinner iron core could then be used as the in-
termediate heat shield resulting in an overall outside diameter less than
40 cm,

Calculations indicate that a coil of this type would produce a field
of approximately 4.5 T when operating at the current density specified
for the ISABELLE dipoles. A similar configuration has been used successfully

in smaller Nb3Sn gas cooled dipoles.9
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Figures

1. Winding and pressure molding fixture for ISABELLE coils.

2. Cross section of a) dipole and b) quadrupole showing the dis-
tribution of active and inert turn used to approximate the Cos@
and Cos26 current distributions.

3. Cross section of magnet and cryostat assembly.

4, Drawing of side by side dipoles which form the two inter-
secting proton rings.

5a. Dipole field and quadrupole gradient as a function of energizing
current. The "by-pass" current maintains the relationship between
them at high current levels.

5b. Relative saturation effect in dipoles and quadrupoles as a
function of current.

6. Training curve for dipole 003. Also shoym are data for the
MkV magnet cooled by supercritical helium in the forced flow mode.

7. Training curve for quadrupole 3001.

8. A possiblé modification of the ISABELLE magnet design for use
in an existing tunnel of limited space.
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Discussion

Weber/DESY:

Can you quote the price per meter of ring the magnets would cost?

Sampson:
10 000 3 with the cryostat.

Weber:

And how much is it in your case, Alvin?

Tollestrup:

The number that is going now into diary is around 35 000 3 per magnet.

Weber:

Per magnet! That has to be devided by 7, gives you 5 000. You said how much?

Sampson:

10 000. It is about 45 000 g for a 4 3/4 m magnet.

Hahn:

I think one has to compare also the aperture!

Sampson:

Yes, there is a difference in aperture.
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1. Introduction

A powerful new facility for colliding beam physics could
be provided by adding a proton storage ring in the range
of several hundred GeV to the electron-positron storage
ring PETRA at DESY(1). This can be achieved in aneconomic
way utilizing the PETRA tunnel and taking advantage of the
higher magnetic fields of superconducting magnets which
would be placed above or below the PETRA magnets. A.cen-
tral field of 4 Tesla in the bending magnets corresponds

to a proton energy of 225 GeV.

Production of magnets of this field level can be consi-
dered available technology. There are already large acce-
lerators and storage rings based on superconducting mag-
nets under construction at Fermilab and BNL, respectively.
These two designs represent the most advanced technology
and must be considered carefully in any new machine pro-
posal.

Development work on superconducting accelerator magnets
has been performed at LBL and the GESSS collaboration
Karlsruhe, Rutherford and Saclay. The aim at LBL was the
construction of an experimental superconducting accelera-
tor, while the GESSS laboratories undertook an extensive
collaboration to design and construct magnets suitable
for the SPS at CERN. Prototypemagnets produced fields in
the 4-5 Tesla range. With the decision to build a conven-
tional SPS the emphasis in Europe turned to other areas
of applied superconductivity. Only recently Saclay has
resumed work on accelerator magnets in a collaboration
with Serpukhov and is building short model dipoles which

are designed very similar to Fermilab magnets.

When GESSS was asked by DESY to contribute to the design
of the superconducting proton ring this study has been
prepared as a first step. It should evaluate the
available technology and assess the feasibility of a
construction schedule to provide an ep machine at DESY



123

by the end of 1984.

While a more thorough study could take into account also
the experience with design and construction of supercon-
ducting beam line magnets at different places, e.g. CERN,
this paper concentrates on accelerator magnet designs

from BNL and Fermilab for a 4 Tesla option scheduled for
1984 or an improved 5 Tesla option for 1986. First results
from calculations on a 8 Tesla option based on Nb3Sn con-
ductor are also included. This study emphasizes the
designs of dipole magnets compared to quadrupole magnets,

since dipole magnets need more intense investigation.

2. Preliminary Design Parameters

For the superconducting proton ring for PETRA one will
adopt the PETRA lattice. Therefore the ring will consist
of 232 dipole magnets, about 300 quadrupole magnets and
152 sextupole magnets. Preliminary parameters of the di-
pole magnets are listed in Table I.

Table I.: Dipole magnet parameters

length 5.5 m
warm aperture diam. 60 mm
cold aperture diam, 90 mm
winding aperture diam. 100 mm
central field 4 ... 8T
field homogeneity AB/B
within warm aperture 5’3,10—4
reproducibility, standard -3
deviation of { Bdl 1+10
rise time 300 s
outer dimensions

height 0.6 m

width 0.6 m

stray field at yoke
of PETRA magnets

<o0.01 T
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The magnetic length of the magnet should not be too much

different from the geometric length.

The question of cold or warm bore is still open, although

a warm bore is preferred at present. A warm bore e.g. shields
the magnets and the cryogenic system from the heat input
produced by higher mode losses and permits easy access to
the vacuum tube. However, it has to be investigated whether
for vacuum reasons baking of the tube would be necessary.
The decision between warm and cold bore should be made as
soon as possible because it can significantly influence

the interior design of the magnets.

The rise time of 300 s is not yet fixed and could be in-

creased by some 50%, if e.g. conductor losses would be

lowered considerably.

The field homogeneity requirements are not easy to meet
for superconducting magnets as they depend on highly exact
positioning of the conductors. The only economic way is to
allow higher field errors produced by the main coils and
to provide correction. The correction can be achieved by
correction coils in the dipoles or by correction elements

in the succeeding quadrupole magnets.

The most severe constraint, however, is to have the ring

ready for operation in 1984.

3. 4 Tesla option

For first ring operation in 1984 only one solution is con-
sidered feasible and that is to adapt one of the two most

advanced designs from BNL and Fermilab to PETRA requirements.

3.1 BNL dipole magnet

The Brookhaven dipole design is based on a current block
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approximation to the ideal cos® current density distri-
bution (Fig. 1). Appropriate adjustment of the six current
blocks theoretically allows a highly homogeneous field.
Through a full set of correction coils within the magnets
field errors due to fabrication tolerances can be mini-
mized. Main field errors to be corrected are generated

by saturation of the cold iron yoke above ~ 3.5 T. The coil
is clamped in the iron yoke by interference fit giving

a rigid and well clamped coil structure.

The magnet is cooled by high pressure gas with coolant
channels at the inner and outer coil boundaries and per-

colation through the coil.

The design field is 5 Tesla at 3.8 K. However, this field
is not always achieved and a significant amount of training

has been observed in recent magnets.

In the production of series magnets, coils, yokes and
cryostats will be manufactured in industry and the final
assembly and testing will be undertaken by BNL. The pro-
duction schedule requires ~ 100 magnets for FY80 and this
will give valuable information on reproducibility of magnets

and on production capability.

A summary of magnet parameters is presented in Table II.

3.2 Fermilab dipole magnet

The Fermilab design is based on a two layer winding (Fig. 2).
This coil geometry allows cancellation of the first two field
harmonic terms only. A sufficiently uniform field can be

obtained, however, over a fractional aperture by adjustment
of the layer angles. This adjustment is made by a laminated

stainless steel clamp which can be manufactured with high
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accuracy. Central fields up to 4.5 Tesla are attainable.

The iron yoke is at room temperature and stray fields

are at low level. The alignment of coil and iron yoke is
difficult through the cryostat shells. Misalignment gene-
rates quadrupole errors which have to be studied care-
fully.

Random field errors may be of importance. As series magnet
production has started the question of reproducibility

will probably be answered in 1979.

The design allows application of production line techni-
ques and routinely 5 magnets/week can be produced. Magnets
are currently being installed in the accelerator ring in
order to undergo a sextant test where beam will be passed
through the superconducting magnets. An extensive magnet

test facility is in operation.

3.3 Suitability for PETRA

The two discussed designs are so different in concept
that it is essential to compare the individual designs
with PETRA requirements rather than with each other. In
Table IT the main parameters of PETRA proton ring magnets
are listed together with data of BNL and Fermilab magnets.
Sufficient data are not available on key issues to select
a design at this stage. Field measurements on series mag-

nets are expected for 1979.

As the listed central fields are maximum values and not
obtained in all magnets the two US designs are considered
4 Tesla designs for PETRA application. The warm aperture
of BNL dipole is well within PETRA specification. The
Fermilab magnet originally has a cold aperture but an
estimation for a warm bore is given. For PETRA a copy

of Fermilab magnets would have to be significantly en-
larged in aperture. The aperture can be expanded without
increasing training as recent experimental results from
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Table II: Magnet parameters

PETRA BNL Fermilab
length 5.5 m 4.75 6.7
warm ap. diameter 60 mm 88 (47)
cold ap. diameter 90 mm 113 72
winding ap. diam. 100 mm 130 76
correction ap. diam. 120
central field 4 T 5T 4.3 T
field homogeneity -4
AB/B within ap. <3-10
reproduc;bi}ity, stan- 1.10—3 3.10—4
dard deviation of SBdl
rise time 300 s 240 s 20 s
outer dimensions
height 0.6 m 0.94 0.26
width 0.6 m 0.94 0.385
EE;EK géiigla;a522i80f <0.01 T (;giol g) ~0.001 T

a small model magnet of Fermilab type have shown which has

been constructed at Saclay. The influence on field homo-

geneity will also be studied.

The authors believe that there has to be provision of

correction in order to meet the field quality requirements
in magnets produced in series and at reasonable cost. It
has to be investigated whether correction coils inside di-
pole magnets are necessary oOr separate correction elements
could be sufficient. The latter case will ease the con-
struction of the dipoles.

As the iron yoke is not saturated in the Fermilab design
the stray fields are fairly low while those of BNL mag-
nets are marginal for PETRA application at 4 T. The cold
iron of BNL magnets heavily saturates and the stray fields



130

increase rapidly above 4 T. Further increase of yoke
thickness of BNL magnets results in a still larger
cryostat.

The BNL magnets need much more space of the tunnel than is
available without lifting the existing magnet ring. There-
fore at least a modification of the cryostat would be re-
quired. The Fermilab magnets fit well above or below the
PETRA ring, even with scaled aperture.

3.4 Time schedule

Having assessed the status of magnet technology it is
appropriate to analyse the feasibility of achieving an
operational proton ring at PETRA by the end of 1984.

This short period does not allow significant modifica-
tion of the existing magnet designs. Although neither
magnet meets fully the initial PETRA magnet specification,
there will be no time to wait for successful construction
and operation of prototype magnets before selecting a manu-
facturer and the design for the series. However, in order
to minimize the risk for both the manufacturer and DESY
following procedure is proposed. A preliminary order

could be given to at least two manufacturers who would get
the full order only after successful construction and ope-
ration of 3 or 4 magnets. The manufacturers will be paid
for tooling designed by DESY and magnet fabrication. In
case one manufacturer fails that set of tooling may be
transferred to another firm.

An appropriate time schedule is developed in figure 3.
Close contact to the US laboratories is required to get
more information about construction details and field
measurement results. In parallel with the dipole pro-
gramme the quadrupole magnets have to be designed and
constructed, and a concentrated effort has to be made
to specify, select and acquire the refrigeration and an-

cillary cryogenics as well as magnet power supplies,
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guench protection system and instrumentation. An extensive
magnet test facility is required by midst of 1982.

3.5 Cost Estimate

A rough cost estimate is given below for magnets, refrige-
ration and power supply. Costs for testing and test equip-
ment including refrigerator and buildings have to be added.
These figures are more difficult to be estimated. '

Table III: Cost estimate(in g 1000)

BNL FNAL DESY

total

Dipoles 50/unit 35/unit 50/unit 11.600
Quadrupoles 25/unit 25/unit 25/unit 7.100
Sextupoles 8 1.200
Refrigeration 10.000
Power supply 2.500
Miscellaneous 2.500
Total ~35.000

4. 5 Tesla option

Accelerator magnets with reliable operation up to 5 Tesla
could be developed based on the existing designs. The
required increase of ampere turns may be achieved by
adding another shell of windings or by enlargement of the
current carrying capability of the conductor. Correspon-
ding investigations would have to be made including

design and construction of short models.

This development work needs about two years time so that
the ep machine can be in operation at proton energies
up to 280 GeV by 1986. Industry should be involved from
the beginning and should take over the development at
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the latest when prototypes have to be designed and con-

structed.

This development work needs about two years time so that
the ep machine can be in operation at proton energies up
to 280 GeV by 1986. Industry should be involved from the
beginning and should take over the development at the
latest when prototypes have to be designed and constructed.

5. 8 Tesla option

5.1 Magnet design

In principle, NbTi is applicable for 8 Tesla magnets, too.
However, as its current density is significantly decrea-
sing above 6 Tesla a very large number of turns would

be reguired. Consequently the construction would become
rather complicated and the overall size would grow to di-
mensions unacceptable for PETRA.

For high magnetic fields Nb3Sn superconductor is better
suited. In recent years significant progress has been made
in the development of filamentary Nb3Sn superconductor.
This development has reached the stage where it is now
feasible to consider the construction of dipole magnets

in the 8 Tesla field range.

Solenoidal magnets are already being produced on a commer-
cial basis and conductor development is underway for fusion
applications. Future high energy accelerators will probably
be based on Nb3Sn superconductor and it is appropriate to
consider the status of Nb_Sn technology in relation to a

3
proton ring for PETRA.

A preliminary design study has been made at Rutherford of
a Nb3Sn dipole magnet to operate at 8 Tesla central field
which corresponds to a PETRA proton energy of 450 GeV. The
aim has been to establish the scale of magnet, identify
the important design features and assess possible time
scales for development. Some consideration has also been
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given to the construction of a hybrid magnet of NbTi-Nb,Sn

but this magnet would not fit into the PETRA tunnel.

3

The preliminary magnet design is shown in Fig. 4. The coil
geometry is based on a four layer system in which the
current density is graded. The block current density re-
quired for the inner layers is 250 A/mm2 at 8 Tesla. Pre-
liminary calculations indicate that a force support struc-
ture of ~50 mm of stainless steel is required with an
annular space of ~30 mm for the cryostat. The low carbon

steel yoke is at room temperature.

A first conductor design results in a 23 strand flat cable
enclosed in a pure copper jacket of 2.2 x 9 mm outer dimen-
sions. The protected copper in the strands and the outer
shell is required for quench protection and stability which
is still increased by liguid helium filling the free space

within the cable.

For a dipole magnet the use of prereacted Nb,Sn supercon-

ductor is not considered feasible because of3detrimental
stresses in the conductor imposed by the small radii in
the coil ends. The alternative procedure of winding follo-
wed by reaction to form the Nb3Sn layer requires that all
magnet components withstand temperatures in the range
650-720°C. While the basic technology for wind & react
construction is available from small magnets development
work is required on insulation methods, impregnation and
scaling up in magnet size. Further progress is e.g. expec-
ted from short Nb3Sn dipole models which will be built

at Saclay. The first model is scheduled for 1979.

Several factors affect field homogeneity of Nb3Sn magneté
in addition to those present in NbTi magnets. As the quan-
tity of superconductor is increased and the current densi-
ty of this superconductor is high the effects of supercon-
ductor magnetization may be more significant. Coil move-
ments under magnetic forces will be greater at 8 Tesla and
the problem of maintaining manufacturing tolerances through
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the winding and reaction phases will increase random
error amplitudes. Predicted iron saturation effects are
small but the problem of out of balance forces between
the coil and warm iron is accentuated at the higher field
level. Because of stray field requirements a relatively
massive yoke structure is necessary, the overall magnet
dimensions, however, stay close to PETRA specifications.

5.2 Time schedule

The later stages in the development programme require a
time scale similar to the NbTi magnet system. A signifi-
cant extension, however, is required in order to develop
prototypes. Basic development work on conductors and test
coils has to be done leading to a short dipole model in
1980/81. In the period 1981-84 full scale prototypes
would be developed both in the laboratory and in industry.
The number of prototypes should be at least ten magnets
leading to project approval in mid-1984. Similar to NbTi
schedules about another four years are required until
operation of the ring. Accurate costing of such a system
is difficult because present conductor prices are related
to development rather than mass production.

6. Conclusion

Three options for realization of a superconducting proton
ring at PETRA are presented. Although no existing design
fits directly the quickest solution is to adapt one of the
most advanced american designs to PETRA requirements. This
would lead to a 225 GeV machine operated at 4 Tesla. It
should be mentioned that the reported time scale for opera-
tion by 1984 is hard to get along with as it is assumed
that everything proceeds smoothly and the results from
series fabrication of the US magnets prove the magnets to
be reliable and reproducible. In addition it is questio-
nable whether a special long shut down of PETRA will be
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provided for installation of magnets and cryogenic equip-
ment or regular shut downs can be used only. In the
latter case there will be a corresponding shift of first
operation of the proton ring.

Increase of proton energy up to 450 GeV can be expected
by development of Nb3Sn magnets with a central field of
8 Tesla. However, extensive development work is required
in order to start operation of the ring in 1988,

All time scales depend on the assumption that the project
would be approved or work can start by mid-1979. A delay
in the beginning cannot be compensated and will delay the
end.

The authors wish to thank G. Horlitz and S. Wolff for
valuable discussions.

The cited work of Brookhaven and Fermilab is presented
in detail in further contributions to this study meeting.
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Discussion

G. Wolf:

A question to the rise time of the magnets. You mentioged that the Isabelle
magnets have a rise time of about 200 seconds while the NAL magnets have a
rise time of 20. What sort of compromise does one have to make to get the

short rise time?

Perot:
I think Alvin Tollestrup can answer this question, but it is mainly because
the doublermagnet has to be used at a synchrotron and the Isabelle magnet

has to be used at the storage ring.

G. Wolf:

So what are you saying, at no costs you can get a rise time of 20 seconds.

Perot:

Yes. It is not needed because for a storage ring the rise time is not important.

The beam is stored for hours, so that if we rise the field in 300 seconds it

is not significant.

G. Wolf:

Is that all true with respect to the field homogeneity?

Perot:

Yes.

Hahn:
I have a minor correction to your numbers. I think, for our magnets they
must have referred to the old design because the cold bore aperture is

13 om instead of 12 and the physical length is four and three quarters of
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PRESENT ACTIVITIES ON SUPERCONDUCTING ACCELERATOR MAGNETS AT CERN

L. Resegotti and D. Leroy#*

1. Introduction

As many other laboratories, CERN has produced a number of supercon-
ducting magnets for beam handling purposes, some of which are presently
in use in secondary beams of the SPS experimental areas. They are of
different designs, according to the different aims and preferences of
their designers. It would not be possible, and probably not very use-
ful, to list them here in a short review. It seems preferable to give
some details of two main lines of activity which are being followed

at present.

The first line is oriented towards the design and construction of large
aperture, high precision magnets, which are suitable either for magnetic
spectrometry in beams or for proton storage rings. After the successful
construction of prototype quadrupoles at CERN and of two beam spectro-
meter dipoles at Saclay by a CEA-CERN collaboration, the project of a
superconducting low-beta insertion in the ISR is being implemented.
Design studies for a superconducting conversion of the ISR (SCISR) and

of new superconducting storage rings for 400 GeV protons (LSR) have

been published a year ago.

The second line of activity is concerned with the design and construc-
tion of long, small aperture magnets for transport systems of
low-emitttance, high—energy beams. A prototype 5 m long dipole with a
central field of 4.5 T is being built, in view of a fossible specific
application at the SPS, namely a 500 GeV primary beam (called PO beam),

requiring five such dipoles in series.

* CERN, Geneva, Switzerland
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2. The storage ring magnets

The basic concepts of the proton storage ring magnet design are:

a) The field quality must be good over a relatively large fraction

of the aperture, corresponding to the momentum bite between the

injection orbit and the top of the stored proton stack, over the

whole range of operating energies.

b) The positions of the magnetic axes and planes must be precisely

determined with respect to geometric references outside the

cryostats by means of magnetic measurements in the laboratory.

c) No tensile stresses should occur in the coil insulation under

action of the electromagnetic forces during normal operation.

the

d) The magnets must be able to absorb their own stored energy with-

out damage in case of quench.

In the case of the low-beta insertion for the ISR, a further require-

ment is that the vacuum system of the machine must be independent from

that of the magnet cryostats and independently bakeable.

These requirements can best be satisfied by a cylindrical assembly
sector coils, externally precompressed by a cold iron yoke. If the
coils have an inner diameter about 1.7 times the beam width, there
enough space.inside them for a separate thick pipe, carrying the
auxiliary windings, which are necessary to adjust the machine tune
its derivatives. Some of theses windings can also compensate the

saturation effects due to the proximity of the iron.

of

is

and

The features of such a system can be distinguished by a closer inspec-

tion of the proposed magnets for the ISR conversion. The structure

and

the conductor are the same for dipoles and quadrupoles, the only dif-

ference being their specific symmetries, as shown by Figs. 1 and 2.
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The main windings are assemblies of two and four coils, respectively.
Each coil is made of three blocks of conductors. These are wound
tightly, under tension on a central stainless steel post and copper
spacers, with constant perimeter end shape (Fig. 3). They are then
vacuum impregnated with epoxy resin. The coil assembly is held to-
gether by glass—fiber bandages which transmit the prestress from the
yoke to the windings. Stainless steel spacers are inserted between the

yoke and the bandages.

The conductor is a twisted multifilamentary composite, with a rect-
angular cross—section of 3.6 x 1,8 mm. The filament diameter is about
50 um. The relatively large sizes of filaments and conductor and the
block structure of the coils favour electromagnetic and thermal pro-
pagations of the quenches, so that the stored energy of the magnet is
absorbed by the whole winding, without undue local overheating. This
feature has been thoroughly tested experimentally on the prototype
quadrupoles for the ISR, shown in Fig. 4. A stored energy of 700 kJ
has been repetitively absorbed by a 1.25 m long prototype with maximum

temperature rises between 80 and 100 K.

The coolant is in contact with the coil assembly over the whole inner
cylindrical surface, which is completely free, and over about half of
the outer cylindrical surface, where channels are left between the
glass—-fiber bandages. The cooling is adequate to permit a field rate
of rise of 300 G s"l. This means that full excitation is reached in
about three minutes, which is short with respect to the setting up

time and to the duration of phase displacement acceleration in the ISR.

As can be seen in Fig. 5, in the ISR low-beta quadrupoles the steel

yoke is made of four monolithic sectors, held together by aluminium
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rings, since the small numer of magnets and their short lengths would
have made a laminated structure unnecessarily expensive. In the SCISR
and LSR designs (Figs. 1 and 2), as in the magnets for ISABELLE, the
yoke is a stack of ring-shaped steel laminations inside a stainless
steel cylinder, but the laminations are locally slotted at the posi-
tions of the poles, so that they should behave like springs. At magnet
assembly, the stack, temporarily held together by longitudinal bolts,
would be slightly opened by means of hydraulic cushions, to receive
the windings at room temperature. The pre-~heated cylinder would then
be fitted onto both. Thus, the prestress on the coils would be low at
room temperature, at which flow of the organic insulation might be
feared, and would be increased during cooldown by the radial shrinkage
of the stainless steel cylinder. The longitudinal contraction of the
yoke, as determined by the stainless steel, is about the same as that

of the coils.

The precompressed "cold-iron" structure, which is very compact and
rigid, ensures good mechanical stability and tight positional toler-
ances. It has the disadvantage that the whole mass of iron has to be
cooled inside the cryostat, but the advantage that the suspensions

are simple and their heat intake low. It is, therefore, quite suitable

for a storage ring, which has long periods of steady operation.

In our superconductive storage ring conversion studies, the magnets
have a warm bore. That choice does not imply loss of useful aperture,
because the warm pipe wall and its superinsulation occupy only that
peripheral region where the field quality is not adequate for the beam.
However, a cold bore aperture permits to maintain a larger clearance
between beam and wall and, therefore, it might be advantageous for

applications requiring smaller beam apertures, We know now that such a
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solution can be safe from the point of view of vacuum even in a high-
intensity proton storage ring. Recent experiments at the ISR have

shown that beams above 30 A can be circulated inside a glow discharge
cleaned, unbaked vacuum chamber at liquid helium temperature, without

inducing pressure rises.

The ISR low-beta insertion, shown in Fig. 6, requires eight supercon-
ducting quadrupoles, with gradients from 38 to 43 T m~! in warm
apertures of 173 mm. The tolerance on the integrated gradients is

1073 over a beam width of 130 mm.

The prototype quadrupole, built at the ISR to demonstrate the feasi-
bility of the superconducting low-beta insertion, confirmed the expecta-
tions concerning maximum gradient, rise time, field quality and ability
to absorb its own energy in case of quench. This prototype built in
1976, has since been cooled down and warmed up many times and repeatedly

quenched for testing purposes, without any deteriorations.

The methods and techniques used in the construction of the prototype
were described in detail in the specifications, addressed to industrial
firms, which were invited to tender for the production of the eight
quadrupoles required by the low-beta insertion. All tools and equip-
ment, such as, for example, the instrument which continuously monitors
interturn and ground insulation, were demonstrated to prospective
tenderers and their drawings were made available on request. Efforts
were directed to make every operation simple and reproducible, so that
the firms could expect the transfer of technology to be possible with-
out development work in the factories. Separate tenders were invited
for the supply of the superconducting wire, the construction of the
quadrupoles themselves and for the cryostats. The response was positive

and really competitive offers were obtained.
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The initial apprenticeship and the setting up of series production at
the factory making the magnets proper required about a year. By now,
more than half of all coils have been wound, other components are being
regularly produced, and the first two quadrupoles have been delivered.
Figure 7 sh.ws the winding installation at the factory and Fig. 8 the
first quadrupole as delivered. In Fig. 9, one can see, inside the
quadrupole proper, the stainless steel pipe which carries the auxiliary
windings, namely a sextupole winding, which is necessary to produce the
required chromaticity in the low-beta insertion, and a dodecapole
windings, for the correction of the integrated gradient pattern. This
pipe constitutes the inner tube of the 1iquid‘helium vessel. The

auxiliary windings are wound on it at CERN.

All quadrupoles will first be tested in a vertical cryostat for the
purpose of provisional acceptance and then assembled and measured in
their own cryostats. The first quadrupole of the industrial production
reached its maximum operating current of 1500 A, which, as can be seen
in Fig. 10, corresponds to a gradient of 41 T m~! and to a maximum
field of 5.2 T in the windings, after two quenches. The magnet was
further trained to 1800 A to check its ability to withstand quenches

without energy extraction, which is part of the contractual conditions.

Figure 11 shows a phase of the subsequent assembly of the quadrupole
into its own horizontal cryostat and Fig. 12 shows the finished
quadrupole during magnetic measurements. Before the measurements, the
quadrupole was excited directly at 1680 A for a 24-hour endurance test,
without quenching. Figure 13 shows the integrated gradient pattern in

the quadrupole, measured at its maximum operating current.



152

We must still wait to see what level of reproducibility will be
achieved in the series production; but for the moment it looks as if

this industrial production of superconducting quadrupoles has had a

good start.

Fig., 7 A quadrupole coil being wound at the Alsthom factory
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Fig. 8 The first finished quadrupole as delivered

Fig. 9 The auxiliary windings have been mounted

inside the quadrupole proper
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Fig. 11 Assembly of the first quadrupole into its cryostat
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3. The PO beam dipoles

The interest in small aperture dipoles for high—energy,

low-emittance beams arose at CERN two years ago, when the primary
proton beam PO for the North Area e§tension of the SPS was designed.
This beam has a concentrated bend of 54 mrad at its branch-off, which
requires a bending strength of 90 Tm at 500 GeV/c. Five 4 T dipoles,
each about 5 m long, would meet this requirement. The horizontal
emittance of the beam is 0.4 m mm mrad, which corresponds to a maxi-
mum amplitude of 8.8 mm at 2 ¢. The orbit sagitta in a 5 m long, 4 T
bending magnet is 6 mm. Thus, a good-field region (field spread

AB/B £ 2 x 10™%) about 30 mm wide is adequate, whereas a free aperture
of about 60 mm is desirable, to limit particle losses from the tails
of the distribution. The energy dissipation due to such losses is ex-

pected to remain lower than 0.75 mJ cm™3 per pulse.

An appropriate solution in this case is offered by magnets with

a cold aperture coinciding with the beam pipe and with an inner coil
radius of 35 mm. This radius is adequate to provide the required
good—-field region over the whole range of the proton beam energies,

if iron saturation effects are kept low by placing the iron yoke far
enough from the coils. Such a string of cold bore, warm iron dipoles
is similar to the FNAL doubler structure. The same type of solutions
as adopted at FNAL can also be used for powering, cooling and protect-

ing them.

During the past two years, the work of the group concerned has
been directed to the design and construction of a suitable prototype
for the dipoles of the beam line, with a view to their possible in-

dustrial production in future.
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Figure 14 shows the basic structure of the prototype. The coils con-
sist of a two-layer winding encased into a system of stainless steel
combes, which take the mechanical stresses resulting from the electro-
magnetic forces. The single-phase pressurized helium vessel, in which
the coils and the combes are contained, is surrounded by a coaxial
cylinder, through which two-phase helium circulates, and this, in
turn, by a screen, cooled by helium vapour. The whole cold ensemble

is centred in the warm steel yoke by radial spacers. The main charac-

teristics of the magnet are given in Table 1.

Table 1

Main characteristics of PO prototype dipole

Cold bore radius 32 mm
Coil inner radius 35 mm
Coil outer radius 56.4 mm
Comb outer radius 82.5 mm
1 ¢ cryostat outer radius 85 mm
2 ¢ cryostat outer radius 86.5 mm
Iron inner radius 120 mm
By (with irom) at 5250 A 4.5 T
By (without irom) at 5250 A 3.95 T
Length of straight part 5 m
Overall length 6 m

A number of detailed studies, technical developments and experimental
tests have been performed in view of the construction of the proto-

type. The main results can be described as follows:
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3.1 Cable production

Industrial production of Rutherford-type cables of up to 40 elementary
conductors has been obtained. Some of them also include a central
trapezoidal wedge, which should improve the mechanical behaviour of
the coils and reduce the losses under pulsed operation. Typical
cross—sections are shown in Fig. 15. The characteristics of the cable

adopted for the prototype are shown in Table 2.

Table 2

Cable characteristics for the PQ prototype dipole

Strand:
Diameter 0.7 mm
Filament diameter < 18 Hm
Twist pitch 12 mm
Ic (5T, 4.7 K) 2 270 A
Cable:
Trapezoidal dimensions 1.2/1.35x 9.4 mm?
Number > 26
Transposition pitch < 100 mm
I, (5T, 4.7 K) 27000 A
Insulation:
Kapton ribbon (45 7 overlapping) 2 x 25 um
Triangular Kapton spacer 0.2 mm X 8 mm
B stage fiberglass ribbon 80 um
Dimensions of the insulated
conductor 1.46/1.81x9.7 m?
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BBC conductor; 26 strands of 0.7 mm diameter;

1.2/1.35 x 9.4 mm?; I, (5T, 4.7 K) = 8260 A.

BBC conductor; 30 strands of 0.6 mm diameter;

1.2/1.55 x 9.4 mm?; I, (5T, 4.7 K) = 8460 A,

Fig. 15 Cross—sections of industrially

made prototype cables
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3.2 Tests of coil winding and coil compaction

The conductors are wound in two layers. After polymerization of the
first layer, small disc spacers are glued onto it, to create cooling
channé!é between the layers. The second layer is then wound and poly-
merized. Experimental work has been carried out on a model of a

winding machine, to study the mechanical characteristics of such coils.
The azimuthal compaction before polymerization narrows the conductor
package by about 13 7Z, when the conductors are compressed up to

15 kg mm~2. Under these conditions, equivalent elastic moduli of more
than 1500 kg mm~? have been reached after polymerization, as shown in
Fig. 16. Different mechanical treatments, such as vibration and cycling,

are being tested, to improve the uniformity of the compaction in the

coils.
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Fig. 16 Coil characteristics from azimuthal compression tests
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3.3 Coil retaining structure

The combes are interleaved stacks of 2 mm thick laminations, made of
316LN stainless steel. A pair of laminations is shown in Fig. 17.

Each comb is 140 mm long. The combes are tightened with a force of

200 kg mm~ !, before being welded and locked together. Figure 18 shows
the distribution of the electromagnetic forces in the coils. Deflec-
tion measurements on a number of laminations, having a width of

23.4 mm in the median plane, have shown a deflection of 0.07 mm under
a force of 100 kg mm~!. In the prototype, the laminations will be

26 mm wide. No difference in performance has been found between struc-

tures with welded or glued locking keys.

3.4 Suspensions

The weight of the active part of the magnet is 800 kg. An off-centring
of 0.1 mm with respect to the yoke would produce a force of 100 kg in
its direction. The thermal contraction of the active part reduces its
diameter by 0.52 mm at cooldown. Therefore, prestressed supports with

a high spring constant must be used.

Cylindrical supports, in which heat conduction occurs along a coaxial
labyrinth, have been tested. Figure 19 shows the cross-section of one
of them. The compressed cylinders are made of a glassfiber epoxy com-
posite, which offers a low ratio K/E of thermal conductivity to
elastic modulus whereas the members in tension are of stainless steel.
It is planned to use six sets of four supports, which will be precom-~
pressed by 0.8 mm under a force of 4 ton. The tests have shown that,
with this structure, a force of 150 kg would not off-centre the magnet

with respect to the yoke by more than 0.03 mm.
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Fig. 17 Pair of comb laminations
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3.5 (Cryostat and cooling

The cooling scheme is shown in Fig. 20. The single-phase helium flows
through the coils at a pressure of about 1.8 bar and is expanded in
two J-T valves at the end of the line of magnets, from which it comes
back as a two-phase fluid at 4.2 K in the outer envelope and as
vapour in the screen. Heat is removed from the single-phase helium
by thermal exchange with the two-phase helium. It has been computed
that, under pulsed conditions with a 40 s cycling period, the coil

temperature would not rise by more than 0.2 K.

3.6 Protection

At the appearance of a quench, resistive transitions would be in-
duced in the whole magnet by discharging electric capacitors into
eight heating resistors placed along the coils. Experiments have
shown that a dissipation of 1.25 J per resistor is enough to induce
a quench within a delay of 15 ms. The pressure would then rise
rapidly in the magnet until the opening of release valves at its

ends.
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4, Conclusion

This short summary gives only an idea of the detailed investigations
through which the construction of the prototype has been prepared.

It is hoped that this approach will provide CERN with a good insight
into the technology of small aperture, cold bore, warm iron magnets

for beam transport and accelerators.

From the point of view of technical choices they are, in many
respects, the opposite of the spectrometer dipoles and storage ring
magnets, which have been described in Chapter 2. Each of these two
types of magnets has its own internal coherence and its specific
field of application. The two large projects of ISABELLE and Energy

Doubler provide good evidence to the above statement.
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Discussion

Hiibner:

On the GESSS List for the comparison between magnets which will be
suitable for PETRA, I have seen the Brookhaven design, I have seen the
NAL design but I wonder whether there could not be a third 1list} we have
heard now there are European designs of quadrupoles and I wondered why

this is missing! I ask that very innocently. I am a Tayman in this question.

Resegotti:

Well, perhaps I have not been very clear, but this design, the conversion

of the ISR is not very different basically from the Brookhaven concept,
except perhaps for this idea of having the slotted laminations which would
be precompressed. Of course the conductor is also different, but the

reason why the conductor is different is very historically. At the moment
when we started the conversion we had no experience with any other conductor

whereas Brookhaven has been developing their conductor for many years.

Kleinknecht:

Which of these two desings requires more cooling power? The warm iron or the

cold iron?

Resegotti:

There is not really much difference, because there are elements which compensate
each other. In the cold iron system one has - of course the dimensions are

so large - a certain amount of heat intake from the warm bore and in the other

case intake does not exist. In the case of the warm iron there is a certain
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amount of heat intake from the supports, which are relatively short and
connect the warm region with the cold region. Wherever they are, part

of the losses can be absorbed either by Tiquid nitrogen as in the case of
Fermilab, or by gas, helijum vapour. So, I would really be in difficulty with

trying to give a sharp answer.

Schopper:

The cooling down times must be different, and this might be important.

Resegotti:

Oh, certain! The cooldown time is much longer for the cold iron.

Schopper:

We come back to that comparison in the panel discussion.

Dalpiaz:

What is the risetime of these magnets?

Resegotti:

These are all magnets vhich are intended for d.c. operation. The risetime
for the magnets of the low B insertion to maximum field is less than two
minutes, about 100 seconds. From the point of view of fie]d.qua1ity I can
only say that when locoking at the superconducting ISR conversion we were
Tooking at the time for phase displacement acceleration which was of the

order of 10 minutes, a quarter of an hour.
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Dalpiaz:

What is the price per meter if you consider the production in the

laboratory scale?

Resegotti:
This is something you know only after havin: one really to tender for
a large production. It is clear that a price we have for 8 quadupoles

cannot be considered representative.
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PANEL DISCUSSION ON TECHNICAL PROBLEMS

Participants: H. Hahn, BNL
B. Montague, CERN
D. Thomas, Rutherford Lab.
A. Tollestrup, FNAL
G. A. Voss, DESY

Chairman: H. Schopper

Scientific Secretary: S. Wolff
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Panel Discussion on Technical Problems:

1. Field Quantitites and Tolerances of Magnets
G. Voss

I think one will have to distinguish between higher field
harmonies in bending magnets and quadrupoles which are syste-
matic effects - and there I think one should perhaps mostly

talk about octupole fields and higher order fields because the
sextupoles are anyway part of the system and one will have sextu-
poles for chromatic corrections. I think this morning there was
no conclusive argument given what the tolerances on those higher
harmonic fields really have to be. All the designs which we had
seen have numbers of the order of 3x10'4 in terms of AB/B over
the useful aperture but I don't think there has been a very con-
clusive theoretical argument whether this is perhaps a too tight
tolerance or not quite sufficient. Clearly, I would think, the
tolerance will depend on the value of g-functions and it will be
much more stringent in quadrupoles near the interaction points
which have high B values and probably can be at least one order
of magnitude less in the normal bending fields.

I think the general conclusion of feeling seems to be that these
magnets which we have seen are certainly better than the non-
linearities which are introduced by beam-beam effects and I
think there is a real problem in talking about electron proton
storage rings of this kind, and the problem is really actually
specifically mentioned here. So I think I allow me just to put
in one word: I think this is the real most important question
here: what is the beam-beam Timit in electron~proton rings?

And I would remind everybody there is no theory about to space
charge limitations which has given accurate predictions. There
are not even tracking programs which allow to simulate such
effects and give the right predictions and which have worked.
Anyway, there is dispute whether any tracking program really has
simulated what goes on in reality. In case of electrons, it was
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more an empirial approach. One had built storage rings and had
seen what happened. In case of electron proton, these rings do
not exist and the comparison with the ISR is a little bit diffi-
cult because we talk about quite a different machine. So, per-
haps I might say, the fields seem to be better than the non 1i-
nearities from beam beam interactions, but the distructive
effects from those interactions are not really well known yet.
Another thing is how does the field have to be from one magnet
to the other. 10_3 as theAB/B in comparison between magnets
seem to be some kind of a standard number. Really that question
is not so critical because it just depends on the number of
steering elements which you provide. When PETRA was built I
think we have said that 10'3 should be quite adequate for the
number of steering elements we had provided. It turned out that
we were about a factor of five better and I still think that
10'3 should also be a number which might be sufficient for such
a ring as it has been discussed today.

Maximum Obtainable Field
H. Hahn

I think it's quite obvious that this particular question is the
most difficult question to answer. I am to make projections over
the range of one to two years. This is very difficult and I would
say that I do hope for objéctions to what I am going to say now.
Certainly there will be objections. There was one basic assumption
and that is a project where you have to make the decision, let us
say, in one to two years. I think, that's how I interpret it,

your three to four years. That would be the first stage, the 1984
in terms of the GESSS expertise. My premise is, there is not going
to be a break through in the period of the next two years. I would
like to consider the next two years as a phase of consolidation.
We have started projects and we have to get the magnets which are
on the way really into a good production stage. No break through,
that means in any view that we will have to use NbTi as the ma-
terial for these magnets. The use of Nb3Sn for accelerator magnets
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personally I am a little bit sceptically even beyond the range

of one to two years and my view is that the next application

of Nb3Sn will not be so much in terms of higher field like 8T

but rather than higher temperatures which would help tremen-
dously in terms of operating costs of refrigeration and similar
items. My personal reason is that the forces are so overriding at
8T and in this range that if it's one material or the other I
don't really see how you will be able to handle it in these small
accelerator type magnets. I was reminded by Alvin Tollestrup

that there was clearly a substantial progress reported at the
Applied Superconductivity Conference in terms of Nb3Sn, but it

did refer mostly to the magnets for fusion, these large

magnets where some of the problems of the accelerator type magnets
do not exist. Dave Thomas made the very fine and necessary distinc-
tion between the design and the defined field level. The design

is where the short sample current would be reached. For example

to have a defined magnet of 50 K-GauB you will have to design

the magnet for 60 K-GauB, correspondingly for 65 K-GauB defined
you would need something 1ike 80 K-GauB, and for 80 K-Gauf you
need essentially 100 K-GauB. These numbers are my own numbers.
There is another boundary condition and I think that is an impor-
tant one, that is, if you want to build the most economical magnet
you will arrive - if you don't have the constraint of a particular
site or a particular tunnel - at a different magnet than if you
have the problem of putting the-biggest energy magnet into a
tunnel. To come to some numbers, I feel that a comfortable level
is around 45 to 50 K-GauB with obvious examples of Fermilab and
Brookhaven. I did try to go through some exercises about cost,

but I have the feeling that the consideration of price at around
this level is not clear cut and if you run at 45 or at 50 K-GauB
it probably is the same. They are relatively economical and you
have not started paying the price for going to very higher fields.
The reason for going with Isabelle to the 50 K-Gauf was that we
did start to be constrained in terms of sites. Of course the site
in itself is much larger but we wanted to be north of Isabelle
and then we had to reserve 300 and more meters of space between
the boundaries. At the time when we switched from the 200 GeV

to the 400 GeV we had site selected and 50 K-GauB was established,
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if you want, not only the optimum on cost but also the availability
of space.We could have perhaps gone to higher fields but then we
were constrained by the particular concept of our single layer
coil and I think our 50 K-GauB is about the T1imit of what you
can achieve in a single layer coil and we did not want to go

to a double layer because that would have been research and de-
velopment. Although I would 1like to mention that we have built

a double Tayer magnet where two full Tayers were put over each
other and we did reach 62 K-Gauf without any difficulty on this
magnet. In the case where you are limited by a given tunnel,

I myself would recommend a value between 60 K-GauB3 and 70 K-GauB
as a reasonable number even in the next one to two years. De-
pending on the aperture - I think that is important - I probably
would more tend to 60 K-GauB than to 70, but I think that is

the range where you could go. In this context I have mentioned
that we have tried a double layer magnet which worked very well
and we are in the moment building two beam transport magnets

of a different type, of the windowframe type, and that is going
to be installed in the external beam providing 20° bends. The
design is for 60 K-GauB and the magnets have to run at that
field or otherwise we don't get the beam out. The magnets are 3 m
long and have an 8 cm coil inner diameter and as I said, the
design is 60 K-GauR. I don't say you should build one design

or the other, that is the decision of a particular person, I
just wanted to say that we at Brookhaven had two magnets running
at 60 K-GauB.

Cold / Warm Bore and Iron

H. Hahn

Brookhaven, as you know, is using warm bore and Fermilab is using
a cold bore. There has been a long discussion of what is better
and every time and every meeting it comes up again.

The Brookhaven decision was reached at a time when there were
scientific questions as to the feasability or usability of a
cold bore. The problem is desorption of condensed gases on the
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surfaces and when we did make the decision this information was
not available. Recently - this morning there was a report by
Resegotti - CERN has made an experiment which proved that

a cold bore would work. So, the scientific aspect of this
question is clearly settled and a cold bore will work. In

fact, we do consider to use a cold bore at places in what

we call the first quadrupoles left and right of the ejection
region where we do perhaps need a bigger aperture to get the
beam out and one of the possibility would be to use there a
cold bore quadrupole.

But that is limited to two or three quadrupoles. Inspite of

the change as tothe scientific background we do not have any
regret. The argument used against a warm bore centers mostly
around the question of the heat load. In our magnet we have

a contribution of 2 Watt coming from the warm bore out of

4 W per magnet. In the total system that includes everything,
transmission lines, leads etc., we have 2 kW coming from the
warm bore. The total heat load is 16 kW. The fraction of the

warm bore, if you look at it from a system point of view, is
very small. Even this number could be effectively eliminated

by using a heat shield around the warm bore.

The space required is about 6 mm in diameter to accomodate

an intermediate 50 K heat shield. I don't consider the question
of heat leak as a decisive argument against the warm bore. The
other point is the aperture loss. As we heard, because of the
various types of tolerances only 2/3 of the aperture of magnets
is really usable for storage rings at least.We have a coil aper-
ture of 13 cm, 2/3 of it is essentially 8-9 cm and our warm bore
is 8.8 cm. So, we have not lost aperture in our magnets. I really
feel that the decision between cold or warm is a question of con-
venience, is a question of engineering difficulties or simplicity.
Questions 1ike positron electrodes, how often do you need them,
how do you go through the vacuum envelope into the cold area and
make your position measurements are important. Perhaps you don't
need clearing electrodes if you are in a cold bore, the vacuum

is very much better. 20-30 % of the circumference is warm any-
how, I mean the insertions definitely would be warm. Therefore
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you will have a large number of transitions. To make the transi-
tions between the cold bore and the warm bore is a feasable problem,
but definitely it is a problem. If you have leaks from the helium
system into the vacuum system the cold bore does not help you in
terms of pumps, so you must be truly leakfree. In the warm bore

the leakes only would come from normal ambience but not from the
helium part. A minor point is the fact that we would like to measure
the magnets after they have been assembled, and it is more diffi-
cult to make precise measurements, NMR measurements, in a liquid
helium ambience compared to a room temperature ambience after the
complete assembly of the magnets. For Isabelle we do want to

retain the option using bunched beams. We don't plan on it, but

we would Tike to retain the option of being able to collide bunched
beams. Using a stainless steel vacuum tube is prohibited because
simply the heat load induced by the image current would be too big.
One could go to copper but I was informed by our vacuum people that
they do not like copper as a vacuum material. Finally, for a machine
1ike DESY, where you would have very short proton bunches, you have
questions of the higher mode losses - Huebner gave a nice summary
this morning - and if I hear of 2 Watt/m, which potentially would
go into the heat load, this is prohibitive. And then I mean argu-
ments like scattering of synchrotron radiation which would again
impact on magnets at least in the vicinity of the crossing point
and increase the heat load. I think this would go again against

the use of a cold bore.

In summary, the cold bore will work but I think convenience

and engeneering arguments still support the use of a warm bore.

D. Thomas

To design a magnet you need windings. Then around these windings
you need mechanical support to take the bursting forces. In fact
that should be enough on its own. I would concentrate a little
on the question of support.

Here we have a two-dimensional cross section and certainly the
bursting forces can be taken. But in an accelerator magnet,
which might be 6 or 7 m long - here you have effectively a tube
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of 30 cm diameter - I have to think about how that is going to
twist or bend and the whole way I am going to support it. This

is very important on this argument between warm iron and cold
iron. May be - this is a provocative Statement - may be 30 cm is
not enough to get the rigidity you need to get to the field quali-
ty, may be under pulsing conditions if it is a synchrotron. Why
do we need the iron at all?

The main reason to need the iron is to protect equipment that's
near it from strong fields . If you are going to high fields

like anything four to eight Tesla you would really got to have
massive bit of iron. A considerable increase on amount of ma-
terial to what appeared to me to withstand bursting stresses!
What do you get from the iron since you now have to put it in to
minimize stray field? The first thing you get: you get a little
extra field. If you use the iron as a force restraining as well -
that is equivalent to the Brookhaven design - and you are aiming
for 40 K-GauB then you get until 13 K-GauB because of the iron.
The iron produces this high field which is imposed on the super-
conductor. Therefore it Towers the current capacity of the super-
conductor. If the iron were not there you are able to put more
current in the superconductor and raise the central field just
by virtue of the current. What the iron is giving you in

effect is something 1ike a 6 K-GauB enhancement which you could
not get with that quantity of superconductor alone. When you

go to high fields this 6 K-GauB stays more or less constant.

You can't get very much more depending on the dimensions of the
coil etc. When you get to 80 K-GauB or whatever the proportional
benefit you get from having iron adjacent to the coil drops off.

Let us talk about the warm iron option. What obviously you get
here is a very neat small cryostat. When you are talking about
capital costs the cryostat in the cold iron solution is consi-
derably greater, more expensive and will have slightly greater
heat losses. To me the argument goes really between two as-
pects:

One is, can you design a mechanically rigid system, bearing

in mind you can probably only support the magnet at a 1limited
number of positions along its length if you are going to keep the
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heat transfer between room temperature and helium temperature
adequate? Can you design an acceptable mechanical structure within
the dimension of something 1ike 30 cm? If you can't do that you
then have to use cold iron for additional structure support and
live with the additional capital cost, a larger cryostat

and also slightly higher losses.

Operational Experiences
A. Tollestrup

I would 1ike to pull together few subjects here that may be

seem disconnected but they all have to do with how you operate
these magnets. Calculations by Helen Edwards show how much energy
a magnet can absorb before it quenches. It is just straight ther-
modynamics. You assume there is no instantaneous cooling to the
magnet. A1l energy you put in goes into heating up the coil and
as you operate at various values of I/Imax you can put more Joules
in instantaneously before you raise the temperature and the cri-
tical current takes over and quenches the magnet. On the other
hand when you are putting a slow beam into you get cooling active
and the various limits on how effective our cooling is can place
you down. The thing to note is that if you want to operate up near
the 1imit there is something like 1/2 millijoule/g you can deposit
in the conductor.

There was a test setup with a 400 GeV beam being run into one of
the magnets. The beam can be deflected to hit the magnet at va-
rious places. There is a loss monitor situated by the magnet
which allows you to get the intensity of the protons. The results
show some differences between the slow spill and the fast spill.

A11 experimental results have been fed into what we feel is the
necessary shielding in the magnets.

There is a second setup in Fermilab which is a string of four di-
poles that have had extensive string tests. There are four magnets
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running now that will shortly be changed to a string of 16. These
magnets have been studied as a system as the quench protection
system goes. When we detect a quench on a magnet, we short the
half cell across its ends. There is a safety lead at each qua-
drupole. Wher a quench is detected SCR's are fired, that bypass
the current. We also fire heater on that magnet in order to drive
as much of the magnet normal as quickly as possible. When we do
this the maximum temperature in the magnet goes up to something
1ike 40 or 50 K. The rest of the energy of the string is taken
out and dumped into a resistor. You can't go into inversion with
your power supply because the power may not be there. You have to
assume that may be the power company was involved in the whole
difficulty.

There is a unit I need to define in order to describe the behaviour
of magnets during a quench. We use it in Fermilab. It is called

a 'mite'. For heating of a little piece of cable, if there is

no cooling, 12R dt is equal to the heat capacity times dT. R

is a function of temperature, so you can put R and c¢ together and
you have only a temperature integral on one side and only an 12- t
on the other. The units are A2xt and we can have 106-A2-t that

we call a mite. The units that I will be using are in mite and the
temperature goes exponentially with mite as you get up near room
temperatures. Our wire gets up to a point where it fuses the in-
sulation which is about 200°C for 7 mites in it. That is a con-
stant of the cable. If the magnets go normal very fast then the
current decays fast and the number of mites going into the wire
becomes smaller. If you don't fire any heaters at all the mites

go into a very little quench point and the wire will fuse.

It can be shown that as we go up in current the number of mites
goes up to around 41/2 and this is the point where we operate
actually. This corresponds to something 1ike 150 K for the peak
temperature. We have done that string test with four magnets and
we shall go up shortly to 16.

If one looks at the energy in the system versus temperature one
finds another interesting thing: The wire has less than 1/10

of the energy stored in at the collars and helium has an available
heat of vaporisation that is perhaps a factor of 10 times what is
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in the collars.

Let us look at the energy that is stored in the magnet. Namely

- at full field the energy stored is 1/2 megajoule. That has to be
absorbed by the magnet and when it goes completely into the mag-
net structure uniformly the temperature goes up to 50 or 60 K.
When you measure the temperature of the gas in the cryostat

during a quench an interesting thing comes out. The matter is

that energy stored in a magnet is much more than the temperature
actually observed. The difference apparently came out in kinetic
energy with a big swish. There is a roar when these things quench
and that energy is apparently being moved kinematically from the
magnet chain.

Finally we had some experience with a chain of 25 magnets in the
tunnel with a 95 GeV extracted beam. We use a normal extraction
channel. We get the beam down to a chain of 25 magnets that we
have tested. This chain is operated at a 95 GeV beam. That is

a long way from the peak field. On the other hand there have been
some exiting things here that we have learned. We had all thought
that we could not tune this machine in a way amateurs are accustomed
to. You turn them on 'right away' and run the beam into one side
then turn them up right away and run the beam into the other side.
We actually found you can do that just when it quenchs in a string
of magnets. The magnets have a safety system on them, that looks
out the current for 30 seconds after you fit the beam and essen-
tially they have recovered within that 30 seconds from this type
of operation. But the currents are in the order of 1011-1012
protons. It is very easy to establish a first pass beam. There

is no problem with that type of sloppy operation. The recovery

is in a few seconds.

That is basically what we have learned in the operation: we have
limits of how much energy these things can absorb. In that little
sector test we passed 1013 protons through without trouble. In the
single magnet switchyard test we passed similar kinds of intensi-
ty through without troubie. It is true, when you measure the ener-
gy loss that these things can absorb it is down in a region of a
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few millijoules per cm3 or a few milliwatts per cm3 depending
on slow spill or fast spill.

. Cryogenics
H. Hahn

I can say that we at Brookhaven do prefer a single refrigerator

to a collection of refrigerators. Our first proposal as a matter
of fact did contain, I think, 6 refrigerators which were designed
so that five could work with one broken down. We have given up
this scheme mostly because of the operational requirements which
we would expect with 6 refrigerators. It seems at least at our
place a fact that once you have a refrigerator, you need one or
two persons serving it.

If you have only one refrigerator then you don't need 12 people
times the shifts etc. for the servicing crew of the refrigerator.
We also believe that the costs of a single refrigerator is adven-
tageous. There is this famous power to the 0.7 law that indicates
that you should go to the largest refrigerator which you can tech-
nically build. It is true that our refrigerator would be the
biggest refrigerator built. But we have gone through estimates and
through independent consultant studies and the advices that one
can build a refrigerator of this type. Our single refrigerator has
all the important items at the higher temperatures in parallel.

We can switch over from one heat exchanger to the other without in-
terruption of the operation of the refrigerator. Only the lower
temperature devices where under normal conditions we don't expect
that they accumulate contamination are single.

A. Tollestrup

I am not sure of the history of the refrigeration system at
Fermilab. Those decisions were taken before I got there. About
the time I arrived, there became available a plant on surplus
from a test station of NASA which was a big nitrogen-liquid
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oxygene actually - refrigerator. Two of the compressors have
been converted to helium compressors and one to nitroger That
plants will be tested this spring. It makes 5000 1iquid liters
of helium and about 2000 of nitrogen. In additic’ there are 24
individual satellite stations that are fed about 90 1/h helium
from the central plant. The capacity of those small satellites
located at each of the service buildings is about 1 kW. So the
total capacity of the cooling ring on its supply of helium from
the central plant is about 24 kW. The technology that has gone
into the satellite refrigerators is low level technology. The
satellites are not terribly expensive, I think that problem is
only control.

Experiment Related Problems
B. Montague

I should draw attention to a few important features. I think we
can expect transversely polarized beams in the electron rings

up to an energy of 25 to 30 GeV by more or less conventional
methods. Above 30 GeV it seems rather questionable for reasons
that K. Huebner explained this morning, where essentially the
energy spread overlap the in situ resonances. The Siberian Snake
still offers some hope of getting out of this but at the moment
there are certain problems which are specific to electrons or po-
sitrons which make it difficult to implement, essentially due to
the quantum fluctuactions and the stochastic motion. The Sibirian
Snake looks very promising for proton machines for accelerating
orver large ranges of energies without crossing resonances: The
depolarising resonances where the main ones are the integer re-
sonances with number k and those associated with betatron mo-
tion. The Betatron resonances you can to some extent keep clear
of because with a separate function machine at least you can
change the tune according to the energy you want to cover

so that you are working away from the Betatron resonances.The
strength of the integer resonances is determined essentially by
the amplitude of the k-th harmonic of closed orbit and over this
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sort of energy range up to 20 or 30 GeV this k is in this region
which would require all the correction methods which are perhaps
a little more sophisticated than we normally use. It would need
care and it probably needs a fairly fast polarimeter to be able
to adjust the correction in a reasonable time. Having got the
transverse polarization you want to rotate it into the longitu-
dinal direction. This can be done by a system of alternating ver-
tical and horizontal bending magnets which bend the orbit of
course and you have to take this into account. It gives the rise
to a certain loss of polarization because the normal radiative
mechanism works in an unfavourable direction in some of these
magnets. In fact this goes with the cube of the bending radius
essentially and over part of the trajectory the radiative pola-
rization is trying to fight in a different direction from the

one you want. You loose overall around the machine. How much

you loose depends on how strong the special magnets are. The
weaker you make them, the less you loose. If you want to do

these sorts of gymnastics over a wide energy range you have to
use some kind of very good geometry.

An example is described in the CHEEP report in detail. This

leeds into the subject of how you design the ep interaction
regions. There are some basic problems we have to handle. You

have essentially three problems which lead to need for beam
separation. The first is the geometry. Unlike e*e” machines you
have two rings and the geometry is different. You have separate
electron and proton beams. Whenever I mean electrons I mean posi-
trons as well. So there is a geometrical problem. There is also

the need to reduce the long range beam-beam interaction that is

the electromagnetic interaction in the regions where the bunches
are actually colliding or are rather near to each other. This is
important in ep because the proton bunches tend to be much longer
than the electron bunches and so the long range interaction extends
to a substantial distance. To achieve this you may need a small
crossing angle to help you. This can be of the order of a few milli-
radians, perhaps less than five milliradians. One way doing this
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is to use common dipole magnets. You can benefit from the fact that
the momentum of electrons and protons is considerably different. So
you can bend the electrons at a fair angle and hardly affect the pro-
tons. There are various configurations you can consider for this. If
you have a solenoid field detector you have a compensation problem in
the interaction region. In ete™ machines of course you compensate both
beams and you can do this with local solenoids or with skew
quadrupoles. You have to compensate the coupling to this purpose. If
you use skew quadrupoles you can compensate the coupling outside the
interaction region. Skew quadrupoles don't compensate spin rotation.
If you want transverse polarization in the interaction region which
some people do, you have to compensate the rotation effect of the so-
lenoid. That probably requires another solenoid or solenoids or
maybe a system of bends. Another feature of the ep interaction re-
gion is that there is aibasic asymmetry arising from the energy
difference between the electrons and the protons. I am raising that
instead of having symmetrical solenoid compensators always out of the
detector whether you can have a single one on one side and then use
the asymmetry to some adventage in the design of the detector. This
brings me to one of my favoured topics.

There are two horizontal dipoles needed to bring the electron beam into
approximately zero angle to the proton beam. The question is can these
separating magnets be incorporated into the detector design. It is not
fashionable, people prefer solenoid detectors, but it has the following
adventages: If these dipole fields can be used as part of the detector
and incroach into the space normally dedicated to the detector, we can
get the Tow B quadrupoles near the interaction points and that can be
beneficial. This can give you an improvement in luminosity or can give
you the same luminosity at a lower current. That is a question that I
put firmly to discussion: is anyone interested in detectors using di-
pole fields rather than solenoid fields, where these fields can be
used also to suit to the geometry of the machine?

As soon as you bring up fields so close to the detector you get into
the synchrotron radiation problem. There are essentially three sour-
ces of this: The direct synchrotron radiation going straight into the
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detector. There is the situation you can have when the synchrotron
radiation interacts with the residual gas and produces electrons
which mill around and also get into the detector. So you clearly
need a very good vacuum in this region. Then there is the direct
interaction between the synchrotron radiation and the incident
protons. You can get a range of interactions from this, give you

+
%" pro-

Yp going to yp, have compton scattering, pair production or w
duction . A study of ep interaction regions for the large some hundred
GeV storage rings has been made. It contains two examples. One is

with a one milliradian crossing angle and 0.05 Tesla separating field.
This is a field actually around the interaction point itself. There

you get typically 6 compton scatterings per second. With a zero crossing
angle and .3 Tesla which is a more dramatic case you get 40. So this
ranges from 6 to 80. For the pair production it ranges from 2x104 to
4x105 per second for these two cases and then for the m-production it

is from 0.05 to 10 per second. The problem here depends very criti-
cally on how you distribute the dipole field around the interaction
region. These figures are just there to give an example. I think this
problem is managable but it involves very careful design of the inter-
action region. I think ep is a case where you need a fully integrated
design of the detector and the interaction region components, more than
in any other kind of machine. It is worth devoting quite a lot ot
thoughts how one is going to lay this out and how one is going to

choose the detectors and their configuration in conjunction with the
design of the Tow B section of the machine. A rather asymmetric

example is contained in the ISR ep option. There are several possible
ways of changing the polarization from positive to negative. You can
have different channels for + or - helicity and this is very clumsy and
probably very difficult in this small machine. You can use a brute force
method of reversed wigglers but this costs you a 1ot in r.f. power.

You can use in principle a spin flip method where you run the particles
throguh one of the spin resonances. You have to exite one of those
integer resonances strongly enough that when you change the energy

of the beam slightly there is an adiabative crossing of the spin re-
sonance and the more adiabaticly you do it the higher the degree of
spin reversal.
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This would be very beautiful on proton machines, because you could
really take your time, but in electron machines you are up against

a coherence problem because of the synchrotron radiation. You really
need a machine which has a long energy damping time and a very slow
synchrotron oscillation frequency.

Typical machines just seem to be in the grey region where it is not
quite clear whether you can meet the adiabaticity conditions or

not.

Summary of the Panel Discussion by H. Schopper

Field Qualities and Tolerances of Magnets
The results of FNAL and BNL show that superconducting magnets can

be built which meet the requirements necessary for storage ring
operation. This applies to the field quality inside each magnet
as well as to the differences in field length from magnet to
magnet. There was no argument for closer tolerances given by beam
theoreticians.

Maximum Obtainable Field
With NbTi as the material to be used a& presence and in near future

5 Tesla seem to be a reasonable number for the maximum central
field although even somewhat higher fields may be reached. The tech-
nique of Nb3Sn needs several years of further investigations.

Cold / Warm Bore and Iron

There is no general conclusion whether cold or warm bore or cold
or warm iron would be the best. The decision for one or the other
solution must be based on detailed technical and financial con-
siderations, and is dependent on several other boundaries like ne-
cessary aperture and available space for the magnets.



191

4, Operational Experience

The operational experience with single magnets and magnet chains
at Fermilab is positive and gives confidence to the whole concept.
Beam induced quenches behave as theoretically foreseen. There were
no problems in tuning a magnet chain operated with a 95 GeV ex-
tracted proton beam.

5. Cryogenics
There is no general conclusion whether one single central refrige-
rator or a refrigerator with a Tot of satellites would be the best.
The decision depends on several boundary conditions at the special
site of the storage ring. For economic reasons one central refri-
gerator may be desirable if provision can be made to achieve a fail
safe operation.

6. Experimental Related Problems

Electron polarization with conventional methods is possible at ener-

gies up to 30 GeV. At higher energies much more complicated methods

have to be used. New criteria are necessary for designing the inter-

action regions and the detectors. It is desirable to incorporate
dipole magnets into the detectors and to have quadrupoles as near
as possible to the interaction points.
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Parallel Session on Superconductive Magnets

A Summary by G. Horlitz (DESY)
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Parallel Discussion on Superconductive Magnets

Some selected topics of superconductive magnet problems have
been discussed in a separate session:

1. Field Tolerances, Field Measurements

There was a long discussion on the best way of use and presen-
tation of field measurements. Both Brookhaven (Sampson, Hahn)
and FNAL (Tollestrup) measure the field harmonics using rotating
coils. Hahn defines a mean value of error in a field as

+a -
By _f1 AB, 2
@) -fu T
-a

where "a" is the radius of the aperture. For two Isabelle Magnets
at about 4 T he gave the number of

AB\ -4

(—-B-— 2.3 x 10

This value includes a dipol term of 1.4 x 10~2. With this error
they expect a closed orbit deviation of 1 mm rms. (a = full width
of the vacuum tube)

If one calculates the field error in the two medium planes, using
the measured field harmonics (n = O to 5) one gets

A% < 2 x 10'4 in horizontal direction
AB -4
Y < 2 x 10 in vertical direction

(sextupole excluded)

Sextupol is 4 times the tolerances. The total error in the magnet

(including sextupole) is 4 x 1074,

NAL preferes to presentate completely the random variations of
harmonics. A mean value only does not give information on the
gradient of the error in the outer regions.
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All magnets have a variable sextupole at low fields due to
induced currents in the filaments. For mean fields the sextu-
pole is constant and will be given a finite value in the BNL~-
magnet for correction of chromaticity. At high fields B > 1.8 T
the BNL iron saturates and causes a field dependent variation
of the sextupole which has to be compensated by a correction
winding. The correction current is the same for all magnets,
one does not expect variations of the saturation properties in

the iron from magnet to magnet.

At low fields BNL found a temperature dependence of the sextupol

of about 8 x 10_6/cm—2 per Kelvin.

2. Cold iron - warm iron

There seems to be no basic physical argument whether cold or
warm iron is to be prefered. Cold iron contributes a little bit
more to the magnetic field because it is located closer to coil
and aperture. The higher saturation errors mentioned above could
be handled by correction coils. The position of the coils in
respect to the iron is easier to maintain.

Cooling down of cold iron magnets takes more time. This might
be no problem for ideal magnets which are at helium temperature
for months, but if magnets have to be changed frequently one
looses time for experiments. (BNL expects a cooling down period
of 2 - 3 weeks for the total magnet.)

Another problem is the fact that the thermal contraction of magne-
tical steel is only 2/3 of that of the coils. This causes axial
stresses in the case of a magnet where the magnetic steel is

used as mechanical support for the coil. The contraction factor

of stainless steel mechanical structures is more adapted to that
of the coils.
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3. Dynamic effects in the conductors

FNAL reported on investigations on the influence of strand
insulation on dynamic losses and magnetic field. With Ebobol
insulation (copper oxyde) the dynamic losses disappeared almost
completely (with exception of hysterese losses) compared to
Staybrite insulation (silwver=-tin cover). Difficulties at the
beginning of Ebonol application (bad current sharing, abrasive
sensitive to mistreatment) led to the use of a "zebra-cable"
(alternately Staybrite and Ebonol). Now Ebonol insulated conduc-

tors are used for the inner shells, Staybrite in the outer.

The absolute contribution of eddy currents to the field was only
a few gauss even with full Staybrite insulation.

4. End effects

The contribution of the end fields to the total integrated field
is not so important because the aperture is small compared to the
total magnet length. BNL has calculated the positions of the wire
blocks in the ends and FNAL has matched the peak field in the ends
using the end of the iron in respect to the coil end as parameter.
The sensitivity of endfields to fabrication tolerances is negli-
gible.

5. Miscallaneous

Perot (Saclay) reported on a 0.6 m dipol model which was an upscal:
( 9 cm coil diameter) of the FNAL design. It was powered within

2 s to a field of 2 T and within 8 s to 4 T without training and
quench (the maximum field was limited by the power supply). He
also measured the same order of magnitude for dynamic losses as
have been obtained in FNAL.
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Between a two (or more) layer shell structure or a one layer
cos © approximation as in the case of Isabelle there seems

to be no basic difference. It is a question of conductor type,
current density and other more technical reasons, which type is
chosen.

BNL gives a price of $ 15.000 per coil including material,
$ 12.000 are material, $ 3.000 labor.

FNAL requires 250 man hours per magnet. With two shifts a day
they estimate a fabrication rate of 5/day. This might be doubled.

BNL estimates about two weeks per coil set, but with about 10
tooling sets working in parallel they hope to achieve also a
production rate of about 1 magnet per day.
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1. INTRODUCTION
In this report I want to review the impact of an ep machine on
our present ideas and then speculate in what ways such an accclerator
could investigate physics beyond our present framework. This speculation
will lead to some criteria for the major parameters of such an accelerator,
in particular the luminosity, energy and polarization of the electron
beams. We will conclude that its principal advantages are:
(1) the investigation of charged currents to
mass scales beyond those accessible at LEPEI)

(i1) the observation of new currents (charged or
neutral) of either chirality coupling to
leptons and quarks,

(ii1) the observation of new particles associated

with such currents.

Some of these views have been emphasized in earlier reports(2’3)
so that I will concentrate on the new points and emphasis generated by
the group* of physicists who have been studying this topic over the
last few months. Clearly part of this discussion involves a comparison
with the other facilities that should be available in the mid to late
1980's, i.e. pp collider™), pp (Isabelle)® and e'e” (LEpy (D). 1
will not present a detailed comparison but rather allude to these other
accelerators when relevant.

In order to begin this review I have summarised briefly in Table
1 the present theoretical framework of particle physics, which we all

assume.

*

R.J. Barlow, D. Binnie, R.J. Cashmore, R. Cleymans, R. Jaffe,

G. Ross, B. Saitta, L. Sehgal, P. Zerwas, J. Benecke.



204

TABLE 1

PRESENT FRAMEWORK

Particles Gauge Group of Current Interaction

u,d,c,s,t(?),b

esvesursvus‘r ’v‘l'

gluons (8) SU(S)C Strong
Wi,Z°, Y SU(2); x U(1) Electro-weak
Higgs

In the discussion I will concentrate on the following topics:
(1) Production of free quarks
(i1) Production of weak quanta Wi, Z° and Higgs.

(iii) Neutral currents.

(iv) Charged currents.
(v) New neutral and charged currents and associated
particles.

The emphasis in items (iii) and (iv) will be on the extent to
which the ideas of Table 1 can be substantiated. Not because this will be
the most important contribution at that time (pp, pp will already exist
and LEP will be soon available) but as a background in which departures
from conventional wisdom might be indicativeof the existence of further
interactions.

Finally, detailed calculations have been made for two possible
options:

(i) 20 GeV e  x 280 GeV p (PROPER(6))

(ii) 100 GeV e  x 400 GeV p (LEP/SPS collider(7))
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with a peak luminosity of 1032 cm™2/sec which corresponds (in a
'theoreticians day') to an integrated luminosity of 8.6 x 1036 cm"2.

(A more realistic estimate would correspond to reducing this number by a
factor of 4 and even this may still be rather optimistic.) However,
these calculations should be regarded as guides as to what is possible
and interpolations made for other possible accelerators. In particular

polarization of the beams might be available in (i) whereas it is very

difficult, perhaps impossible, to obtain in (ii).

2. QUARKS

The concept of confinement has not been proved within QCD and
hence the possibility of liberating quarks exists. Thus at any new
accelerator one should always be prepared for this eventuality and be
aware of the properties such objects might have(s’g) and the effects
which might result from their liberation. In this context I want to

mention quarks which possess any combination of the following extreme

properties:
(i) integer or fractional charges
(ii) point-1ike or large extended objects.

(a) Point-like Integer Charge Quarks

This could correspond to a model in which colour was liberated.(lo)

In this case one might expect changes in the inclusive cross-section
corresponding to the charges of the 'true' quarks being exposed, e.g.
there would be a 67% change in F, (in the valence parton approximation)

2 1 2 1
2 252 =2 < el

F 1 > S/3



206

In such models the possibility exists of interaction with other
constituents, e.g. charged coloured gluons leading to further changes
in F2 and the inclusive electroproduction cross-section. Of course
the mass scale on which such effects occur is unknown.

(b) Point-like Fractional Charge Quarks

In this situation there would be no dramatic change in the cross-
section, since we already assume these quarks are free within the proton.

However they would be identified by their characteristic signatures of:

(1) %g-corresponding to charges of 1/3 and 2/3,
(i1) supermomentum, i.e. the fact that they are bent

less in a magnetic field and hence appear to
have a high momentum (when interpreted as
having integer charge).

(c) Large Extended Quarks of Integer or Fractional Charge

The large extended nature of such objects would probably imply
that their production is reduced by form factor effects and hence we would
not expect dramatic changes in the electroproduction cross-sections
except perhaps near a threshold. However such quarks might have rather
peculiar properties(g) leading to large mass objects with high charge
(due to their large appetite for absorbing nucleons and their large
interaction cross-sections) which would have rather characteristic
signatures in detectors.

I can conclude this short discussion by remarking that any
dramatic change in the structure functions would be. indicative of new
physics - new quarks, quark liberation, quark substructure - and hence
would be very exciting. In particular the liberation of point-like quarks
would be comparitively easy to detect whereas the observation of quarks with

an extended structure would probably be very difficult. Moreover to
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observe such objects experimentalists must remain alert and not design

apparatus with integer charges solely in mind.

3. THE PRODUCTION OF WEAK QUANTA, Wt, z°

+
The production of W and Z° is very small at an ep machine as

(3)

concluded in earlier studies. The major diagrams responsible are

shown in Fig. 1 and the cross-sections can be calculated using the

- +

e
4

(a)

(b)

FIG. 1 The major mechanisms for W and Z production.

(11)

The results are in excellent

(2,3)

'equivalent particle spectra'.
agreement with earlier calculations and one example is given

in Fig. 2.
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cm? g (e-P>e-ZP) elastic
Y
> X < e P
e~ Z / }
10—36 | e~ P
1079
10‘38._
10738 1 ! \ 1 \ !
0 01 02 03 04 05 06 ._ m?
=3
FIG. 2 The cross-section for the process e p > e~ + Z° + p.

The cross-sections are given approximately by
o~ 0.6 e 1T x 10736 cm2 3.1

2
m
where T =3

This means that the cross-sections are ~10738 cm? for a 20 x 280
machine and ~3 x 10737 cm? for a 100 x 400 machine leading to very small
event rates ({1 per day). These numbers have to be compared with the
Z° cross-section at LEP of ~1073! cm? and Z and W production cross-sections
in pp and pp storage rings of ~10733 cm?. One immediately concludes that
this is not an ideal method of producing W's and Z's and moreover if they

exist they will almost certainly have been found in pp and pp collisions.
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4. HIGGS MESONS IN ep

Higgs mesons are an essential ingredient of current gauge theories
but unfortunately their properties are not well specified. In general
hypotheses may be made about their couplings but the mass is unknown.

In what follows I will consider a variety of Higgs systems.

(1) Standard Higgs

In the standard model of spontaneous symmetry breaking in gauge

theories(lz) one scalar Higgs remains with prescribed couplings to the

fermions and gauge bosons

m
EFFH T~ Vv
4.1
gna
8wwH ~ v

where v is the vacuum expectation value of the Higgs fields, i.e. the
Higgs will couple to the heaviest particle possible and thus decays to

e+e— and u+u- will have small branching fractions.

(i1) 'Supersymmetric' Higgs

In this case the Higgs couplings are proposed to be

Begn v 8 4.2

i.e. the couplings are the same to all particles. This immediately
implies that more than one Higgs doublet is necessary to achieve the
different fermion and boson masses and hence we expect the existence of
charged Higgs, H®. Furthermore the preference for decay to the heaviest
particle is removed and we expect all decays to be approximately the same.
However to ensure that low energy phenomena, e.g. (g-2)u are unaffected,

it is probably necessary for m, > 100 GeV.
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(iii) Coloured Higgs

These scalars are expected in models

(10)

where colour may be
liberated. However, except for a few parenthetical remarks I will not
consider them in detail. |

In what follows I will consider how Higgs mesons might manifest

themselves either through propagator effects or direct production.

(a) Exchange of Higgs Mesons

In Fig. 3 the process occurs via the exchange of a Higgs rather

than a photon, Z° or wi. In the case of charged Higgs exchange the

e elv)

(
|
Hl
]
FIG. 3 Higgs Exchange in ep collisions

reaction would only be induced by right hand electrons

-

i.e. eg * P> v+ X
4.3
ez +p>v+X
due to the scalar exchange flipping the helicity. The cross-section
is then given by
2 2
2 g 243
do - et adll Hy2(pup )3 4.4
y (q2+m[%])2
(13)

and this would contribute to violations of the Callan-Gross relationm.

This cross-section may be compared with that due to W exchange
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2
2 2_ 2 2;
don - EevH gqu 8(q% + mW;] 4.5
a2q¥ gt q2 + m2 J

H

with 8 _ fg 1.6
8mZ /'2-' )

Standard model: The ratio (4.5) is ,5110_8 and the effects are negligible.

Supersymmetric: Here
2
2 2
don Q= My
W 4.7
d2g q? + mﬁ

and there is no particular advantage of achieving high s (and hence big
q2) unless either
(1) my >> my (rates small)
or {(ii) the Higgs couples the electron to a new massive
lepton (and probably an 'old' quark to a new
quark) so that it is necessary to cross an

energy threshold.

Coloured Higgs: Clearly the exchange of coloured Higgs will result in

colour being liberated at a vertex and hence high s
may be required to cross such a threshold. Furthermore

the coupling at the lepton vertex would produce some

new lepton, presumably of high mass.

(b) Production of Higgs Mesons

A variety of mechanisms can be considered for the production of

Higgs.

(i) Bremsstrahlung

In this case the Higgs is produced either at the lepton or hadronic

vertex by a 'bremsstrahlung' type process as indicated in Fig. 4. (Coloured
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e e e e
|§\
H.
q q q q

FIG. 4 Bremsstrahlung production of Higgs Mesons.

Higgs would not couple at the electron vertex to give an electron in

the final state.) For a massive Higgs particle the bremsstrahlung cross-

section is given by(14’15)

k2dk d(cos8)
2 2
27 ko(2p.k + mH)

do''(p,k,0) ~ (G2 do (p) 4.8

where do(p) is the cross-section without bremsstrahlung

k 4-momentum of Higgs
P 4-momentum of particle emitting Higgs
6 angle between k and p

Standard Model: Due to the small coupling of the Higgs to fermions the

cross-section will be small

o(eN > eXH)

gleN > eAn) =7
o(eN » ex) 10 4.9
Supersymmetric: Equation 4.8 gives a cross-section
2 .
dofl(p,k,8) n o 2 K dkdcos® ;. 4.10
™ komH

i.e. Higgs production could be as much as 0(1072) of
the total cross-section (providing we ignore mass

effects.)
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Coloured Higgs: If the couplings is similar to that in the standard
model bremsstrahlung will be negligible. However, if
the couplings are of the supersymmetric type, then the
cross-section will be large and the Higgs accompanied
by coloured hadronic states. Thus the centre-of-mass

energy must be large to exceed any thresholds.

(ii) Production via Intermediate Vector Bosons

The mechanism for production is given in Fig. 5 and the cross-section

has been calculated(14)
e\/e
w,Z\
) H
W,Z/
P X

FIG.5 Production of Higgs Mesons by W, Z exchange.

Standard: g(le’ p > vHX)m GF<X>S n 10 8s 4.11

gle p + vx) 12/2 n2

This implies that for s ~ 22400 GeV2

M),\,lo"-& > 1073 4.12
o(e p » vx)
which is a rather small cross-section.
Supersymmetric: In this case the preference for coupling to W's

is no longer valid and the cross-sections will be even

smaller.
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(iii) Production via 2 Photon Processes

In this case the coupling of the Higgs to two protons is exploited

as a production mechanism as indicated in Fig. 6. The cross-sections depend

e e

q q

FIG. 6 Production of Higgs Mesons by 2
photon exchange.

on the width of the Higgs to yy (1921653
r t
8 max
Srme XYY
ova Tm WG 4.13
min

and once again result in an unappetizingly small cross-section of ~10 %0 cm?.
for standard Higgs.

Since the major contribution to the yy width in the standard Higgs
model is from graphs containing virtual heavy particles this width will
be suppressed for supersymmetric Higgs because there is no longer the

preference for heavy states.

(iv) Production of Coloured Higgs from Gluons

In this case the production mechanism is shown in Fig. 7. The

cross-section will be enhanced over the two photon process by factors

o
Nﬁf-which could lead to cross-sections of ~10738 - 10739 cm?.
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p x

FIG.7 Coloured Higgs production from
a y and coloured gluon.

From the discussion the possibilities of observing these Higgs
or their effects can be summarised as follows:
Standard: There is no attractive mechanism in ep collisions.

Supersymmetric (mH > 100): In this case the Higgs might be seen

either by the propagator effects or through bremsstrahlung
production. However, it is difficult to see why such a
particle would not have been observed in pp or pp collisions.
Its production would be copious although the backgrounds may
be high.

Coloured Higgs: To produce such states the colour threshold must be
exceeded but once again pp and pp should be copious sources
of colour gluons which might naturally lead to coloured
Higgs.

In general the observation of Higgs would be difficult at an ep
machine and for many of the mechanisms a pp or pp machine would appear

at least as attractive.

5. NEUTRAL CURRENTS

In this section I want to discuss the measurements that could be
made at an ep machine which might reveal the structure of neutral

currents, beginning with the Weinberg Salam model for this structure.



216

(a) The Neutral Current Cross-Sections

Within conventional wisdom there are two contributions to the

neutral current cross-section as shown in Fig. 8. The first of these

e e

N
o

(a) (b)

FIG. 8 Photon and Z° contributions to the neutral current
cross-section.

contributions, photon exchange, follows from QED while a model is
required for the mass of the Z° and its couplings. The most popular

and successful model is the SU(Z)L x U(1) model of Weinberg and Salam.

(12)

In this the masses of the weak gauge bosons and all the couplings to the

elementary fermions are specified in terms of the Weinberg Angle, 6,

5.

_37.4
My = Sine
n. = 37.4
Z sin6coso
= - sin2
J Jweak sin eJem

Since right handed fermons belong to singlets in this model the

couplings of right and left handed particles are different and parity
violation ensured, e.g. the weak neutral current couplings of the

electron are:

1
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e, a - %—+ sin2e

L
5.2
ep @ sin20
The cross-section then has three contributions:
g = 0Y + cint + cweak 5.3
where o o ;%- 5.4
y  Q n2
0. a G —Z -Jf
int F m% + Q2 Q 5.5
, m% 2 ,
Oweak & GF [?E—:—ag] 5.6

Thus as Q? increases the importance of the weak terms increases
and the structure can be studied in detail. In this discussion only
high Q2 will be considered, the region of Q2 < 1000 GeV2 being the QCD
domain of other speakers.(17) However, in order to calculate the cross-
sections structure functions are required and the parameterization of Buras

(18)

and Gaemers is used.

(b) The Measurable Quantities

In Fig. 9 I present the rates for the process

ep>re ' +x 5.7

at high Q2. There are clearly healthy event rates at these large
values of Q? so that meaningful measurements can be made. In Fig. 10
the individual contributions are compared to the purely electromagnetic
cross-section (oem). Pronounced effects occur in regions where the

event rate is still large.
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Unpolarized e~

2 day

103k 'S=20 000
[20e+250p]

Events/2000 GeV
=]
||

o | 1 1 ]
0 2 4 6 8 10 Q2[103 GeV?])
(a)

y
-t
o

™~

Unpolarized e~
$=160000
[100e +400p]

-—

o
w
J

-—
o
I

Events /8000 Gev2/da
2,
1

1 L L 1 1

N
0 8 16 2 32 40 Q2[10°GeV?]
(b)

FIG. 9 Event rates for the neutral current cross-section at
(a) 20 x 250 GeV and (b) 100 x 400 GeV.
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S=20000,A=0.3; Sin?6=0.25
1.0
I (a) _
i dlnt/dem
L e[
0.5
t dmk/dem
R /
0 Nt 1 4 1 1

0 01 02 03 04 05 06 Q¥S

- (b) oint/oem
1.0F |

S=160000; A=0.3; Sin?6=0.25
eL

0.5 dwk/oem

1 A 1 1 1 -1
0 04 0.2 03 04 05 06 @4s

FIG. 10 Comparison of °/oem for different helicity lepton beams at
20 x 250 GeV.
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However, the real nature of the weak current is revealed by the

different cross-sections for e-L, e-R, e+L and e'_ as indicated in Fig. 11.

R

S=20000; Sin6=0.23; A= 0.3

3.0 olo

oL+ » o 1 4 1 3 1

0 0.5 1.0 @S

FIG. 11 Comparison of‘?oem for different helicity lepton beams
at 20 x 250 GeV.

These differences can be presented in terms of an asymmetry between the

scattering of left handed and right handed leptons

(o} e}
A=-L R 5.8
OL + OR
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as demonstrated in Fig. 12 or as the asymmetry in the scattering of

electrons and positrons (see Fig. 15)

Left -right asymmetry (S=20000; A=0.3)
2x 4 day running

A
50%|
L e -
40% 0.20
0.22% Sin2s

30%/ /
—

0.24 |

1.0 Q3/S

0.20
0.22 » Sin%e
0.24

o, -0
FIG. 12 The variation of A = OL - OR with Q2 as a function of sin2@
L R

for e” and e’ beams. Hypothetical data points are included from

2 x 4 day experiments.
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NEICOIER-1C) 5.9
g(e’) +a(e)

(c) Sensitivity to SU(Z)L x U(1l) Parameters

In this section in discussing asymmetries I will assume that
two experiments are performed, each of 4 days (theoretician variety)
duration. This will then allow some estimation of the errors that might
be achieved in measuring these quantities and hence the sensitivity to
the SU(Z)L x U(1) parameters.

(i) sin2e from polarization asymmetries

In Fig. 12 the variation of the asymmetry as a function of sin?e
is shown together with the results of the above 'experiment'. It is clear

from this that sin26 should be measured to an accuracy of

A(sin%e ) < 0.01 5.10

(ii) m., from polarization asymmetries

In an experiment with the order of accuracy shown in Fig. 12 the
variation of A in terms of m, as shown in Fig. 13 would lead to a

measurement of m, with an accuracy

A(mZ) n 5-10 GeV 5.11

(iii) sin?e and m, from charge asymmetries

Figs. 14 and 15 demonstrate the charge asymmetry as a function
of m, and sinZe. It is clear that m, would be measured to an
accuracy
A(mz) n 10 GeV 5.12
but there is essentially no sensitivity to the Weinberg angle (at the

level required 6-8 years from now).
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S =20000;Sin%6=0.23

FIG. 13 Variation of A at different Q2 as a function of the mass of
the Z° (m,) .
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Charge asymmetry (unpolarised )

L0 % [gled-glet) 1/ gle) +salet) ]

I Q2 = 4000
30 %

i Sin?6-0.23
20 %

- Q? =2000
10 %}~

i | EEEETYRNE TS N SO RN N NN RS S

S0 100 150 my(GeV)

a(e”) - a(e)

o(e’) + o(e)

FIG. 14 The charge asymmetry , at different Q2 as

a function of m .

Charge asymmetries are also confused by the presence of 2

effects. However these have a very different Q2 behaviour(s’lg)
2Y /
g 3 o ¢ Q2
VYT T2 Mz 5.13

which should allow the separation of the Z° contributions.
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Charge asymmetry
A': G(e_)’d(e+)
dle”)+ale*)

Sin2g

0.23

70%
60% [~
50 % [~
LO0% -
30% unpolarised
20% | S=20000

10% |-

I

k| 1 | 1 % 1 1.1 1
1234567 89 10Q10°GeV?]

FIG. 15 The chgrge asymmetry as a function of Q% indicating the
insensitivity to sinzeW for unpolarized beams.

This discussion demonstrates that polarization of the lepton beams
is vital in unravelling the structure of the neutral current and will
have an essential role in experiments at an ep machine. (The high

energies in LEP essentially rule out this possibility.) Charge asymmetries

alone, although valuable, are not enough.
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(d) Production of Charmed Quarks

Charm quarks (and others) are produced via the mechanism in

Fig. 16. The rates of production of ¢ quarks are quite large, QZOO/day

e e

P X

FIG. 16 The production of charm quarks from the sea

at Q2 > 1000 GeVZ, and can be identified via their semileptonic decays

- + 0 . .
leading to final states containing e u~. Fig. 17 shows the variation of

e¢p->epX (Dilepton)
A Left - right asymmetry
0.41 Sin2@ =0.23, S= 20000

0.3}
0.2}

0.1

0 | ]

FIG. 17 The variation of the dilepton asymmetry,
) op(e7w) - oplen)

A= o (e~w) + oplew)

with Q2.
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polarization asymmetry as a function of Q2 while in Fig. 18 the sensitivity

to m, is demonstrated.

A
0.2 55h12£; =0.23

Q%= 4000
0.1 _

" Qa%=2000

oLt | 1
50 100 150 m;(GeV)

FIG. 18 The variation of the dilepton asymmetry as a function of m,.
The rates, after introducing a semi leptonic branching fraction,

probably preclude any detailed studies. However, the observation of an

asymmetry would demonstrate that the c quark (and higher mass states) couple

to the 2°.

(e) Production of New Quarks

The production rates of ney quarks are difficult to estimate as
this requires a reliable model of the quark sea. In Table 2 the rates

for heavy quarks (of charge 2/3) at s = 22400 GeV are summarized.

TABLE 2

Heavy Quark Production at s = 22400

M Rate/Day
5 15000
10 "1500
25 30
50 -
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In these events only one quark is 'seen', the other being lost
down the beam pipe with the other target fragments. This compares poorly
with e e annihilation in which both jets are seen in an environment where
the signal/background is much better (and the rate at least comparable
if not much higher). Only heroic efforts would reveal the existence

of such a new quark.in ep collisions.

(£) Conclusions
(0 It is clear that it would be possible to consolidate our knowledge
of the weak neutral current to accuracies
A(sin2%e) ~ .01

5.14
A(mz) ~ 5 GeV

(2) If m, is known and hence sin26 (within SU(2); x U(1))
then asymmetries and propagator effects in these ep reactions
will reveal any further structure in the neutral currents,
This implies that it will be possible to study coupling to
mass scales well above m,.
To conduct these investigations requires two things:

- High s and hence high Q2 (oweak also increases with s)

- polarized beams

i.e., the highest s possible should be achieved consistent with

polarization of the beams.

6. CHARGED CURRENTS

One of the major contributions an ep machine could make would be
to study the properties of the charged weak current. 1In this context it
is worth remembering that W studies will only be made at LEP when the

centre of mass energy exceeds 2mw and then the rates will still be very
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low (n10's per day with maximum luminosity). Moreover this threshold

might not be passed until a second phase of LEP, i.e. the 1990's.

(a) Charged Current Cross-Sections and Event Rates

The reaction occurs via the process in Fig. 19 where the exchanged

W strikes a parton leading to two jets of particles, one associlated with

-
v W
W
Current jet

(a) (b)

FIG. 19 The charged current process in ep collisions.

the target fragments (lost in the beam pipe) and the other associated
with the struck parton - the current jet,

The cross-section for this process is

d20 _ G2s 2 _ 2 e 2 6.1
axdy - 2n Px [f(xQ0) + [ y)® £5(x.Q )] .
where P is a propagator factor
5 N2
m
P = L 6.2
m2 + Q2

W
and fq(x,Qz), fa(x,Qz) are quark distribution functions.

In order to estimate rates, the following have been used:

(18)

(1) Buras and Gaemer's parametrization of the quark

distributions.
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2) my = i.e. point like Fermi interaction
(3) pr > 10 GeV in order to ensure the possibility of
measuring the current jet.
The event rates are summarized in Fig. 20 and Fig. 21 for an

unpolarized beam and one day (theoretician's) of running. In both

20x280 Unpolarized beam

—

o

o
I

=)
e

| [ li_‘ Lo ol | |
10° 10%
Q? (GeV)?

FIG. 20 Event rate/1000 GeV2/day for charged current reactions as a

function of Q% for 20 x 280 GeV? collisions with unpolarized

No.of events per 1000 GeVZ per day

beams.

cases the rates are appreciable
20 x 280: V250 events/day

100 x 400: 2000 events/day
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FIG. 21 Event rate/5000 GeVZ2/day for charged current reactions for
both 20 x 280 GeV2 and 100 x 400 GeV? collisions with
unpolarized beams.

This increase is due basically to the increase in s, the weak
cross-section rising accordingly. I sﬁould also remark that these cross-
sections would increase by a factor bf'2 if left handed polarized electrons were
used.

In the following discussion I will compare all changes due to
propagator effects, etc. with this point cross-section rather than in

terms of absolute rates.
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(b) Measurement of the Current Jet

The presence of a charged current event is basically inferred
from the absence of transverse momentum (i.e. the neutrino) compensating
the transverse momentum of the current jet.(s) .Thus it is essential
in discussing this type of event to make some assumptions about the
accuracy of measurement of the current jet. I have assumed
(i) .2 6.3
VE

(E measured in GeV)

(ii) Aejet = 50 mrads 6.4

In Fig. 22 the effect of this resolution on the measurement of
the point cross-section is indicated for the 20 x 280 GeV machine. The
sharp rise near Q%ax is due to the fact that there are very few 'true'
events in this region and hence the migration of events from more pop-

ulated areas, due to inaccurate estimation of Q2?, leads to large values

N 20 x 280
Ratio |
1 —
n
k.
B
01 | R B i I T T

Q2 GeV?

FIG. 22 The effect of resolution in the measurement of charged
current cross-sections as a function of Q2. Comparison
is made using a point like (mW = ®») cross-section.
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for the ratio of observed to expected events. A similar effect can be

observed in Fig. 24. 1In all subsequent discussion of propagator effects

these consequences of resolution have been introduced into the calculations.
A study of rates and resolutions (Figs. 20, 21, 22 and 24) indicate

that the effective maximum Q? for experiments is given approximately by

Q2 = ig 6.5
ax 4

B

(Qrﬁax) v

effective

(c) Sensitivity to my

In order to study this the effects of different m, are shown in
Fig. 23 and Fig. 24 together with the hypothetical results of a 4 day

experiment. The first remark is that the resolution effects mimic

- 20 x 280
Ratio

0.1 S

2 2
Q" GeV
FIG. 23 The effect of different W masses as a function of Q2 for
20 x 280 GeVZ collisions. (The cross-section is compared

with that obtained when m, = ».) Hypothetical data points
are included from a 4-day experiment.
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100 x 400 oo
1 o
I 200
Ratio | 150
100
0.1 -
I 75
0.01 ! L1 ] 1

10°

Q2(GeV)?

FIG. 24 The effect of different W masses as a function of Q2 for
100 x 400 GeV? collisions. Hypothetical data points are
included from a 4-day experiment.

the presence of a W propagator and at a 20 x 280 GeV machine experiments
would be insensitive to me 3 200 GeV. The accuracy obtained in
such experiments would be

A(mw) N 5-10 GeV at 20 x 280

6.6
A(mw) <5 Gev at 100 x 400

A better resolution is obtained at the higher energy machine and
a sensitivity to a greater variety of W masses. The reason for this is
clear. At a 20 x 280 GeV2 machine, the useful Q2 region is less than
2

M whereas at the higher energy, it is greater than mﬁ and the propagator

effects are more pronounced.
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(d) Charged Current Couplings

In the standard model the charged current transitions between

(20)

quarks are summarised in the Kobayashi and Maskawa mixing matrix.

The hadronic charged weak current is

d

Ju = (u:c:t)Yu(]- - Ys) ts) 6.7

where M is this 3 x 3 unitary mixing matrix. This can be written in

terms of four parameters

c1 -slc3 —5153
M= slc2 clczcs-szssD c1c253+52c3D 6.8
sls2 CISZCS_CZSSD clszss—czch
with C. = COos 8 s. = sin@, D= ei(S
i i’ i i?

The measurement of these parameters is clearly important for our
understanding of the weak interactions of the quarks. However, information
can only be obtained from:

(1) weak decays of charm, bottom or top particles. In this case
the signal will be hard to identify and interpret.
(ii) charged current interactions where the W strike the u and d

quarks, as in Fig. 25, exciting the new flavours. To

estimate the rates for these processes the assumption is made

that

6, =8

2 = %3 = ®capbibbo 6.9

Unfortunately, the resulting number of interesting events
is rather small
e, + b ~]l event/day
6.10

e, > t 0,4 event/day

A+

even before event identification is included.
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(a) (b)

FIG. 25 Charged current transitions from the valence partons within

a proton producing both new and old quarks.

Thus we must cdnclude that the measurement of this matrix, M,
will be very difficult and certainly at an ep machine this will not be an

easy measurement to make.

(e) Conclusions
1) It is clear that the rates are large and resolution effects do
not grossly impair the experiments.

(ii) The error on the W mass will be
A(mw) ~ 5 GeV

This sort of accuracy will allow consistency checks with the
SU(2)L x U(1) model and implies that there will be sensitivity
to higher mass structure in the charged current (see section (7)).
However, this sensitivity will be enhanced by the higher energy
because both the effective Q2 range will be larger and the event
rates higher.

(iii) The mixing matrix for the flavour changing transitions will be

exceedingly difficult to measure.



237

From points (i) and (ii) it is clear that the higher the machine
energy the better. However, thepresence of polarization is important

(Section 7) since the chirality of the couplings can be investigated.

e.g o(e;{p +vX) =0 6.11

for the weak charged current.

7. NEW CURRENTS AND ASSOCIATED NEW PARTICLES

The orthodox view is that the weak and electromagnetic interactions

(12)

are governed by an SU(2), x U(1) gauge grou and at present this
L P

is remarkably successful in describing the data that exist.(21’22) Any
new machine should be able to penetrate to kinematical regions where dis-
crepancies from this might be identified. To obtain an idea of the sorts
of effects that might be expected, I will consider three different models.
I would like to emphasize that these are not models which would necessarily
survive a close scrutiny or detailed comparison with data but are intended

more as guides. They will however be consistent with the Weinberg-

Salam model (as much as possible),

A SU(2) x SU(2)p, x UQ1) 7.1
B SU(3), x U(1) 7.2
o SU(2) x SU(2)p x uQ) 7.3

Models A and B(23) contain only left handed currents, whereas
in c(24) there are new right handed currents. In general the simplest
~ way to ensure agreement with Weinberg Salam is for the new currents to
couple old leptons and quarks to new leptons and quarks of high mass.
This mass threshold (which is above the centre-of-mass energy of present
experiments) ensures the non-participation of these currents in present

experiments. Hence the observation of new currents probably implies the

existence of new particles.,
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(a) New Left Handed Currents Coupling to ev

It is possible to construct models in which there is a new current,
mediated by a heavy W', which couples the electron to the neutrino as

indicated in Fig. 26. Such models almost certainly predict the existence

e Y

Fig. 26 The contribution of a new left handed current in e p + v + x

of new lepton doublets (and probably new quark doublets also). It is
instructive to know whether the existence of such a W could be detected
and to investigate the possibility the following model was made.

In equation 6.2 the single W propagator was replaced by two

propagators
2 2 2
. m gm 1-g m
1.¢. 1 -> 1 + 2 7.4
m%+Q2 m%+Q2 m%+Q2
with m o= 75 Gev, m, = 200 GeV

The cross-sections (including resolution effects) were then calculated
and are compared with the single W cross-section in Fig. 27 and Fig. 28
From these figures it is clear that a deviation from my, = 75 GeV g = 1 can
be detected, but the simplest interpretation would be to give the W a

higher mass rather than identify the existence of a second W'. However,
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i 20 x 280 my=75

] 11 11 a7 ] 1

103 104
Q2(GeVv)?

The effect of 2 W bosons (m, = 75, m, = 200) on the
charged current cross-section at 20 X 280 GeV?
collisions. The various curves correspond to
different relative coupling strengths. Comparison
is made with the point like cross-section.

100 x 400
r
Ratio
01
L
0.01 1 1111 11 111 i
10% 10°
Q% (GeV2)™
FIG. 28 The effect of 2 W bosons on the charged current

cross-sections at 100 x 400 GeV2 collisions.
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if the mass, m s is known, e.g. from ﬁp or pp éxperiments, these deviations
would demonstrate the presence of a second higher mass contribution to the
chraged current. This would then be a sensitive test of whether charged
currents are 'understood' and consistent with SU(2)L x U(1).

Study of Figs. 27 and 28 indicate that the higher the energy the
greater the sensitivity to high mass effects. Clearly Q2 > M% will
reveal better this high mass character and unfortunately in the 20 x 280
GeV machine the useful Q2 region is less than m?.

1

Thus one concludes that this is probably the only way of investi-

gating high mass (Q ) charged current effects, since LEP will be limited to charged

currents with m, < 100 GeV. To make this search as good as possible it

is necessary to push the Q2 range (and hence S) as far as possible.

(b) New Leptons and Quarks Associated with Left Handed Currents

Cross-sections and Rates:

In Fig. 29 the mechanisms for producing these new quarks and

leptons are shown. All three diagrams are applicable to models of type A

v

U Q -1/3

(c)

FIG. 29 Production mechanisms of new quarks and
leptons by left handed currents.
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whereas only Fig. 29(c) corresponds to Model B (with only w's operating).
In general we must cross a threshold to see these new currents. In
order to calculate the production rates it is necessary to make some
model and in these cases the following choices were made:
(1) m, = 75 GeV with a coupling equivalent to GF
(ii) Buras and Gaemers parameterizations of the quark distri-
bution functions

(25)

(iii) suppression factors associated with m;, m

L’ 7Q

The results are shown in Fig. 30 and Fig. 31. The rates are

# 0.

clearly very healthy (with these assumptions) and would allow searches

for new heavy leptons up to the masses indicated in Table 3 (for the

Mmq
0 20 x280
100
sof
. "
(@] -
© 50
g =
n
c 10k
@ =
> .
5] =
5..
mo
1 | 1 E
0 50 100 150

FIG. 30 Event rates for heavy lepton production with and

without a new massive (50 GeV) quark in 20 x 280 GeV2
collisions.
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FIG., 31 Event rates for heavy lepton production with 0, 50 and 100
GeV quarks in 100 x 400 GeV2 collisions.

assumed associated quark masses) if >10 events/day are required.
TABLE 3

MASS LIMITS FOR HEAVY LEPTONS

Machine m mQ
20 x 280 ~100 0]
50 50
~190 O
100 x 400 ~n170 50
~v140 ~100




243

Thus this machine would be excellent for studying leptons coupling

to the electron.

Production Mechanisms: The possibility of polarized beams provides a
unique oppoftunity of testing the chirality of the coupling at the lepton
vertex and the production mechanism at the hadronic vertex. For left
handed currents

o(e&) = o(ez) =0 7.5

while Table 4 indicates the sort of variation in cross-section one
might expect in different models (the calculation is made in the parton
model approximation).

TABLE 4

VARIATION IN PRODUCTION CROSS-SECTION (left handed currents)

Model O(e;)<Xe_)
L
u) 1
6
d L
u
Q_1 . <<1
3
L

Other models can be expected to give equally varied results.

Signatures: The mechanisms by which new leptons of Model A decay are

indicated in Fig. 32. Furthermore if Mp- > Mpo the decay
E" > E° + ... 7.6
may also exist (if Mgo > Mp= then E° > E~ + ...).
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FIG. 32 Decay mechanisms for new heavy leptons with couplings to both
new and old weak currents.

Thus these decay chains may lead to rather spectacular events in
which the current jet (from the hadron vertex) is accompanied by
multileptons or jets containing leptons (see Fig. 32). If the
branching fraction is ~5-10% there remains 1 event/day in individual
channels which can provide vital parameters of this new lepton (e.g.
the mass of E~ could be obtained from E- ~ e + e + e ).

The decays associated with the particles of model B might be
even more intriguing as indicated in Fig. 33. If the new current (W')
only couples an old lepton (quark) to a new lepton (quark) then:

(1) if my >m a stable lepton will exist

(ii) if m > mQ a stable quark (i.e. meson) will exist.

and thus experiments should be capable of identifying long lived particles.
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ol

(a) (b)

Fig. 33 Decay mechanism for a new lepton (a) and a new quark (b)
solely coupled to anew charged current.

For leptons and quarks which couple to new currents such a
machine is highly competitive with LEP, the mass rnge possible with
100 x 400 machine certainly exceeding that of LEP, i.e. the greatest
advantage is obtained by pushing S as high as possible. Furthermore,
the special properties (i.e. beam polarization at lower electron
energies) provide a unique facility for studying the chirality of the
current and production mechanisms at the hadron vertex.

(c) New Leptons and Quarks Associated with Right Handed Currents

In this context I will discuss model C i.e. SU(Z)L X SU(Z)R x U(1)

with the following possible multiplets of particles

Leptons: L°
e 7.7
—
R
Quarks:
(14) u Q d
7.8
dR Q_l > U_i Q_i
= 3 3
3 R R R

The variations on this theme are enormous but choices should be

made which are consistent with SU(2)L x U(1). This particularly
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constrains the assignment of the electron(zz) whereas it is still possible
to put the u and d quarks in a right handed doublet since the only con-
straints would come from non-leptonic weak decays which are poorly understood.

Note that in this case a doubly charged lepton is possible.

Cross-sections and Rates: The production mechanisms are shown in Fig. 34.

The event rates, calculated under the assumptions of section 7(b), are
as shown in Fig. 30 and Fig. 31 except that the reaction is now induced

by the right handed electron,

i.e. c(eé > L°) ~ o(ei > V) 7.9
(ignoring mass factors).
ey L% &R Eg_
IW' I W/
|
d d u
u Q- u Q 515
(a) (b)

FIG. 34 Production mechanisms of new quarks and leptons coupled to
right handed currents.

Production Mechanisms: In this case the exact opposite of (7.5) is

true, i.e. the cross-section from left handed electrons must be zero
- .+ _ .
o(eL) = oLeR) =0 7.10
Furthermore the variety of models (7.8) lead to very different
predictions of c(ez)/c(ei) as calculated in the valence parton model

approximation. These are summarised in Tables 5 and 6.
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TABLE 5

VARIATION IN PRODUCTION CROSS-SECTION FOR e -+ E° (e+ + E°)
WITH MULTIPLET MODEL

+
Model UceL)/o(eé)

A o
\/
=

O\~

laO [
(T

;U\J

=

]
(IS

3 >>1

(
(
|

TABLE 6

VARIATION IN PRODUCTION CROSS-SECTION FOR e - E ~ (e’ = E' )
WITH MULTIPLET MODEL

+
Model O(eL)/o(eé)

A
o e
=

(BN

<<]
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Thus again the polarization is invaluable in revealing the

production mechanisms involved.

Signature: There is nothing to add to the discussion of section 7(b).
The possibility of stable leptons or quarks again exists as well as a
potential for very spectacular events.

Given the assumptions the rates are large and certainly an ep
machine is competitive with LEP in the production of new leptons and
quarks coupling to a right handed current. The higher the machine energy
the greater the mass range probed and thus one should push to as high an

energy as possible.

(d) General Comments

Clearly with an ep machine which contains polarized beams the
chirality of any new charged current is revealed. Furthermore, information
is obtained on the weak couplings of new objects which:might only be
obtained at LEP through studying decay mechanisms (a difficult activity).

If gauge theories are not correct then there might well be

(26) the

dramatic changes in cross-sections, e.g. in some models
present weak current is due to the exchange of scalar (pseudoscalar)

objects as indicated in Fig. 35. When the threshold for production of

(a) (b)

FIG. 35 (a) The conventional weak interaction as mediated by the
exchange of scalar and pseudoscalar objects.

(b) The mechanism for prodiuction of new leptons and quarks
above threshold.
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the intermediate leptons is crosssed the cross-section will change and
there will be a dramatic variation in the y distributions (associated

with spin O exchange).

8. SUMMARY AND CONCLUSIONS

An ep machine is clearly not a device for producing copious
quantities of the weak quanta, the Z, W and Higgs. Its great importance
lies in being able to penetrate to high masses the character of the
weak interaction, indeed on a mass scale that will not be reached at
LEP. This is obtained by:

(i) studying propagator effects
and (ii) searching for new particles associated with

new currents.
Furthermore it is especially powerful for the study of right

handed currents.

To achieve these sorts of results requires:

1. As high Q? as possible which implies as high an energy as
possible.
2. Polarized beams to as high an energy as feasible.

In this talk I have not dealt with the variety of options that
might exist for quark substructure, e.g. gluinos, scalar quarks etc.
Perhaps the most exciting prospects for an ep machine would be the

observation of such objects or even more bizarre possibilities.
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New Currents and New Particles

prepared by L. M., Sehgal

The report on "New Currents and New Particles" prepared
and presented by R. Cashmore was based on the work of a study
group that involved the following people: R. Barlow, J. Benecke,
D. Binnie, R. Cashmore, J. Cleymans, R. Jaffe, G. Ross, B. Saitta,
L. Sehgal and P. Zerwas. Three meetings were held (two at Aachen
and the last at DESY) in the course of which the objectives of
the study were defined, reports prepared by members discussed,
and conclusions reached.

It was agreed that the main interest of an ep colliding
beam project, insofar as "new currents and new particles” are
concerned centres on two themes: (i) An e p machine would make
possible the study of neutral and charged current interactions
at momentum transfers of many thousands of Gevz. In such condi-
tions, the effects of the intermediate boson propagators would
be discernible, revealing the range of the weak force and
allowing an important test of our ideas concerning the electro-
weak interactions. (ii) Because of the large centre-of-mass
energy, an e p machine would permit a search for currents
involving the coupling of electrons to heavy leptons and of
quarks to heavy quarks, with the ability to reach masses as
high as 100 GeV. The availability of polarized beams would be
a special advantage since it would allow a specific search for
charged currents involving right-handed fermions.

As is evident from Cashmore's report, the above two themes
dominated the discussions within the study group. At the same
time it was recognised that an e p machine would be -exploring
a large new kinematical territory, and, as always, the greatest
interest of such exploration lies in the possibility of
uncovering totally new phenomena.

In the discussion following Cashmore's talk, attention
was drawn to the importance of two-photon exchange contributions
to et-e” asymmetries. While these are not very well estimated,
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they do have a 02 dependence ~ 1log Q2 which is quite different
from that due to Z-y interference, which may help to separate
them out. It was also noted that by the time e p physics becomes
operational, there might be interest in looking for radiative
corrections to the lowest-order electro-weak amplitudes, since
these corrections are interesting tests of the gauge theory
framework.

Perhaps one ought to stress the simple fact that physics
with an ep collider would be, first and foremost, a continuation
of the kind of work that has been done in the past with electron,
muon and neutrino beams (with extraordinary rewards), and
that it would extend the kinematical domain of such investigations
by nearly two orders of magnitude in 02 and s. It should also
be stressed that such physics is complementary to that which
will be delivered by e+e'. pp and Ep projects in the future,
and that a study of lepton-hadron interactions in the domain
of both space-l1ike and time-like momentum transfers is essential
for any proper understanding of the physics of elementary
particles.
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FOREWORD BY D. H. PERKINS

The working group on large q2 and hadron structure consisted

of the following:-

A. Clegg University of Lancaster
D. Cundy CERN

J. Dainton ) University of Glasgow
J. Morfin University of Aachen

R. Mount University of Oxford

D. H. Perkins University of Oxford

C. Sachrajda CERN

The main results obtained from these studies are discussed
in the following report by Sachrajda. In addition, contributions
were received from physicists in other working groups. In partic-
ular, a report by Coignet on acceleration of deuterons in reproduced
after the main report by Sachrajda. Following this is an edited
version of the discussion session and a summary by me of the main
points arising in the discussion as well as some of the open problems

in this subject.
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A STUDY OF PROTON STRUCTURE AT LARGE Q2

C. Sachrajda

Report of a working group consisting of

A. Clegg, University of Lancaster
D. Cundy, CERN

J. Dainton, University of Glasgow
J. Morfin, Aachen

R. Mount, University of Oxford

D, Perkins, University of Oxford

C. Sachrajda, CERN
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INTRODUCTION

In order to put the material of this talk in context, it instructive to
consider how few of the major discoveries of experimental high-energy physics over
the past 30 years or so would have been predicted in a talk such as this, many
years before the machine which made the discoveries was built. Although I trust
that the contents of this lecture, together with the other lectures in this session,
will demonstrate convincingly that a high-energy electron proton colliding beam
machine has a crucial r8le to play in our efforts to understand the interactions
between elementary particles, it would be disappointing and surprising if such a
machine did not find new and unexpected effects which would make us revise some
of our ideas,

Two years ago two studies were published on the subject of physics at a high
energy ep collider, "Physics with Large Electron-Proton Colliding Rings"l)

by C. Llewellyn Smith and B. Wiik, and "CHEEP - An e-p facility in the SPS"Z)

edi-
ted by J. Ellis, K. Hubner and B. Wiik. We have used these two reports extensi-

vely. Since then there have been two major areas of progress:

1) We have learnt to calculate Quantum Chromodynamics (QCD) predictions for hard
scattering processes; in particular we can make qualitative and quantative pre-
dictions about the final state jets. Since QCD is the only candidate for the the-
ory of strong interactions it is imperative to test it wherever possible.

3)

2) There has been substantial evidence for the Weinberg-Salam™’ model of weak

and alectromagnetic interactions (especially the SLAC parity violation experiment)
and evidence against its major competitors. As has already been discussed in

Refs. 1) and 2) a high energy e-p collider will provide critical tests of our ideas
about weak interactions (particularly with polarized electron and positron beams).
These important tests are discussed in detail in the report of R. Cashmore in these

proceedings.

In our working group we concentrated on the studies of strong interaction
physics at large Qz. As a guide we considered a 20 Gev electron beam colli-
ding with a 270 Gev proton ring at a luminosity of loazcmfzsec_l. What value of
Q2 will we be able to reach? For Q2 = 5000 Gev2 we estimate that there will
be " 30 electromagnetic events per day if the structure functions scale, and
N~ 10 events/day if they violate Bjorken scaling in the way predicted from QCD
[ these rates are in agreement with those in Refs. 1) and 2)]. Thus we take

2 . . .
Q2 ~ 5000 Gev  to be the largest one attainable in practice. This enables us
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-16 ]
to study proton structure down to distances of the order of 3-10 cm, Similar
rates are predicted for charged current reactions (the rates are a factor < 1.2

larger if M.w = 63 Gev and a factor 5 larger if Mﬁ = ),

What about other existing or planned machines. The obvious one to compare
with is the Tevatron at Fermilab. There we will have comparable rates (for both u
and V scattering on a target of 1 ton of Hydrogen)*) for Q2 N 400 Gevz, assu-
ming that there will be 10" protons/second. Such a comparison indicates that
with an e~p collider we will have for the study of proton structure, an order of

. . 2
magnitude more in Q .

The quantitative tests of QCD which I will present are those which are calcu-
lable in perturbation theory. It is new and exciting to be able to make quanti-
tative predictions in strong interaction physics. A few years ago we were unable
even to make these predictions, so that the field is new and we certainly do not
expect to have found the best possible tests of QCD yet. In particular we are

only beginning to understand to expected structure of individual jets.

At present we have no theoretical understanding of the mechanism of the con-
finement of quarks. Hopefully some progress will be made in this direction and
then an e-p machine (with precisely one hadron involved in the collision) should
be ideal for testing any new ideas, or for providing clues for their further de-

velopment.

We have divided the material into two sections. Section 2 contains details
of what can be learnt from studying structure functions, and Section 3 discusses

studies of the final state in deep inelastic electroproduction.

DO STRUCTURE FUNCTIONS SCALE ?

The experimental discovery that deep inelastic structure functions approxi-

4) 5)

, as had been earlier predicted theoretically by Bjorken™’,

suggest that the electromagnetic and weak currents at wavelengths 7 10~ 1* cm,

2
mately scale with ¢

couple to point like constituents inside the proton, and on a time scale shorter
than the characteristic one of the interactions between the constituents. This
"impulse approximation" picture has since been generalized to other ''deep'" pro-
cesses (for example massive lepton pair production in hadronic reactions, the pro-

duction of particles with large transverse momenta in hadronic collisions, etc;

see, for example, the reviews6)). Moreover the experimental observation that

*)

From the point of view of the physics discussed later we considered this to be
the fairest comparison. '
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yp

(a) (b)

Fig. 1 : As q? increases a quark (a) is resolved
into a quark and a gluon (b).

0p << O implies that the constituents to which the electromagnetic and weak currents
couple have spin %. I think it is fair to say that during the time when these sim-
simple scaling parton ideas were being formulated, it was hoped that the partons in-
teract by means of some quantum field theory, and that if we could find the

theory and calculate its predictions for these deep processes we would find that

the parton model results are approximately satisfied. We now have a candidate
theory of the strong interactions (QCD), in which the impulse approximation does

not hold, nevertheless in which the behaviour of the structure functions with q2

is calculable and is found to be only logarithmic. QCD is an asymptotically free
theory*) [g(uz) +0 as u2 + —o, where J is the renormalization point], whereas
theories which are not asymptotically free have structure functions which violate
scaling by powers of qz. Thus the study of the behayiour of structure functions

. 2 . . . . . . .
with q provides vital information about strong interaction dynamics,

Let us see what we would expect to happen qualitatively as q2 increases.
Imagine that with a current of momentum q: we probe the proton and find a quark
with a fraction x of the proton's momentum p [Fig. 1 a):L If we now increase
q2 (to q: say) we have a finer resolution probe and may discover that the "quark"
is in fact a quark of momentum yp(y < x) and a gluon with momentum (x - y)p
[Fig. 1 b):L Thus we expect to find that F (x,qz) decreases with q2 at large
x and increases at small x. This phenomenon has indeed been seen in ep, up and vps)
experiments, and is predicted to continue. Quantitatively the predictions of QCD
are particularly simple when expressed in terms of the moments of structure func-

tions defined by

*)

In fact the only asymptotically free theories are non-Abelian gauge theories
such as QCD 7,
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‘ -
M*(a) = § ax x™' F(x, q2) @
and the predictions are that

w 3 "if‘ ~ T\ .
M) = B (W) (WS

~N
N 1, \~¥- @
+ R0 (W %)
where YE, Y. and Ygs are calculable positive numbers®), whereas A, ASS’ AE

)

and A§ have to be determined from the data* . They can be determined from exis-
ting deep inelastic scattering data, enabling us to predict the moments and hence
the structure functions at higher values of qz.

Figure 2 shows the predicted behaviour of the structure function Fjp **)
as a function of x at four different values of q2 10). We see very clearly the
expected feature of the decrease with q2 at large x and the increase at small
x. The curves of Fig. 3 show the predictions for the evolution of the structure
function F, with q2 at four different values of x. They are taken from Ref, 11)
which is an independent analysis (from that of Martin which produces Fig. 2), the
two analyses agree. The curves of Fig. 3 show a very slow variation with qz. The
normalization conditions (required to determine the ANS' of Eq. 2) are chosen

2
such that at q = 4 Gev’ the quark and gluon distributions used in the analysis

of Martinlo) (Glick and Reyall)) are:

oK ol
% [ wy () +d.v(=r-)] « 3 x I (v-x) " (3a)
B(ds‘d“l‘o
where aa = 0.65 (0.624) and a“ =3 (2.657)
\

o\
™ (\-x) > (3b)

% Ay () =

Ss(‘“:‘%?;)

* . . .
) The A's depend on which structure function is being measured whereas the
Y's do not. The A's for different structure functions are related in a
calculable way.

**) Here we give the results for electromagnetic structure functions. Similar
predictions exist for the charged current structure functions (see the talks
of R. Cashmore and P. Innocenti).
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Fig. 2 : The predicted behaviour of Fg'p(x,Qz) as a function of
x for four different values of Q2.
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where al = 0,8 (0.773) and az = 3.78 (3.7)
x 86D = 2has (-2 (2.4 0-0%) 6o
X)) = xd( = o.s (\=2)? (O.H (_\—:L)?) (3d)

XS8(x) = 0.06 (\-a)'* (O-\'-'t (\-:.)?) (3e)

and

% Cl2) = O.o2 (\=-)? (o.05 (\-1)3") (36)

where u, d, s, ¢ stand for up, down strange and charmed quark distributions,
and G stands for the gluon distribution. The parameter A was taken to be

14)

500 Mev. Fig. 4 shows the QCD prediction for the third and fourth moments of

. . . . 2
F2 as a function of qz, the moments fall logarithmically with q .

When Fip will be measured either:
i) the data will agree with the predicted curves [Figs 2)-4)] or
ii) it will not.

Both cases will be very interesting. If (1) would be true we would have the
striking feature that quarks look like point-like elementary objects from Q2 of
10 Gev2 to 5-10° Gev2 (or higher). Would this mean an unambiguous triumph for
QCD ? To answer this question we would have to be able to calculate predictions
for scaling violations in other theories, in particular, in fixed point theories
[g(uz) > g* as u2 > oo, g* # 0 or co]. For fixed point theories we can only
proceed if for some:unknown reason g* zs small. In this case the moments of
the structure functioms fall with q2 like a small power of qz, and not loga-

)

rithmically as in QCD. Gluck and Reya* have carried out a systematic study of pos-
sible fixed point theories and find no candidates which survive comparison with
existing data. It may be of course that the true theory of strong interactions

is different from any of those considered so far. The fixed point theories have

the feature that f; Fz(x,qz)dx should increase with q2 (up to a predicted asymp-

8),13) show that it decreases. We see

totic value), whereas resent measurements
thus that studies of the violations of Bjorken scaling provide important tests of

theories of strong interactions and QCD in particular.

*)

Revised version of Ref. 11) (Feb. 1979). The original version had a different
conclusion.
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Fig. 5 : 1If quarks have substructure, the distri-

bution of pre-quark (pq) is expected to
be prominent at smaller X than that of
quarks (q).

If the data did not reproduce the QCD predictions of Figs 2)-4) the situation

*
would be more interesting. Here obviously we can only speculate ) as to the pos-

sible sources of derivations from the QCD predictions. We could of course just
have the wrong theory of strong interactions, in which case we want experimental

evidence of this and scaling violations provide a good test of our theory.

It is also possible that at the very small distances studied in these machines
quarks will no longer look point-like, but will turn out to be composite. We would
then expect the usual situation of a resonance region of excited quark states (q*)
for w2 not too much above threshold, merging into a continuum region for large
Wz. It is doubtful whether the resonance peaks will be observable (due to "fermi-
motion'" of the quarks inside the nucleon), but the q* may appear as a high mass,
very wide jet. Since each subquark carries only a fraction of the quarks longi-
tudinal momentum, the structure functions should be peaked at'small x (see Fig. 5).

The normalisation of the structure function depends on (among other things) the

charges of the subquarks, e.g.,

a) W —b 3\»3(Q=%)=7Q:.=% -z Q‘t“ = % )

B W = g (@2%) & 2us(Q=-3) =» Q:=§ =I5 =2

k 3 .
) See also the talk of R. Cashmore in these Proceedings.
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Although this is very speculative, it would be extremely exciting and unex-
pected to discover quark structure. Present attempts to unify strong, weak, and elec-—
tromagnetic interactions assume that quarks and leptons are elementary up to scales

of the order of the Plank mass.

Another property which is often attributed to the strong interactions which
may not be true is that colour is our exact symmetry. It is possible that at suf-
ficiently short distances the colour degrees of freedom are excited and that frac-
tionally charged quarks are resolved into averages over integrally charged quarks

of different colours. For example the u and d quarks are resolved as follows

W (Qs= %) —» Wg (Qe1), Uy (@=1) , wg (R=0)
d (Q:-%) -y dg(QtO}; dy(Qso), d‘(Q"D

so that the electroproduction cross-section would rise substantially above colour

(5)

threshold, e.g., for the u and d quark distributions
LA\ Liwvda*s ot a
(3) W) =P 3(\ + e o) wix) suz)
(.35)" d(x) = & (c*+0t+1?) dlxd = § Al

(6)

In the simple valence quark approximation u(x) = 2d(x) the electroproduction

cross-section would rise by < 677 as the colour threshold was crossed.

The longitudinal Structure Function F, :

Once we have determined Ags, AE and AT [ see Eq. (2) ] from the measurements
of W, for example, we can predict cleanly any other structure function, including
the longitudinal one 2FL' This is expected to be very small (in QCD it is down
by a factor of 1log Q relative to VW) so that if our ideas are correct, the
experimental measurements will only be able to set an upper bound on FL' This of
course has to be checked, especially since the theoretical predictionsls) at pre-

16)

sently accessible values of q2 tend to lie below the data {which, it should be

pointed out, has enormous error bars).

Structure Function of a Pion17)

The e-p colliding beam facility would give us the possibility to measure

18)

the structure function of a (slightly virtual) pion , by means of the reaction

Q,a?—“?Q'-rﬁ.«x
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Fig. 6 : The reaction e + p>e' + n + X

where the momentum transfer between the proton and the neutron is small (see Fig. 6).
The experiment can be performed detecting the highly energetic, nearly forward
neutrons with a calorimeter placed far away from the interaction region, in coin-
cidence with the electron detector. For the 20 GeV electron on 270 GeV pro-
ton case, for |t| <0¢5 one has 6, (vhere )Bn is the angle at which the neu-
tron emerges, relative to the beam direction at the interaction point) < 3°10-3
and En (the energy of the neutron) 2 130 GeV. The scaling variable for the
photon-"pion" inclusive deep inelastic scattering x = -q2/2qo(pp - pn) lies in
the range 2x < X < 1. Figure 7 show the P, versus en distribution for typical
values of q2 and x obtained by a Monte Carlo generation, bands corresponding
to conmstant X and constant |t| are also shown. In obtaining these curves,

a triple-Regge parametrization for the hadronic vertex and a model for the pion

19)

structure function were used. The estimate for the counting rates indicates

that this process should be measurable at least for Q2 < 100 GeV?.

A hadronic calorimeter with a radius of one metre, placed at a distance of
n~ 300 m from the interaction region, covers all the solid angle corresponding to
2 . .
small ( < 0.6 GeV' ) [t|. Moreover a vertex recomstruction of the hadronic shower

with an error of "~ 5 cm entails a very good accuracy in the angular determination

(comparable with the divergence of the beam).

From the figures we see that the pion structure function should be determined

fairly well in the small x_ region, and somewhat less accurately in the large

T
x; region. It will be interesting to .compare the results of this determination

20) .

with the implicit one using the reaction™ ‘:

Tp -+ Massive Lepton Pair + X
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which assumes the Drell~Yan mechanism as being responsible for the production of

the massive lepton pair.

The measurement of this process is much more difficult using a fixed target
machine, because in this case one should detect recoiling neutrons of low momen-

tum ( < 700 MeV) spread over a large solid angle.

. . . 21
Measuring the Structure Function of Deuterium

An interesting possibility to bear in mind is the possibility of accelerating
deuterons in the proton ring, thus doubling the luminosity. This gives us access
to en physics in a cleaner way than a in fixed liquid deuterium target, since the de-
tection of the spectator proton allows for a clean signature of the process. Know-
ledge of both the proton and neutron structure functions provides us with substantial
information about the u and d quark distributions seperately, perhaps giving us

some insight into the confinement mechanism.

If we know both the proton and neutron structure functions, we can check perhaps
the simplest QCD predictions, those for the difference Fg - F?. The sea gluon

contributions to this difference cancel, which simplifies the theory

[af - 4 =0 inEq. (@]

In QCD from the combination FE + F? we can extract the gluon distributionzz),
and this is important to make predictions for other hard scattering processes (such
as massive lepton-pair production, or the production of particles at large trans-
verse momentum in hadronic collisions). To a good approximation the gluon distri-

bution (G) 1is obtained from the relation

9" = gV (Q) [ &% + (-t €
+ §N D[ e e‘-x:'s) - B~ %] @

2 2 N
where Qs BN are calculable numbers, s = 2 n Ia(qo)/a(q )] and Q (GN) are
the Nth moment of sz + an(G). Measurement of QN at two different values of

2
Q enables us to determine GN(Qg).
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STRUCTURE OF THE FINAL STATES IN DEEP INELASTIC ELECTROPRODUCTION

In hadronic physics transverse momenta are typically much smaller that longi-

tudinal ones, indeed it was long thought that

<P, ~ 300 MeY (8)

independently of the longitudinal momenta. As an example consider the process

e’e” > hadrons. What we would naively expect (Fig. 7) is that we should observe two
jets of hadrons with a 1 + cosze distribution relative to the incident lepton
direction, and that the average transverse momentum of the particles within a jet
should be ~ 300 MeV. This is exactly what is observed, using a sphericity ana-
lysis, at SPEAR23). Such a transverse momentum cut—off is characteristic of "soft"
field theories, i.e., ones in which the coupling constant has dimensions of mass,
and in the parton model this phenomenon was put in by hand. QCD (like any other re-
normalizable quantum field theory) is not a soft field theory, and indeed we ex-

2 . 2 .
pect that the average Pr of particles in a jet should grow with Q 1like

<Pry ~ oAlQ%) - Q* 9)

In addition we expect a smearing in transverse momentum due to the hadronization
process, this smearing is not calculable in perturbation theory, and by itself is
expected to be responsible for (8). When the right-hand side of (9) (together with
the constant of proportionality) is evaluated at SPEAR energies we find it is

less than the 300 MeV, so that here the transverse momentum distribution of ha-
drons in a jet is still dominated by non-perturbative effects. As Q2 increases
however the perturbative contribution becomes relatively more important until at
least the large Py tail of the transverse momentum distribution is dominated by

calculable perturbative contributions.

This broadening in is an important consistency condition for QCD to sa-

P
T
tisfy. It should already be observed (?) at PETRA-PEP, but there the standard jet

24)

analyses will be complicated by new thresholds (perhaps) and decays of heavy

mesons (D's, B's, etc.).

In spite of the fact that I will present only a few quantitative predictions
here, it will become clear that a high energy electron-proton collider will be
an excellent machine for detailed studies of the predictions of QCD (or any other

theory) concerning the nature of jets. Both in the parton model and in QCD the
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Expected two jet structure, observed at SPEAR.
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e
jet of spectator fragments
proton
current jet
Fig. 9 : Two Hadronic Jet Structure expected to be do-

minant in deep inelastic scattering.
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hadrons are predominantly expected to emerge in two jets, the current jet and the
jet of proton spectator fragments (Fig. 9). In spite of the fact that the electron
energy is so much smaller than the proton energy the kinematics is such that the two
jets can be distinguished throughout most of phase space. This has been discussed

in detail in the CHEEP reportz)

and we will not repeat the discussion here. The
salient features can be seen in Fig. 10, from which we can read off the angle at

which the current jet would emerge for various values of x and q2.

Perhaps the first thing we would like to know is whether the current jet at
such high energies is a '"fixed pT" jet as whether the expected "pT broadening"
discussed above occurs. The effect should be very striking. In Fig. 11 we show
the expected distribution of the hadronic energy of the current jet per unit angle*)
in a limited transverse momentum model and in a QCD motivated model for a typical
event at the 20 GeV on 270 GeV machine. The current jet in the two models
looks completely different and so there should not be any difficulty in distin-
guishing between them. We are only beginning to understand the QCD predictioms
concerning the nature of quark and gluon jets [see e.g. Ref. 25)] by the time

we have a high energy electron-proton machine, more sophisticated predictions than

the one in Fig. 11 will be available.

Many interesting studies can be made in the small cross-section region, where
more that two hadronic jets emerge. Before QCD we would have expected such pro-
cesses to be heavily suppressed (like an exponential or a power of q2) relative
to the two jets ones, in QCD however they are only suppressed by a factor of

a(q?) v 1/(log qz/Az). Here we will present a few examples.

Let us work in the rest system of the final state hadrons and define

W* =z (pra)" (10)
and
X = a!E; (11)

|

26)

where Ei is the energy of the ith hadron. The variable Thrust is defined by

*)

Not per unit solid angle. This accounts for the dip at small angle.
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Fig. 11 : Energy flow/unit angle for a limited Pr and a

QCD motivated model.
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TR
T = ) max -ii—ig (12)

where the sum in the denominator runs over all final state hadrons. The P,
are the components of P; along the jet axis , the jet axis defines two hemi-
spheres and the sum in the numerator runs over all particles in one hemisphere.
The maximization is over all jet axes. If we have only two particles (or two jets
with zero spread in transverse momentum) in the final state then the thrust dis-
tribution will be a G&-function at T = 1. If we have three particles (or three

jets with zero spread in transverse momentum) then

Te= ™max (st,x;,%3) (13)

and is restricted by kinematics to lie in the range

3 £T4 (14)
Naively therefore we would expect that if we want to study three (or more) jet
events, we should look at events which have T < 1. However we have also to in-
clude the non-perturbative effects due to the hadronization process, and although

these give only a finite spread, nevertheless they smear out the &-function

P
T
at T =1 for two jet events. Thus we can obtain T < 1 events for two reasons:
i) gluon bremsstrahlung which is present in QCD and is calculable, which gives a

transverse momentum spread which increases with W?;

ii) the hadronization process by which quarks and gluons materialize as hadrons,
which is not calculable in perturbation theory but in which the transverse

. . . 2
momentum spread is expected to remain constant with W .

When we look at the thrust distributions (for T < 1) from existing neutrino
data27)(Fig. 12) we find that they lie considerably above the predictions from QCD
(effect (i) above)28). Moreover with a simple reasonable model for hadronization
(effect (ii) above) the data can be fairly well understood. This indicates that

2
for presently accessible values of W we have no real test of QCD predictions.

2 . . . .
As we increase W however the QCD contribution to the thrust distribution
(for T < 1) becomes relatively more important until finally a significant part of

the thrust distribution becomes completely predictable. This is extremely exciting,
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Fig. 12 : (1/0) (do/dT) for various values of W integrated over Q2 > 1 GeV?,
The Data are form Ref. 26). NP stands for the non-perturbative two
jet contribution. The dashed curves correspond to the QCD contribu-
tions smeared over T bins of width (AT)NP indicated at the bottom
of the figure.
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it is only relatively recently that we have learnt how to make quantitative predic-
tions for measurable quantities in strong interaction physics. In Fig. 13 we show

29) for a machine with 25 GeV electrons colliding with 400 GeV

the predictions
protons. We see that very important and stringent tests of QCD will be possible,

particularly at small x where there are more events.

These sorts of tests of QCD will be easier to perform in an electron-proton
machine than in an electron-positron machine due to the presence of thresholds and
heavy resonances in the e+e- case. Resonances which are produced just above
threshold decay in a way which leads to a more isotropic distribution of hadromic
energy than expected from the calculable quark and gluon subprocesses. As an ex-—
ample we show in Fig. 14, which is taken from Ref. 30), the expected thrust distri-
bution in e+e- annhialation at a centre of mass energy of 20 GeV. We see that
at this energy the (expected) presence of B mesons (i.e., those which contain
a b quark) and their decays make it impossible to study pure QCD effects. The
study of QCD jets in e'e  annihilation is complicated be the presence of heavy

resonances and quarks, a complication which we will not have in ep machines.

Another way to study three jet events is by means of the Pointing (not Poynting)
24)

vector . This is defined as follows:

i) Find the thrust axis e , i.e., the jet axis which maximizes zi (p:)/zi (Ei)
in Eq. (12). :

e
| il
o’

The plane normal to the thrust axis divides phase space into two hemispheres,
one of which contains the smaller amount of Xilp;I. Define as © =0 the e

direction in that hemisphere.

iii) Find the plane containing e with respect to which the perpendicular momen-
tum is minimized. The angle 6 1is to be measured in this "event-plane".

iv) Finally, to choose with which sense (clockwise or anticlockwise) © should
increase, proceed as follows: the 90° < 6 < 180° quadrant is distinguished
from the 180° < 6 < 270° quadrant by choosing the former to be that which
has the greater Zilgil, where 2; is the projection of the three momentum

.th .
of the i~ particle onto the event plane.

0
Thus each event must be rotated so that its +e direction is at 6 = 0 .

The simple particle Pointing vector is then defined by

dr (15)
AT dwebd

e o e
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Een =20 GeV
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Fig. 14 :

Thrust distribution for e*e~ annihilation at Ec
= 20 GeV, from e*e~ + qdg, ete~ -~ bb + 6 jets afid
non-perturbative effects.
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and is a measure of where the energy goes in the final state. In Fig. (15) we

show the QCD predictionszg) for p; at the 25 GeV electron on 400 GeV proton

machine. Non-perturbative effects have not been included yet and therefore must
)

*
be added, they will round off the edges in Fig. 15 °. Thus we have another quan-

titative test of QCD.

There are currently appearing many theoretical papers studying the properties
*%
of QCD jets in various collisions and I have outlined only a handful of approaches ).
The game is still new, and it is to be expected that in the next few years better

ideas than the ones described above will be invented. What is certain is that when

the exact parameters of a new electron—-proton machine and the possibilities of the

future detectors are known, quantitative, very stringent predictions for measurable

distributions will be calculated by theorists before the experiments are done. If

these predictions turn out to be wrong, QCD (in spite of its theoretical appeal)

is not the correct theory of strong interactioms.

There is an interesting consistency check on our understanding of deep ine-
lastic phenomena. In the parton model the cross-section for the three jet events

and the longitudinal structure function F are both zero (up to terms which fall

’
like powers of qz). In QCD on the other ﬁand they are both only suppressed by a
logarithm of qz, and the same mechanism (gluon bremsstrahlung Fig. 16) is res-
ponsible for both being non-zero. Thus if we look at the contribution to FL
from, for example, low thrust events we should find an anomalously large contri-
bution. This last statement can be made more quantitatively although this has not

been done yet.

So far we have discussed jets, but from studying single particle inclusive
distributions we can obtain interesting information about the fragmentation func-
tions of the light quarks (as opposed to e'e” amnihilation where there is an a-
bundance of heavy quarks). QCD predicts that the fragmentation functions have a
similar behaviour to the distribution functions, asymptotically falling at large
z and using at small 2. The prediction for the single particle inclusive cross-

section is

de = . v O R
dxc dy ded @ -vg\m Fiou@) D buu) [1a (o] ao

L

*)

. . + - g ® .
For how this happens in e e annihilation at lower energy (where the non-per-
turbative effects are more important) see Ref. 1).

*%) . . . . . .31)
See also the interesting calorimetric tests suggested by Bigi .
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e
e
Fig. 16 : Gluon bremsstrahlung, which
leads to a non-zero F and
also to three-jet events.
rss §
proton

Fig. 17 : Schematic representation of
Eq. (16).

where F.1 is the distribution function of the ith parton in the proton and Di

is the appropriate fragmentation function (see Fig. 17). In QCD there are loga-
rithmic corrections to Eq. 16) which break the simple F.D factorization, these
corrections have recently been calculatede). Again we have definite predictioms

to compare to the data.
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CONCLUSION

An e-p collider will be an excellent machine for testing and developing

*)

our ideas concerning strong interactions ’, proton structure and
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WHY A DEUTERON OPTION FOR AN ep MACHINE?

Guy Coignet

(LAPP-Annecy-le-Vieux-France)

In this note, we consider the use of a deuteron beam accelerated
in the proton ring of a future ep machine.

Assuming that the number of stocked deuterons were as high as
that of the protons(l), the gain in luminosity would apply for all the
processes with small cross—section(z):

ed + e + X at large q2 and large y
-+ new flavours (toponium, bottonium, ...)

heavy lepton (E°, E', E7)

¥

+ intermediate boson (Z°, W', W™ ...)

-+ Higgs boson H°

The better statistical precision may be important in some specific
cases: for instance, the manifestation of any propagator effect in

both charged or neutral current interactions would be cleaner than
g

ep scattering. Another djfficult experiment is the R = Eé-measure-
T

ment of the electromagnetic interaction: it is expected to be small

and Rd would probably be easier to measure than Rp.

A deuteron option would be useful even with a lower luminosity,

ep
. ed _ L
i.e. L = =z

The first important point is that the deuteron is an ISOSCALAR
allowing a complementary study to the proton case: the singlet moments
and then the moments of the gluons can be deduced in a similar way as

(3

that performed with a neon filled bubble chamber in neutrino physics
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The second impgrtant use of a deuteron beam would be the access
to en physics: this can be done by the classical subtraction method
en = ed - ep and in a cleanest way by the detection of the spectator
proton. The price to be paid in the latter case is on the maximum
available values of v, W , qz, ... which are a factor of two lower
than in ep scattering. Switching from a proton to a neutron target

allows to change the relative content of u and d valence quarks.

neutral current ep
neutral current en

@)

It is then possible to measure the ratio
and study the Z°u and Z°d coupling at high s values

In the electromagnetic interaction it provides, when measuring
the neutron structure function, direct access to the valence d quark
distribution dv(x,qz); the sea and gluonic contributions can, in

principle, be eliminated by looking at the structure function difference

Fg - Fg <=x(uv(x,q2) - dv(x,qz)). In the simple quark parton models
1

one expects also the sum rule S = J [Fg(x) - Fg(x)]%§-= %—to be valid,
0

(5)

when available experimental data are far from saturating this rule
QCD and other field theories have specific predictions for other
moments of the structure functions. It is then important to test
this rule at the highest q2, since the AFGT models predict a large
increase of the sea with q2 and a more similar variation of Fg and
Fg as shown in Fig. 1 and 2 extracted from reference 6.

It is also important to have a rough estimate of R.» since the
extraction of Fg(x,qz) depends on Rn: SLAC data(7) are roughly
consistent with Rp = Rd; it is then assumed that Rn = Rp. Now, in
QCD model, R is expected to be small, decreasing logarithmically with
q2 and such that Rn = Rp; it has to be tested at fixed q2 and v by
varying the electron or the deuteron momentum.
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One can also mention that, still in deep inelastic scattering,

(8)

the ratio of the two photon contribution ¢ (2y) to the one photon

contribution o (ly)

o(2y) . 3 a 2Q?
o(ly) = 2 2¢ qun %_

is proportional to eq, the charge of the interacting quark so that this

:

contribution is expected to be less important for a neutron than for a
proton target.

The jets and the hadroproduction also present a certain interest
since the presence of an excess of d quarks has to reveal itself in the
fragmentation functions in the n+/n-, K+/K_ ratios and in the quark
charge retention in the jet.

As a final remark, it seems worthwhile to mention the possibility
of polarization of the deuterons; due to the lowest gyromagnetic ratio,
by more than one order of magnitude, it is, in principle, easier to
maintain the polarization during the acceleration cycle for deuterons
than for protons. In PS type machines, a large polarization of
deuterons seems reachable(g) but precise calculations of depolarization
effects have still to be performed for a 270-400 GeV synchrotron.
Assuming that the final polarization is still sizeable, a long straight
section has to be envisaged to align the spin of the deuteron parallel
or antiparallel to its momentum. Combined with an electron beam of

variable helicity, two new structure functions GE(x,Qz) and G?CX,QZJ

are measurable:
¥
with  61P(x,Q2) = 1ze2 (£](x,Q?) - £ (x,Q2)
1 2.7q. 71 i
i
where f;(f;) represents the distribution of quarks with spin parallel

(antiparallel) to the proton spiﬁ. Gg is expected to be small but has

never been measured until now.
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DISCUSSION SESSION ON LARGE Q2 AND HADRON STRUCTURE
(edited by D. H. Perkins)

This account of the discussion is based on a transcript of
the tapes prepared by the DESY staff. It has been rather radically
edited by me, in the interests of intelligibility and continuity.

I hope I have not destroyed the sense of anyone's remarks or left
out statements of importance. If this hope is misplaced, I

sincerely apologise to those concerned.

S.C.C. Ting (DESY-MIT):-

I have a question to the first speaker. In one of your first
slides you mentioned correctly that ror a 20 GeV electron on a
300 GeV proton you have a luminosity of 1032 and a useful maximum
q2 of 5000. This enables you to probe into a distance of 3.10 !6 cm
and that is, of course, very, very important because this distance
goes into protons where new phenomena will be found. That corres-
ponds also to your first slide of unexpected results. The thing
on which I would like a comment from you is the following. You
mentioned that for the TEVATRON the effective useful maximum q2 is
about 400, therefore the distance you can probe (which is not q2
but q) is about three times less; but, the intensity, of course,
may be somewhat higher or at least comparable. It depends on how
you do this., So I was wondering, how does this strike you?
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C.T. Sachrajda (CERN):-

I really find it very hard to answer that question.

S.C. Ting (DESY-MIT):-

OK

D.H. Perkins (Oxford University):-

If you are comparing ep with yp or vp you should do it for a
fixed target machine using a hydrogen target for the lepton beam. We
took the rates/day from the EMC experiment at the SPS; and we scaled
these up for the TEVATRON. Assuming 1012 protons per second we claim
that the rates in events per day, for q2 > 400 from the TEVATRON (be it
for u-scattering experiments or a v-scattering experiment on a hydrogen
target) are the same as at q? 3 5000 on the ep machine, assuming a

luminosity of 1032,

S.C.C. Ting (DESY-MIT):-

There was another thing on one of your slides. This is a
very interesting idea by, I think Ugo Amaldi, of measuring the pion

form factor.

C.T. Sachrajda (CERN):-

I think that Sullivan, originally, was the first person to

have this idea.

S.C.C. Ting (DESY-MIT):-

But I think a quite interesting idea. What puzzles me a bit is:
how can you make sure if it is only one-pion, rat?er than multi-pion

exchange?

C.T. Sachrajda (CERN):-

I guess I should leave that to the people who did the work.

U. Amaldi (CERN):-

The idea is not very new. The advantage here with respect to
previous proposals is that one gains from the fact that the neutron goes
forward at small angles (with a big energy spread) and it is much easier

to detect than in an experiment with a fixed target proton where you have
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the production of neutrons of very low energy. The exchange of the pion
Regge trajectory is expected to dominate, but I would like to stress that
the background has not been computed. Of course one should not only look
at the lepton shower, but also at the current and the proton jets, and
this would allow the kinematics to be reconstructed and events in which
some A's or higher resonances are produced to be disentangled. Inciden-
tally, the neutron will go at very small forward angle so one can think
of having a detector of one metre diameter put at 300 m from the target,

and one can measure energies with resolutions of 1-2Z.

Th. F. Walsh (DESY):-

About the pion exchange and looking at the pion-structure
function. Maybe it is just my ignorance; I was a little puzzled there
because I was under the impression that to isolate pion exchange you
have to go down to t of the order of mo. Is that true or false, can

someone answer that question?

E. Gabathuler (CERN):-

Can I refer to the question of the pion form factor? I would
like to know how this compares with measuring the pion-structure functions
directly using Drell-Yan? We now know that there are very nice data

1.1 or ‘2. I would like to know

coming out giving a distribution (1-x)
how does this technique of measuring the pion-structure function compare;
you go up in v and, therefore you start to see the effect of things like
A2 exchange coming in, as well as single pion exchange, and therefore,
presumably you have to go to very, very small t to make sure you are
only measuring the form-factor of the pion. Therefore, I would like
first of all to know how it is done, because we know that these other

effects are going to be there.

C.T. Sachrajda (CERN):-

Isn't it a question of faith? You go down to as low a t as you
can and see when you increase t whether it is the same or not. John

has some comments, I think, on that.

J. Ellis (CERN):-

I am just going to remark that actually an experiment on which
Perkins is a collaborator is actually trying this pion-structure function

measurement already, in neutrino scattering. I mean they have a handful
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J. Ellis (CERN)}:- (cont.)

of events or something like that! But as I understand it, it works.

Now, one way which they can check to see whether pion exchange is
actually relevant is by looking at things like a A in the final state

and by looking at the polarization matrix element of the A. And there
you can check explicitly, if the thing does work out to t of the order

of .5 or something like that. I don't know whether it is possible to
observe a A with this sort of ep colliding ring, but that would certainly
give you a handle on it, and you would already have some experimental
information. With regard to this point about Drell-Yan: I think the
whole point is to check whether the pion-structure function is the same
as Drell-Yan or not. And this is highly nontrivial and totally

demonstrating the exciting test of a theory.

E. Gabathuler (CERN):-

Can I just make one comment in connection with Prof. Ting's question:
if you take 6 m of hydrogen and a beam of 107 muons per pulse and say, 6
or 7 pulses per minute, that corresponds to an effective luminosity of
about 1.5 ° 103! em™2 s™1, So that would be equivalent to the same
figure I suspect you will get from the FERMI-lab DOUBLER if one worked
with 3/4 of the energy of the protons.

Can I, when I have the floor, make another comment? If I may,

Mr. Chairman, you told me not to bounce up and down.

Can I have your first slide, please, your first transparency which
shows the q2,% plot? 1 think it is interesting to put on there perhaps
with your pen, the triangle that corresponds to the present SPS/FERMI-lab
neutrino or muon experiments because I think this illustrates something
that was raised yesterday by Prof. Fubini: that one really can cover a
tremendous range in the q2 plot, and people should be aware of this.
Thank you. So this brings me to my question; let me say, in fact, we
do measure both the incident and scattered electron: we are measuring,
therefore a sum of the one photon exchange plus the weak part. Then
in principle, if you do a plot as a function of q2 for various x values,
can the theories exactly predict the whole spectrum as a sum? In other
words: will the effects of the mass of the W or other effects at large x,
will these tend to come in? Or will it be possible to do an experiment
where you can actually measure the total rate for the scattered electrons
andthen use that to just basically give essentially a total cross-section

where one can then make a prediction against QCD?
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C.T. Sachrajda (CERN):-

You said, you want a cross-section at fixed s at some x and y?

E. Gabathuler (CERN):-

Yes, at some s for various values of qz plotted versus x or
whatever you like; I am just asking: can you take the whole electron
rate and do a calculation as a QCD prediction rather than have to do

the separation between weak and electromagnetic effect?

C.T. Sachrajda (CERN):-

I see, you want just what you are going to measure essentially.

E. Gabathuler (CERN):-

Yes.

C.T. Sachrajda (CERN):-

Well, if the Weinberg-Salam model is right, and prejudices
about all the parameters are right, we can certainly give you those
curves. On the other hand we would like to have some check on whether
those things are correct or not.

(... a drink for the speaker ... applause...)

I think we can answer now. It is going to take a while,
clearly to disentangle exactly all effects, for example we expect
strong interaction scaling violation to be more important at smaller
q? and weak interactions to be important at larger q2. If you have
both electron and positron beams and polarizations you expect effects
to go various different ways. So I hope with a good study you will be
able to wuntangle the effects. And if the theory is right, I mean,
if both QCD and the Weinberg-Salam model are right, then we can tell

you what your curves ought to look like.

Th. F. Walsh (DESY):-

I have a couple of questions following up on Ting's:

1. The comparison with the TEVATRON was for a hydrogen target,
but, of course the CERN EMC is also used with a stack target,
and in principle one can imagine doing u-scattering experi-
ments on the TEVATRON perhaps with a fairly massive stack

target. I wonder if that changes things?
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Th. F. Walsh (DESY):-

2. The reaction ... (electron + proton) goes to (neutrino +
anything). In principle one can compare that with the
TEVATRON with, say, a 1000 ton iron calorimeter and how do

the rates compare there?

C. Geweniger (Universitit Heidelberg):-

For the rates at the TEVATRON narrow-band beam which is due to
800 GeV neutrino energy, you get for q2 above 800 GeV2 more than
roughly 1000 events ... for 10!9 protons on the target and a 600 ton

detector.

Y. Eisenberg (DESY-Weizmann Institute):-

It is just a comment regarding the question that was raised
before about the purity of the pion propagator for small t's. We have
done an NAL experiment in which neutrons were bombarded by protons
(these are hadron experiments, of course, and one may not perhaps
mention that here) and indeed we find that for t smaller than .5 there

is perfect agreement with the pure single pion exchange.

J. Ellis (CERN):-

I had 3 random comments which I will arrange in increasing
order of the excitement. The most boring remark which I can think of
is that in addition to doing scattering off a pion you can also do
scattering off a pomeron, if anybody remembers what the pomeron was!
Instead of measuring a low momentum transfer neutron coming out to
measure a low momentum transfer proton coming out and then as long as
the momentum transfer is small you probably struck a pomeron which,
maybe, is made out of glue and that may or may not be an interesting

thing to look for.

The second remark which is more exciting even than that is,
if you come to your triangle plot in q2 and v, the region of that
triangle which is not accessible to perturbative QCD is presumably
somewhat thinner than the black line along the bottom. Since you
believe that you can calculated anything with q2 > 1 GeV2, certainly
it gives everybody plenty of opportunity to prove if the theory is
totally wrong.
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J. Ellis (CERN):- (cont.)

The third comment was that actually the theory might turn out
to be right, but still nothing at all looks like any of the distributions
which Chris Sachrajda has shown, because you talk about SU(3) x SU(2) x U(1)
as being the group of the world. Well, that may well be true. But
maybe, there are just more particles in the world than we like to think.
As a totally stupid example which I thought of last night or this
morning you can imagine that everything was supersymmetrised. If every-
thing is supersymmetrised, then you get particles which look just like
the ones that we now have except they differ by spin of 1/2, so for
example you have spin 1/2 gluons, called gluinos and all that we know
at the moment is that the gluino has a mass bigger than 0, but you
could have a mass anywhere. Let me tell you what the gluino would
do. You show that picture for the momentum fraction carried by quarks
which were supposed to be constant from here to q2 of the mass of
universe. If there were gluinos at some point we suddenly stop and
go down to some totally different value, because suddenly you would
find that half of the momentum of the proton was being carried by

gluinos.

L.M. Sehgal (TH Aachen):-

I have a question as to whether one can learn something about
QCD by studying the weak-electromagnetic interference carefully. And
I think the answer to that is that the asymmetries that you will see
at the level of weak-electromagnetic interference are extremely in-
sensitive to the parameters of the QCD theory. The parameter.A for
example. So the best place to test QCD would really be in the domain
of q2 smaller than 1000 GeV2 where the weak interference effects are

unimportant.

S§.C.C. Ting (DESY-MIT):-

Can I take a look at your first or second slide, the one where
you showed that most of the important discoveries really have nothing

to do with the purpose for which the accelerator was built.

I have two remarks with regard to this: the first is with
regard to form factors and scaling. As you know the form factor is
discovered not only at SLAC but also at DESY. But what is impcrtant
is that, since the discovery of scaling in 1968 there has been a
large amount of work done to study various final states. But so far
we are not really able to have a very clear understanding of the

implications of those experiments.
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My second remark consists of what you would expect from let's
say, a 20 GeV on 200 GeV machine or a 20 GeV electron on a 300 GeV
proton. In this case, I mean, the thing you compare with would be
like, for example, a SUPERSPEAR or PEP or whatever that is. In this
case you are somewhat hindered in looking for new particles, because
you are down somehow by the proton form factor. This is something
you cannot avoid. With an e+e- collider, of course, you are also
down by a form factor, but on the other hand the cross-section is

quite big.

K. Winter (CERN):-

I would like to contribute something to the discussion comparing
the possibilities of the TEVATRON and an ep ring. And that is: what
you always do in your discussion is as if these beams were 100%
polarized, and that is, of course, not the case. Already electron
beams can at most be polarized to about 90%, if there are not other
depolarizing effects. And for muon beams you should not forget that
the most standard and the most intense muon beams always have the
wrong handedness, for instance you get u right handed and u+ left
handed. And if you want the natural component you have to take those
particles which are emitted backwards in the system of the decaying
parent and as a matter of fact you go down first by a factor of, well,
I would guess at least 10 in rate; but also the degree of polarization
is smaller, because of the angular acceptance. -I have not done any
calculations, but I have the impression, if you go up with energy
this is going to spoil the polarization degree of this beam; so
I think in doing these comparisons one should be a little more accurate
in doing it. Because I think we all agree that the value of these
ep rings rests very solidly on the possibility of having polarized
beams with both helicities. And in that context also I would like to
make a comment on what has been called here the 100 + 400 option. I
mean that is not a real option. That is a possibility if LEP is built
next to the SPS there will be one crossing and if you want to use’
this for ep physics and you have to switch off the ete” physics. And
I guess that will not be done for the first 10 years of LEP!
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T. Ekelof (CERN-Uppsala):-

Coming back to the question, asked already yesterday about
comparing ep collisions with ep collisions which again implies, of
course, the SPS at CERN. But who would be interested? I mean
when we are discussing deuterons then what about ep? And the second
question: I would imagine that comparing with hadron-hadron collis-
ions and lepton-lepton collisions that the lepton-hadron collisions
could have some unique information on confinement in the sense that
you probe an already confined system with the pointlike probe.

Could you make your comments on that.

C.T. Sachrajda (CERN):-

Well, I think the pp and ep tend to show two different things.
First of all this is obviously a pretty bad new particle factory,
but this is really an instrument to study the structure of the proton.
Now in pp collisions you have both the structure of both hadrons
plus whatever the interaction mechanism between them is. And you
hope that you understand sufficient of each that you can still learn
something from them. Here you hope that you understand at least the
weak and electromagnetism structure better so that you really just
measure the structure of the proton. So I think this is a proton
structure measuring machine. As you say, it should provide information
about the mechanism of confinement. But here we are stuck theoretically.
However, we hope that you can get some hints - for example, the various
different schemes which predict different ratios of up quark to down
quark distributions as x + 1 and all things like that. With these things
we hope one day to understand theoretically and to get some hints from
machines like that. But theoretically, those ideas are not as clear -

so I didn't concentrate on them.

Th., F. Walsh (DESY):-

I have one last comment. Of course, if QCD is right then
presumably the q2 variations over the range of this machine of a
structure function is going to be very small. The largest variation
is the lowest q2, of course. So if one is really looking as far as

testing QCD is concerned, nothing much happens.
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Th. F. Walsh (DESY):- (cont.)

Second point; looking at final states. As far as the large
event rates are concerned it appears to me that what you have with
an ep machine where the proton has, let us say, 5 or 10 times the
energy of the electron beam is basically an electron-quark machine,
an electron-quark colliding machine. But the electron and the quark
have roughly equal energies (which means 20 GeV electrons, say, on
300 GeV protons). The ep machine is basically PETRA with a positron
replaced by a quark. I don't think that the studies of final states
with such a machine are going to be much more conclusive than they
can be in PETRA with the exception, of course, that new thresholds
can mess things up at PETRA and they are, of course, very disagreeable

from that point of view.

G. Knies (DESY):-

You show that determining the Weinberg angle and the Z mass
done at this large q2 is possible at about the same accuracy as has
been done with the polarized electron beam scattering at SLAC so far
already, so that the main thing then is not a better determination
of the Weinberg angle but comparing the Weinberg angle as determined
from large q2 processes and low q2 processes. What is the physics

behind this comparison, could you comment on that?

C.T. Sachrajda (CERN):-

We have a lot: we have a theory which gives us various re-
lations between things, and we know that if sinew is measured in our
experiment we know exactly what it should be in other experiments, and
it had better be that. The usual thing that is taken is a particular
mechanism for giving the W's their masses. It is a particularly
simple thing: you take the lowest representation you can, take a
complex doublet, so it is just one real Higgs particle. Life could
be more complicated and things could go wrong. So clearly you want
to check this in as many places as you can. That is true. If you
just take sinew as the parameter and you look at all existing data you

get very small error bars. But things could go wrong.
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D.C. Cundy (CERN):-

I think the conclusion was that the optimum was not far from
20 on 270, but it would be better to have the electron at 30 GeV
or something. But already for most of x range you are quite a long

way out in angle. I think that was the conclusion - 30 on 270.

D.H. Perkins (Oxford University):-

That was our conclusion. I mean, obviously you want to go
up to q2 on the order of (1/4)q?(max). After all you are looking at
the high q2 region and then I think a ratio of the electron to
proton energy of the order of 1/10th o 1/5th brings the current jet
out at 90° in the laboratory - that's where you want tp have it to

measure it easily and to stop too many fragments going down the beam

pipe.

S. Fubini (CERN):-

The Chairman said that interest in this kind of physics is
related to the number of questions. So let me add one more. It
is not really a question but a statement. Looking at the situation
I feel one should look at things a little bit in perspective. In
other words: a sentence which I don't like to say is '"well, we test
chromodynamics and then what?" Now, if you think that we are all
discussing the physics which will be done, say for 8 years from now,
one might think; what would have been the talks of rapporteurs,
say 8 years ago? Now very likely the conclusion of people then
could have been that we have no theory of strong interactions, they
only can think that we can do consistency tests. On one thing we
are sure. We understand very well what happens at long distances.
We will never be able to understand what happens at small distance

and large py are forbidden.

Now from what I hear from the speaker the situation is exactly
the opposite. We have a theory, a very good candidate for a theory;
we understand well what happens at small distance, and the big
mystery is confinement which is the large distance phenomena. Now
large P (if the theory should work) seems to be different from what
people thought.
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S. Fubini (CERN):- (cont.)

So, in my opinion the problem of testing chromodynamics would
not be something you can say, well, let's use LEP which by the way I
like and forget about anything else at least in order to test the
theory. You need a source for experimentation in many different
conditions. I like to think about the grandfather of the thing which
was Regge theory or dispersion theory. Our opinion about that was due
to very thorough experimentation in many conditions. So I don't
think it is very reasonable to say, what it is better to do;
ISABEL, or the DOUBLER, to do this or to do LEP. I really think we
need all possible information about all tests of chromodynamics. It
won't be easy. After all, now the logs come out well. And it is an
amazing fact from one of my friends who was making a comparison with
strong interaction physics over a long time. He was saying, well,
you know when you 1ook at multiplicitiy we are two clubs, one who
wants a power law, one who wants a log. (By the way, I wanted a
log at the time and I also like log now.) And the log people won

because they shouted louder,

So I feel it will be extremely important - this fact that we
have a logarithmic effect that you can compute is an amazing fact
which I would not have predicted. So in my opinion it is very
important to make experimentation on many different topics and

compare.

D.H. Perkins (Oxfurd University):-

Thank you very much; that seems a very good point at which

to close the session. Thank you all.



309

SUMMARY OF DISCUSSION SESSION AND OPEN QUESTIONS

(D.H. Perkins)

Here I want to try to summarize the main points of the dis-
cussion and reply to those questions which were perhaps not fully

answered, and also mention the open problems in the subject.

1. RESOLUTION

One point made by Ting was that the (20 + 270) ep design gives
only a factor 10 in q2 or 3 in spatial resolution, as compared with

lepton beams from the TEVATRON: how useful is this?

This is clearly a matter for judgement, but personally I
believe that when you increase the resolution by a factor 3, you
will be almost bound to find new phenomena. If you don't for
example, if QCD is right and variations are gentle and logarithmic -
then that's also very important. Recall that the improvement in
resolution between the SLAC electron plus PS (Gargamelle) neutrino
experiments of the late 60's/early 70's, on the one hand and the
muon/neutrino experiments at SPS/FNAL over the last few years on the
other, was indeed just that same factor of 3. Those SPS/FNAL
lepton experiments have, I think, started to add a new dimension to our
understanding of hadron structure; their importance may be judged

from the fact that 65% of all SPS protons have been poured into them.

Having said this, it is equally clear that the highest
available collision energies are desirable, and that a (45 + 500)
ep collider would give a further factor 2 in resolution as compared
with (20 + 270).

At the same time, it is important to realise that experimentation
gets more difficult at the higher energies. While, for the (20 + 270)
ep collider, one is thinking to get by with PETRA-type detectors (with
some modifications around the forward direction to cope with target
fragments), much more powerful solenoids etc. would be necessary for
the (45 + 500) machine. Transverse momenta of >10 GeV/c for particles
in the current jet would be common. These are some of the open
questions on which further study is required by the '"detector"

working groups.
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2. COMPARISON WITH HYDROGEN OR HEAVY TARGETS AT THE TEVATRON?

The working group made comparison between ep and TEVATRON u, v
beams on hydrogen targets. In the discussion Walsh and Geweniger
mentioned iron or other heavy element targets for both muon and
neutrino beams. Obviously, you can go up a bit in q2 by using
greater effective luminosity - but not very much. However, my
main point is that I hope that by 1986 or whenever the ep collider
could be operational, we shall be a bit more sophisticated than that.
If QCD is still alive by then, it will be important to tie together
the (quark/gluon) substructure of the proton in the initial state,
with the fragmentation (of those quarks and gluons) to hadrons in
the final state, and for this you do need elementary targets. For
example, crucial tests of QCD relate to the non-factorization, at
finite q2, of the x and z distribution, observation of gluon jets,
etc. Nuclear complications are the last thing you want, so I
think it is completely fair and correct to compare proton targets

in both cases.

3. ELECTRON-QUARK VERSUS ELECTRON-POSITRON

In the course of discussion, it was remarked that the (20 + 270)
ep collider was, effectively, a machine colliding 20 GeV electrons
with, typically, 50 GeV quarks - and therefore not so different from
PETRA or PEP colliding 20 GeV e on 20 GeV e'. I would argue very
strongly that this superficial resemblance of numbers conceals very
profound differences of physics and principle. PETRA and PEP are
basically quark-antiquark factories; their very excellence in generating
new flavours carries with it the very grave disadvantage that there
is little possibility of relating the hadrons observed to fragmentation
of particular types of quark/antiquark. On the other hand, especially
for charged current reactions, eip - v, vX, all flavours apart from
u and d are strongly suppressed. e p - vX looks at the fragmentation
of the d-quark only (with a little u at small x and large y), e+p + vX

at u-quark fragmentation. So, one has a much better-defined situation.

In the context of QCD which is at present the only game in
town and to which I therefore have to appeal as a basis for comparison -

there are other very significant differences expected in the two cases.
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e'e” » QQ involves only flavour singlet quark-antiquark combinations,
while a proton target provides both singlet and non-singlet combinations
which can be selected for example by comparing e+p > vX with e p > vX
or by analysing different combinations of hadrons in the current, jet.
The difference is crucial to QCD, since the predictions for the non-
singlet functions are much more straightforward than for the singlet

case.

The very difficulty of exciting new quark flavours at an ép
machine is compensated (as pointed out in the discussion) by the fact
that the corresponding threshold effects at an e'e” machine are
largely absent in the ep case - again making easier the comparison of

cross-sections with theory.

Finally, as pointed out in the discussion, our understanding
of quark confinement is more likely to be advanced by studying an
already confined B = 1 system like a proton, than the 1~ vacuum state.
And if quarks are ever to be liberated, at some level, of course it
is important to study that too, in as many experimental situations

as possible.

4. THE RATIO OF ELECTRON TO PROTON ENERGY

This ratio was mentioned by Cundy and others in the discussion
session. Although it is not very critical, it is a very nice feature
of the shape of the proton structure function, on the one hand, and
of the relative energies attainable for electrons and protons on the
other, that the preferred solutions (20 + 270; 45 + 500) are nearly
the ideal ones. Effectively one is looking at electron-quark collisionms,

with E At high g2, the current jet will therefore

quark - XEproton
come out at a large angle to the beam-pipe if the electron-quark CMS

is at rest in the laboratory, i.e. if Ee v (0.1 - 0.2) Ep.

Perhaps it was implied in the discussion that large departures
from the optimum ratio, <x>, could send many current fragments down
the beam-pipe. Actually this could only happen in the extreme case of
very small x and low q2. The working group did not pursue this matter
in depth, and further study is certainly desirable. Over most of the

X range, however, it appears that at most only 1% or so of current
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fragments could end up near the beam-pipe. One of the difficulties

in making estimates is that the answers you get depend on the model
assumed for "hadronisation'" of the current (struck) quark and of the
target (spectator) quarks. We used Monte Carlos based on lepton
scattering data in the q2 = 1-100 GeV region, and we do not know what
will happen to the rapidity distribution, for example, when you in-
créase q2 by 2-3 orders of magnitude. Clearly however, further cal-
culations would be worthwhile, comparing the predictions for different

models of hadronisation.

5. SUMMARY

Let me in a few sentences try to summarise the case, as I

see it, for the ep collider.

The (20 + 270) collider would give a useful counting rate
(10-20 events/day for L = 1032) for both neutral and charged-current
events, at values of q2 which are 10-20 times larger than those
attainable with lepton beams at the SPS or FNAL.for the same counting
rates. For the (45 + 500) collider, the useful range of q2 would
be 50-100 times those at SPS/FNAL. This will, without question, open
a whole new range of physics. Either one can be optimistic and dream
of sub-quarks, colour brightening etc., or one can take a very con-
servative view and regard such a machine as the instrument which will
finally underpin our theory of strong interactions between the funda-

mental fermions (quarks).

As Fubini said in the discussion, we want to have many
experimental possibilities; pp, pp, e e and eip. Each machine has
its own peculiar advantages and disadvantages, and each can give us
a unique window on the sub-nuclear world. What will come out of these
machines will almost certainly be quite different and much more

exciting than any of us can think now.
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INTRODUCTION

In this report electroproduction is considered for
Qz—values below Q2 N 5 GeV2. In particular in the limit of
Q2 » 0 the process can be interpreted as the scattering of an
(almost) real photon off the proton. The interest of using an
ep collider for studying low Q2 processes lies obviously in
the large c.m. energies that can be obtained for the yp
system. In Table I the relevant parameters are listed for
two possible ep facilities, one (PROPER) associated with

PETRAl), another with LEPZ).

Table I
E,[GeV] Ep[GeV] s[GeV2] Vmax[GeV] L[cm-zs-ll
20 270 21600 11510 1032
100 270 108000 57550 1032

Even for a PROPER type ep collider Voax is almost two orders
of magnitude larger than the values that can be obtained with
other sources of either real or virtual photons. A possible
3000 GeV proton accelarator (UNK) would still be off by one

order of magnitude.
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The interest of photonphysics lies in the unique
property of the photon to have both a hadronic (meson-like)
and a point-like component - both a rich source of heavy
flavour quarks. If we consider the photon as a superposition
of vectormeson states,an ep facility allows us to study meson-

2 (PROPER)

proton interactions up to s-values of about 20000 GeV
or 100000 GeV2(LEP). On the other hand, if we allow for the
point-like component of the photon, point-like interactions

of the photon may be studied in a clean way by looking for
large Py YP processes. Apart from photon physics an ep colli-
der can be used to extend conventional lepton-proton inelastic
scattering experiments to large v(small x) and make it possi-
ble to control the transition from the VMD region at very

small Q2 to the approximate scaling region, assuming that

scaling sets in at Q2 =~ 1-2 GeV2 independent of v.

The kinematics of the process is indicated in fig. 1.

Fig. 1 Event kinematics for small Q2
electroproduction reactions

E IT.1

Y

Q2

E-E' = yE

IT1.2
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B2 (1-y)02 + ~ EE'®
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Fig. 2 Q? as a function of tagging angle G)e for
fixed values of y; Ey = YEe. A possible
minimum tagging angle of 10 mrad is indi-
cated (a) 20 GeV electrons on 270 GeV pro-
tons (b) 100 GeV electrons on 270 GeV protons.
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Small Q2 is equivalent to small values of ee. The scattered
electron should therefore be tagged, down to the smallest
possible angles. In fig. 2 Q2 is plotted vs ee for fixed
values of y both for a possible 20 x 270 and a 100 x 270 GeV
ep collider. A realistic minimum tagging angle of 10 mrad, as

indicated in the figure imposes a severe restriction on the

accessible small 02 values for the 100 x 270 GeV option. If
tagging below 10 mrad cannot be achieved, physics with very

small 02 would be impossible with such a machine.

The standard expression for the one photon exchange cross
section in terms of the transverse and longitudinal yp cross
is

sections Orp and oL

sl = 21X [ (1-yy?/2) og(@3v) + (1-y)oy (@3w)] II:3
where x and y are the usual dimensionless parameters.
X = QZ/ZMv
Y = V/Vpax
v = gq.p/M; Vhax = s/2M
In the limit of Q% + 0 op and o; behave as
éifooT(Qev) = 0 pV) II.4
lim o, (Q%v) =0 II.5

Q20
with cYp(v) the real photon-proton cross section at an incident
photon-energy v.
In the equivalent photon approximation the limiting values
(IX.4) and (II.5) are assumed to hold also for Q2 # 0 but

small, so that (II.3) reduces to
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d%0  _ o 1+(1-y)? 1-x
dxdy 27 Y UYP(V) > II.6

This equation integrated over x, may be approximated for

Y 4 .1 by the well known Weiszacker-Williams formula

2

-y) 2 Q
_(_19'_ . & 1+ (1-y) g_(v) 1ln _l'zna_x I1.7
dy 2m vy YP Qmin

or for a tagging detector, which covers the angular range

min max
C < 8 < 64
a , gmax
do _ o 1+(1-y)°% - e IT.8
dy  w y c‘~yp(\’y lnemin
e

When using (II.7) and (II.8) to estimate cross sections for
small Q2 ep interactions one should keep in mind that we

assume

i. oT(Qz,v) oT(O,v) =] (v), and

YP
0

ii. op (Q%,v)
We know however, that for typical hadronic processes where
VMD is assumed to hold, this can only be true for very small

Qz, since assuming p-pole dominance.
2

1]

oT(Qz,v) (1+Q2/m§)— oT(o,v), and II.9

2 -
Qz/m§ (1+Q /mi) 2 O 0,V) II.10

R

GL(QZ,V)
The Williams-Weiszacker formula is nevertheless useful for a
rough estimate of the cross section for small Q2 processes
and thus of the effective luminosities for yp interactions.
For this we integrate (II.7) with respect to y over the inter-

val .1 <y < .9.
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Fig. 3 Effective photon luminosity relative to ep
luminosity for minimum tagging angles of
5 and 10 mrad respectively and for various
limiting values of Q2, szax= .02, .5, 1.,
unlimited
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Fig. 4 1Intensity of the virtual photon spectrum per electron
versus photon energy for a tagged 20 GeV
electron beam with Q%pax= .2, .5,1., unli-
mited and 6F'™ = 5 and 10 mrad respectively.
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The result is shown in fig.3 as a function of the electron

energy for two values of ezln (5 and 10 mrad) and for diffe-

rent values of szax(.oz, .05, 1., and unlimited).

In fig. 4 the photon energy spectrum is plotted as a function

min

of y for a 20 x 270 GeV machine with ee = 5 and 10 mrad

and for different values of Qiax'

Fig. 3 is another illustration of the fact that a 100 GeV

electron beam would be a poor source of 'real' photons unless
min

e

could be reduced by at least an order of magnitude.

At 20 GeV however, the effective luminosity is quite large,

of the order of 103%m 2s~!

32

, assuming an ep luminositiy of

10 and a szax of about .5.

Table 2

Luminosities of some existing or proposed photonbeams.

A 1 meter hydrogen target is assumed

photon-luminosity

a) Y-beams y=-flux (EY > 100 GeV)

BEG 500 GeV (CERN-SPS) 5x10’ 2.3x1031

BEG 400 GeV(CERN-SPS) 2x10’ .9x1031

FNAL wide band neutr. 5x106 2.3x1030

E4  (CERN-SPS) 8x10° 3.6x102°
b) p-beam p-flux

CERN 200 GeV 2.4x105 l.lxlo29

280 GeV 6.4x10% 3x1028
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The effective luminosity at lower electron energies would be
even larger. An additional increase will come from the larger
ep luminosity when the energy of the electron beam is reduced
below its maximum value. In Table 2 we compare these lumino-
sities with luminosities of either existing or proposed beams,
both real and wvirtual, assuming the target to be a 1 meter
liquid hydrogen target.

We conclude that with a PROPER type ep collider yp luminosities
can be achieved that are competitive even with the highest.
intensity ybeams, while the yp center of mass energies are up

to two orders of magnitude larger.

IP—PR+X
1\ Ep=270
90° " e 60°

1 2 4l s Jfo 1

120
-.0t .

-.02
-.03\
'.04'\

oo & A

"

N
N !
NS

Xg
e e— — angle in ep system

Fig. 5 Longitudinal vs transverse momentum in the 1lab.
system of inclusively produced m-mesons in the
reaction y+p »> 7+x for fixed values of Feynman xp.
The incident photon energy is 10 GeV, the proton
energy is 270 GeV.

The kinematics of the ep collisions in the proposed

colliders is rather peculiar, with a center of mass that is
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moving rapidly along the incident proton direction. This
asymmetry is even more accentuated if we consider the small
Q2 reactions as being yp interactions.

In fig. 5 we show for a limited range of Py, and Prp values,
contours of fixed Xp for + mesons, produced in the inclusive

reaction
Yy+p-—+1mm+Xx

The photon energy is 10 GeV, the proton energy 270GeV. The
figure shows that particles in the proton fragmentation

region have small angles and large energies and will therefore
be difficult to measure. The photon beam fragmentation region,
however, is easily accessible. In this respect an ep collider
will be superior to fixed target accelerators, where beam
fragmentation products will have large momenta, will be pro-
duced at small angles and therefore may be obscured by the
large electromagnetic background. An ep collider will thus be
an excellent tool to study the y-beam fragmentation products

in yp interactions.
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To determine Q2 and v, E' and ee of the scattered
electron have to be measured (fig. 10; eq. II.1 and II.2).
For fixed E', the Q2 range is determined by the angular range

of the tagging detector.

For a conventional tagging system, consisting of an
e.m. shower detector downstream of the intersection, the mini-

in will depend on the detailed design of

mum tagging angle 62
the intersection fegion i.e. the length of the straight sec-
tion, requirements concerning radiation shielding and the
cross section of the vacuum pipe.

If we assume a straight section of 7.5 m and a cross

section of the vacuum pipe similar to that of PETRA i.e.

7 x 12 cmz, egin = 10 mrad will be about the best that can be

achieved. Smaller values of egin would be desirable, not to
gain in over-all luminosity, which goes proportional to

max ,.min
In(e, "/8,

) but to gain luminosity at small QZ. However,
problems with background, associated with the electron beam

will increase rapidly for decreasing tagging angles.

The maximum tagging angle is a rather arbitrary value.
The tagging detector has to fill the gap left over bythe central
detector, which generally covers electron angles down to about

100 mrad. Accordingly in our studies the tagging range has

been set to 10 mrad < ee < 100 mrad
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The resolution in Q2 and v is given by

_ JAE'. 2 220,2(%
_{(—E_:T) * ‘-e—')}

Av . AE' _ 1-y AE'
v E-E' Y E'

NN

AQ
Q

The requirements of a tagging detector for yp physics will be
different from those for yy physics with an e+e- machine.

In yy physics one aims for the best energy resolution. In

Yp physics, where cross sections vary only slowly as a func-
tion of v the energy resolution Av/v can be relatively poor.
However, since cross sections very rapidly with QZ, AQ2/Q2
has to be quite good.

In Table 3 and 4 we give values for AQz/Q2 and Av/v for three
possible detectors types (NaI, Liquid Argon, and Pb Scintil-
lator) with energy resolutions of respectively .OZ/E'k;
.05/E'%; .15/E'%. We have further assumed that ee is measured

with drift chambers giving an absolute error A6 of .5 mrad.

Table 3
2 2 AQ? AQ? a0?
E_ Gev Yy © _ mrad Q° GeV === (Pb-Sc) —=»(L.A.) —=x(NaIl)
e e 2 2 2
Q Q Q
20 .1 10 .004 .15 .11 .10
20 .1 50 .1 .10 .04 .025
20 .1 100 .4 .10 .035 .015
20 .5 10 .02 .11 .11 .11
20 .5 50 .05 .05 .025 .025
20 .5 100 2. .045 .015 .01
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Table 4

AV - AV AV 4
E, GeV y v(Pb Sc) -U(L'A') —V(NaI)
20 .1 .31 .11 .09
10 .1 .45 .14 .10

6 .1 .59 .18 .11
20 .5 .05 .02 .015
10 .5 .65 .02 .015
6 .5 .09 .03 .015

Tables 3 and 4 show that both AQZ/Q2 and Av/v are
acceptable for a Pb-Sc detector, apart from y § .2 where
Av/v would become very poor. However, to reach small y it
might be preferable, to use a lower momentum electron beam
instead of measuring at very small y. This would result in a
better Av/v, while at the same time Q;in would be reduced.
We conclude that even a cheap and relatively simple Pb-Sc
shower detector might be satisfactory for electron tagging

in small Q2 physics with an ep collider.

A‘20 x270 GeV ep collider has been shown to be a rich
source of photons with small Q2. The large center of mass
energy of the yp system allows the study of yp interactions
in an energy range which is inaccessisble to other y sources.
The very special kinematics favours experiments where the
reaction products are studied in the beam fragmentation

region of the photon.
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Extensive reviews of photoproduction experiments can be found

in references [3]. The use of an ep facility for doing photon

physics .has been previously -but not very extensively-

discussed by Llewelyn Smith and Wiik?) and the CHEEP study

groups). In this report we will consider in more detail the

interest and feasibility of a few possible experiments, which

we think are representative for the small Q2 physics of an

ep collider. These are:

A. the measurement of the total cross section for very small
values of x, allowing in the limit of Q2 + o0 a determina-

tion of otOt;

YP
B. the study of large cross section exclusive processes

In particular elastic Compton scattering; the diffractive
production of vector meson states and Primakoff production;
C. the study of jets and single particles at large Py in

photon interactions

Total cross section

A measurement of the total inclusive ep cross section

2 2

gﬁgaé—(i.e g§%§) is certainly one of the first experiments
e

to be done.
For small Q2 the standard expression for the electroproduc-
tion cross section is given by (II.3). Because of (II.4) and

(IT.5) oyp can be determined by extrapolating the measured

cross section to 02 = 0.

This is true for any yp cross section, and consequently for

Gtot
YP
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2
%§§§ can also be written in terms of the proton form factors
Wi, and Mw,
2 2 2
d”g 41 a 2 _
o W, .2
where R = EE -~ WE.XE -1 IV.2
T 1Q

Therefore, provided R is small, the total cross section
measures essentially VW, .

R can in principle be determined, but requires the cross
section to be measured for at least two values of the c.m.

energy.

OtOt
YP
The total yp cross section has been measured on

hydrogen for incident photon energies EY up to ~200 GeVG).

The data are shown in fig. 6. Also shown are the predictions
from simple VMD and the additive quark model.

tot

These relate GYP to the (measured) mwp and Kp total cross

sections i.e.

tot T 41 tot
vp % prwse .af;2 O vp Iv.3
and cto; = otgg = %(ctOt + otft) Iv.4
P TP T p
tot _ _tot tot tot
o =¢ ., to _ -0 _
op K'p  KTp T p

For EY > 200 GeV the VMD predictions are extrapolated assu-
ming a lnzs rise of the total meson-proton cross sections.

The equivalent EY for a 20 x270 GeV ep collider goes up 1.0
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10.000 GeV i.e. two orders of magnitude up the energy scale.
An ep collider therefore provides a large lever arm to esta-
blish the s-dependence of the rising meson-proton total cross

section.

‘r_-’—f_’—"'f_""""r' M B i L ' oo [] "V_"‘_“Y_"—W

125 in?s -

tot cependence 1

ubj 4
% % |

120

115

P e | 1 12 | 1
1000 10000
Ey (GeV)

Fig. 6 Total yp cross section as a function
of E, (proton at rest). The curves
are predictions based on’s%Tple VMD
and the additive quark model®’, using
two different determinations of £2y,
the yv coupling constant. The extra-

polation assumes a ln?s rise of o$gt

There has been some discussion about the apparent
discrepancy of 2-5 ub between the data and the predicted

values. If not simply due to a normalization problem -in
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particular the fact that the contribution of the continuum to
(IV.3) is accounted for by the normalization of the data- it
might indicate
i. the opening of the charm threshhold72 in which case the
effect appears to be quite large however, or
ii. the onset of an important contribution due to point-like

y-interactionss).

The measurements of otgt

over a large s-range, if accompanied
by similar data for elastic vector meson production may help
to understand this point.

In ep interactions ot$; is determined indirectly from an

extrapolation to Q2 =0 i.e.

tot ,oom 2 X d%o
= lim X
(¢} YP(YS) Qﬂg<1f2 (1'Y)(1+R5+Y‘/2 dQ‘qz, Iv.6

(Q%,ys)
OYP Q°,Y

To find out how reasonable such an extrapolation would be,

we show in fig. 7 the estimated behaviour of<%p(Q2,y). For
this, we have used the following parametrizations of vW2 and
R at small Q2 9)
2 _ T i
VWZ(Q ’v);_ {i=3,4,5 Ci(l-X) }{l-wel} Iv.7
2
2 Q 2
w o lEtIwT O
el 1+ &
4M?
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Fig. 7 0$°t as a function of Qz, using para-
mgtrizations of VW2 and R, described
in the text. The dotted line is a fit
to data from the CHIO p-experiment in the
v-range 170-200 GeV as presented by
Gabathuler 7

This seems to be quite acceptable comparing the estimated

curve with a (scaled) fit to pyp data from the CHIO collabo-

rationlo). Near Q2=:0, %gzz 250 1b GeV_z, while AQ2/Q2 =~ 10%.
Since data are obtained down to very small Q2

tot

(see fig. 2) the resulting error in ¢ should be small.

wW

In fig. 8 lines of constant ee‘and constant x are
shown in a Q2 vs v plot for a 20 x 270 ep collider

With a minimum tagging angle of 10 mrad x is measured in the

range 10-3 < X < 10-5.

up scattering data exist, which measure vwz down to x ~ .001,

however, with Q2 < 2 GeV2 for the low x data and with poor

statisticsll).
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Fig. 8 Lines of constant x and Og in the Q2, y

Fiqg.
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plane for 20 GeV electrons on 270 GeV
protons, at small Q2.
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Expected rates/day/.02 Gev? for small
Q2 reactions of 20 GeV electrons on
270 GeV protons, as function of QZ2,
fory = .1, .5, .9
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An ep collider would extend these limits considerably and
with better statistics. Compare for instance the total inte-

35 =2

grated luminosity of 2 x 10" "cm of the quoted yp scattering

experiment with the integrated luminosity of 1037cm—2 for one
running day of the ep machine. Some rates estimated as a
function of Q2 and for different values of y are shown in

fig. 9; the same parametrization for\)W2 and R (IV.7 and 1IV.8)

has been used as in the previous paragraph.

(3) R

Equation (IV.1l) can be written as

25 Xy _ 1-y.

md
o d
If the LHS of (IV.9) is plotted for fixed ys as a function of

(1-y)/(1-y+y2/2) we obtain a straight line the slope of which

determines R(ys,x). This is illustrated in fig. 10. The de-

2
termination of R requires the measurements of %;%; for at

least two values of s such that S, Y, =S¥, and obviously

with Xy = X, The two measuring points(should be wide apart
in order to get the best resolution in R. With an ep machine
this can be readily achieved by wvarying the momenta of the
colliding beams. In fact, since both electron and proton
momentum are varied, the range of the kinematic variables is
much larger than with a fixed target machine. In fig. 10 we
show as an example two possible measuring points for machine
energies of 20 x270 and 13 x 175 respectively. The error in

R will be mainly determined by the relative normalization

of the luminosities, the statistical error being negligible
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at these small Qz, and provided other systematic effects can
be kept under control. If we assume that the relative norma-
lization is known to within a few procent R may be determined

down to values of about .1.

(1=y)/(1=yey%h) .

T ® 8 y 6 420

. T d?g Xy
Fig. 10 o Fxdy T-y+y
of (1l-y) (1-y+y?/2), for fixed values of
sy should give a straight line, the slope
of which is R. Indicated are the two pos-
sible measuring points with ep momenta of
20x270 GeV and 13x175 GeV respectively.

{77 plotted as a function

B. Exclusive photoproduction processes.

Because of the very high c.m. energies we may expect
only diffractive yp collisions to occur with measurable cross

sections.

In this section we restrict ourselves to elastic processes i.e.
1) YV(QZ) + p+>y+p elastic compton scattering, and

2) YV(QZ) + p-+>V+p elastic vector meson production

In addition we will discuss

3) YV(QZ) + p+X+0p Primakoff production
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In principle these processes are rather clean, the y, V or X
in reactions (1), (2), (3) carry almost all the incident
photon energy, while the recoil proton is almost undisturbed

in the ep system. Thus

~ -1
EY/EV/EX ~ E-E
E' =~ E
P P
=~ yt/E
o5 v//p

However because of the large proton energy, the elastic pro-
cesses may be difficult to separate from interactions where
the proton is diffractively excited. From ISR data we know
that single diffractive excitation i.e. p+p + N*+p occurs
with a comparable cross section as the purely elastic processlz).
The invariant mass of the N* is peaked at low masses
and falls approximately as 1/M2. A similar situation may oc-
cur in ep scattering. The high momentum of the (excited) proton
will make it difficult to distinguish the elastic from the
inelastic diffractive process, unless the proton is detebted
and its momentum and direction are measured.
Since the proton angles are small -~a four- momentum transfer

P
requires proton tagging down to very small angles with respect

t = .1 corresponds with 6_ = 1 mrad if Ep = 270 GeV- this

to the incident proton beam.

min
p

will be of the order of 2 mrad, with the angular resolution

Taking into account the beam divergence (-~ 1/3 mrad) 6

limited by the beam divergence.
A momentum resolution of a few procent would be sufficient

to reduce a possible background from inelastic diffractive
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processes to an acceptable level (fig. 11). The above condi-

tions i.e. emin = 2 mrad; Aep =~ .3; Ap/p = &(1%) might be

P
fulfilled by a tagging detector located far downstream the
intersection point, using bending elements of the proton ring
itself to provide for the necessary bending power. The feasi-
bility of this has to be discussed. A serious problem might
be the background from beam gas interactions, which could be
important because of the large source length and the large
hadronic pp cross section (see CHEEP reports)p.GS).
.Ae:in of 2 mrad would correspond to a thin of .3, .12,
.04 GeV2 for proton momenta 270, 175, 100 GeV respectively.

Therefore, in order to reach small t the machine has to run

at relatively low momentum.

60- ’///4//’ i

S0 .

(Eﬂne.'EP‘/EPinc,
//

02} -
O1fF \‘\“ .
Il ' 'l i 1 1 i

14 15 2.0
Mn'beV] —_—

Fig.ll Lower and Upper limit of the ratio

(E_-E JE for a proton from the
p Pinc pj_nc .
decay N*+pm, as a function of N*inva-

riant mass, the N* is produced in an
inelastic diffractive process of the
type y+p>V+N¥,
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(1) Elastic Compton scattering

Published data on elastic Compton scattering exist for Ey

up to 17 GeV13).

Moreover, the process has been observed for energies
75 GeV < EY < 140 GeV at FNAL14).

From the optical theorem

2
otot
do Y (
= 1 +a)
dt t=o 16T Y
tot .
we may estimate ¢ YD+YP ~ .1 pyb, assuming
- ot°% .+ 100 ub
Y
- ~ 0
o 8t
- dg/dt=~ e

A slope parameter of ~ 8 GeV_2 follows under the assumption

of VMD with p-pole dominance. The slope appears to be rather
independent of energy. Photoproduction of the J/y indicates

a much flatter t-dependence with a slope b = 215)

. According-
ly we may expect the J/y to dominate elastic Compton scatte-
ring at large t resulting in a break in the slope of the dif-
ferential cross section near t = .8. This break should shift
towards smaller t-values when Q2 increases, the p-propagator
falling off much faster than that of the J/y. It would be

interesting to see this effect by measuring the elastic

Compton scattering cross section as a function of t and Q2.

It has been suggested that point-like diagrams may dominate

at large t in Compton scattering, resulting in an almost real

amplitude described by a fixed pole at J=016).
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This point-like behaviour might be demonstrated by comparing
the s-dependence of the elastic cross sectiony+ p + y + p
and Y+ p>V+p for fixed t/s. If a point-like coupling

of the proton is present the counting rules predict a diffe-
rent s-dependence for these two processes resulting in a

rising value for the ratio o Lo S
d vv/ %y

Although the study of elastic Compton scattering at
large t appears to be most interesting, the rates unfortuna-
tely are rather disappointing. With a cross section of .1 ub,

a slope parameter b = 8 GeV-z, and an effective luminosity
LYP = 1030cm_2s_1 the total elastic Compton rate is of the
order of 104 events/day, while for t 2 1 GeV2 only 3 events/

day may be expected. In fig. 12 t is plotted versus the production

angle of the scattered photon for different values of y.

Assuming the incident Yy to be parallel to the incident

electron direction the scattered photonmay only be detected

n

if its angle is larger than 621 . Moreover, if we also

require tagging of the scattered proton in order to discrimi-
nate against inelastic processes, we have t > .3 GeVz. It

may be possible to relax the tagging condition by requiring
only the proton to be measured, but not the electron, getting
the energy information from the single, low momentum, scat-
tered photon. This would increase the rate for t > .3 GeV2

by a factor of 10.
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Fig. 12 t vs Oy for elastic Compton production for
different values of Ey =yEe (Ee =20 GeV;
. Ep=270 GeV). Indicated are a possible lower
limit in the angle for y-detection of
10 mrad and a lower limit on t if proton
tagging is required.

(2) Diffractive production of vector mesons

VMD and the optical model link the photoproduction of vector-

mesons to the total vectormeson-nucleon cross section

%% (YN+VN) = %—— ag (VN-+VN)
49 (\N>VN) AT (140) o2 (VN)
dae Y t=o 6 2 @) Op

Phenomenologically qE(VN) appears to satisfy a universal

scaling function17).

Op(VN) ~ —— F (

7—)
v v
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further _
) ree
-« -X _  and
£ my
ee
rl ~ le
so that
v -
do 1 1 ee s
at (s) t=0~ A az— Fv F(a;;)

with A = 1.7 x 10

Cross sections for vectormeson production are estimated,
assuming that for s/mv2 2 50 the universal scaling £unc-
tion approaches a constant F(s/mzv) ~ 50 (nb GeVz).
Experimental data on the photoproduction of the ¢-meson
actually show an increase of the cross section by about a
factor 2 from EY ~ 20 GeV to EY ~ 200 GeVlo)' SO that the

above value of F(s/mzv) has to be considered as a lower limit.

The rates estimated are given in Table 5 below

Table 5

do tot

= slope Events /da

dt|t=o % (yp+Vp) P (L =103°cm¥25_1)

YP
-2 -

p  ~70ub GeV ~ 9ub ~8 Gev > 9x10°%
W ~ 8 " ~ lub ~8 " 1x105%
6 ~3.5 " ~.5ub ~8 " 5x10%
J/y ~50nb GeV ™~ ~25mb ~2 m 2.5x10°
T ~50pb GeV > ~25pb ~2 " 2.5
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For the J/y, folding in a branching ratio of 7% for the decay
into e+e-/p+p_ we obtain an estimated 150-200 tagged events

a day. The rate for T production, taking into account its
decay into an observable decay channel, will certainly be too
small. The measurement of the cross section for vector meson
production may be related by the additive quark model to the

cross sections for 7p, Kp and Dp interactions.

cpp = Oup = %(on+p + Gn‘p)

fo] @« O + 0 - = 0 _
oP Kp Kp 1p
o] « g +o0 _ =0 _
vP p’p D 1P

It thus will provide information on meson proton total cross
sectionsrup to very high energies. In pa;ticular photopro-
duction of the J/y may demonstrate a possible rise of the

Dp total cross section,

In fig. 13 we show for p, ¢ and J/¢y the lab. angles of the
two decay particles (for ep energies 20 x 270 GeV).

In all cases the vectormeson is produced with P =0. The lines
correspond to different values of cos6, with 0 the Gottfried-
Jackson angle; the points indicate increasing values of y,
starting with y=.1. The energies of the decay products will
always be less than the incident electron energy of 20 GeV.
For the low mass vectormesons (p and even more so the ¢-meson)
the production angles are small. It therefore may experimen-
tally be preferable to go to lower ep momenta. The momenta

of the decay products of the vectormeson will be lower, which
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will improve the momentum resolution and possibly facilitate
the particle identification. Also the recoil proton has a
larger angle for the same t. so that proton tagging does not
impose a too severe cut on the four momentum transfer.

For the J/¢y the angles of the decay particles (e+e_ or
u+u_) are relgtively large. They should be easily measurable
with a good momentum resolution when a central-magnetic

detector is used.

(3) Primakoff production

The cross section for the Primakoff production of a particle

X is given by =t
do _ SHG-P min 2

dt M; Yy tZ lF(t)

The cross section is steeply peaked at low t, in the first
place because of the 1/t dependence and secondly due to the
strongly damping proton form factor (F(t) ~ (1+t/.71)-2).

The only significant contribution to the cross section there-
fore comes from small t. The integrated cross section, setting

F(t) for small t equal to 1 becomes

t
5 = [m* a5 _ 8ma r ‘%n(tmax) _ ]
tmin at Mes oYY tmin
M; m 2
with tmin = _—372_ and tmax I | we obtain the cross sec-

tion and rates estimates given in Table 6 below,.
The effective luminosity is assumed to be 1030 cm—25-1,
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Table 6
FYY(GeV) o (nb) events/day
n° 8x10~° 5 5000
n 3.2x10° 2 2000
n 6x10™" 6.5 6500
ng ~1x10"° ~.025 ~ 25
n ~1x10"" ~.0005 “.5

The partial width of Ne and Ny is expected to be of the order
of a few KeV . We have used 1 KeV to get an estimate of the
order of magnitude of NgMp production. Only, Ne and b
production seem to be of any interest, but will occur with
very low rates. If we take into account the branching ratio

into some observable decay channel -we assume

BR (YY) /BR(Hadrons) = (a/as)22 0(10™%); also branching rates
for typical hadronic decay channels will be of the order of
1%- then the rates even for Ne production are prohibitively
small,

Moreover, since all events are concentrated at t X .1 proton
tagging will not be feasible. Accordingly it will be impossi-
ble to demonstrate the occurrence of Primakoff production

by its characteristic steep t-distribution.

Production of jets and single particles in large p, yp inter-

actions
A very interesting subject in photon physics is the
study of interactions in which the point-like component of

the photon is probed. Generally the interaction of a low Q2
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photon in electron proton scattering is thought to proceed
through its hadronic component, in contrast to large Q2 pho-

tons which are assumed to couple point-like to the partons.

Fig. 14 Parton diagram for production of a quark
pair with invariant mass M by a small Q2
virtual photon off a gluon with momentum
fraction x of the proton

However, parton diagrams as shown in fig. 14 may be valid for
low 02 photons provided M2 is large, thus setting the scale
at which lowest order pertubation theory in QCD is assumed

to be applicable. We take as a lower limit M2 = 10 GeVz.

Neglecting parton masses it follows from fig. 14 that

x = (0% + Mz)/ZMp\)

i.e for small Q2 and large M2 X = M2/2Mpv
In this section we will discuss the lowest order point-like
diagrams shown in fig. 15.

They are associated with the following processes:

a. deep inelastic Compton scatteringls)

b. the QCD analogue of Compton scatteringlg)

c. the QCD analogue of the Bethe Heitler processzo)

d. Drell-Yan di-muon production
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=< _I*

Fig. 15 Parton diagram corresponding to

(a) deep inelastic Compton scattering

(b) the QCD analogue of Compton scattering

(c) the QCD analogue of the Bethe Heitler
process

(d) dilepton production through the Drell-Yan
process.

All reactions are hard scattering processes, in which the
proton transmits all its energy to the final partons. The
relevant kinematic variables are given in fig. 16. At the
large energies of an ep facility two jets of particles will
emerge in the photon fragmentation region as long as 8<<s
(i.e. for small x). This is demonstrated by fig. 17 in which
the angles of the two parton jets in the ep reference frame
are plotted for a fixed ratio R = x/y. x and y are the momen-
tum fraction of the photon and electron carried by respecti-

vely the parton and the photon.
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Fig. 16 Kinematics of the hard scattering process of
a photon with momentum yE; and a parton with
momentum pr.
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Fig. 17 Angles 0; and 03 of the two final state particles
(jets) in the ep lab system for fixed values of
the ratio R=y/x, for a 20x 270 GeV ep collider.
The drawn lines indicate the possible solid angle
covered by a central detector.
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Experimentally these point-like photon interactions will be
selected by looking for collisions in which large momentum
transfers are involved. The condition on M2 will certainly
be satisfied in that case, while competing background proces-
ses will be suppressed.

We first consider reactions (a), (b) and (c). The cross sec-
tions are given by the following expressions, using the

notation of fig. 16 28)

a2 e 5 8-m? a-m?
(a) g Rq(X)—g—g—F(X){ ﬁmz9—+ L +

dadt 8§-m*
q

] o o]

8maag 8-m? 0-m2
d? o _
(b)  Fage —gs— F (x) {- [ﬁ-m% + s_mg-—] +

q
+ 4m:i [s_lta + ﬁ—rtf;] + 4m<"1 [S—Itzq + ﬁ_lta]z}
(e) %%E% = E;:E eq G (x) { Z-m% . 2:2% i -
- 4m? [f—m‘ + ﬁ‘l::lczl ]_ 4m'<01 -t—lté + u_lta ]2}
s
with Req(x) = ;“.(‘J;g_:.:_)r

e

R 9is only slightly dependent on x. Assuming the quark
distribution q (x) of the nucleon to be exclusively determi-
ned by either valence or sea quarks gives the following

e
limits 3/9 € R 9 5 4/9.
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A constant value R = 3/9 has been accordingly used.

Both scaling and scale breaking structure functions have been
used to evaluate the above expressions. We first discuss the
results for scaling structure functions. A suitable parame-

trization for F, (x) which represents well the FNAL muon

scattering data is provided by 28)

0.25(1-x)% + 1.13x¥(1-x)3, X

<
0.25(1-x)¢ + 3.93x (1-x)%, x 2

Fp (x) ={ g

0.
0.
The form of the gluon dustribution functions is uncertain.
We take

G(x) = (1-x) °

Klw

The normalization is such that the gluons carry half of the
momentum of the proton.
The QCD running coupling constant og is approximated by a

constant value g_ = .3. With these assumptions the cross section

s
from processes (a) (fig. 18), (b) and (c) (fig. 19 and 20) have been
calculated both for a 20x 270 and a 100 x 270 ep collider. The results
are shown in figures 18-20. In fig. 18 and 19 p; is plotted

versus py ., for fixed values of the expected daily rates for

events with\a P, larger than the indicated value in an angu=-

lar range A6 = 10°. An effective integrated ep luminosity of
1037em™2 is assumed. The same results are shown in fig. 20

as dN/dp, for lab. angles in the interval 45° < @ < 135°.

Obviously, these results should be considered as rough esti-

mates, they give however some idea about the order of magni-

tude of these processes and allow us to draw the following

general conclusions.
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— —— beep nel. Compton

-~ _-—~QCD Compton
B_[Gev]
10
-

20x270

100x270

Fig. 18 pi,Ppy, plane showing lines of constant daily rates

for inelastic Compton and QCD Compton in an angular
interval A0 =10°, with p, > pindicated; ypper half for a

20 x 270 GeV, the lower half for a 100 x 270 GeVep collider.Rates
are calculated under the assumption of scaling structure functions

—_————— U

20 x 270

Fig. 19 p), pr. plane showing lines of constant daily .ates

for pair production of u, c, b quarks in an aungular
interval A® =10°, with p, > pinrdicated; the upper half for a
20 x 270 GeV, the lower half for a 100 x 270 GeV collider, and
assuming a scaling gluon structure function.
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The rates for hard scattering y-parton processes are
confortably large. They should allow to study in detail
the dependence of jet production on angle,pl and s and
thus establish the existence of the above QCD processes.
The rates for gluon jet production are much smaller
than those for quark jet production. It will therefore
be difficult to establish the existence of gluon jets
in these experiments.

Process (c) is a copious source of quarks with new
flavours. Apart from threshhold effects the rates are
proportional to ezq. We may thus expect large e, u/w
ratios for large P, jet events and might possibly use
these processes for the observation of heavy flavour
states.

Threshhold effects in the production of heavy flavour
are reduced for 100 x 270 ep collisions, thus leading to
considerably larger rates for b-quark jets in the later

case.

The fraction of events for which both jets are contained

within the angular range 30° < @ < 150° of a possible central

detector is found to be larger than 60%. The processes might

therefore be easily detectable, showing up as two jets (or a

jet and a single y) in opposite halves of an azimuthally sym-

metric central detector.Energy and momentum conservation then

allows to check whether there was a 2-»2 collisoh involving

the initial photon. In that way we may hope to distinguish

the lowest order processes from higher order diagrams as for

instance the one shown in fig. 21, which have a spectator jet
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Fig., 20 Daily rates as a function of p, for pair production
of u, ¢, b %uarks integrated over the angular
interval 45% < 0 <135°, A scaling structure function
is used.
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Fig. 21 One of the possible higher order diagrams
contributing to large p, jets in yp interactions.

along the photon direction. The dg/dp_L distributions shown in
fig. 20 gives the p_i dependence expected from dimensional
counting. The exact P, behaviour, however, will be more com-
plicated due to scale breaking and possible smearing effects
of the proton21). The effect of the intrinsic transverse mo-

mentum of the parton should be small at the large P, where

these processes are studied.

The effect of scale violating structure function is shown
in fig. 22. The Buras-Gaemers parametrization for the scale

g 22

breaking effects is use . As expected it leads to anincrease

of the slope of the P, distribution.

- 8ingle photon and #° production

The feasibility to distinguish the single photon of deep ine-
lastic Compton scattering from QCD Compton and Bethe Heitler
processes depends on the rate and the energyof 7° and y fragmentation
products in the jets produced in the latter two processes.

A 10 GeV 1% has a 2y opening angle of about 30 mrad. 1In a

central detector with a 1 meter radius these two photons are
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production of u, c, b quarks integrated over
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only 3 cm apart and therefore require a corresponding two
photon resolution of the e.m, shower detector in order to
distinguish the 7° from a single y. It might be that for large
P, the single photon and the opposite quark jet are well
separated, thus allowing the identification of the inelastic
Compton process. In that case the problem of distinguishing the
inelastic Compton process will be overestimated.

n% rates are estimated using both scaling and scale breaking
fragmentation functions for quark and gluon jets.

As scaling fragmentation functions we used

D"o/q(z) = % (1-2)/z

D o/q(2) = ¥(1-2)%z
'&[Gev]
—— — nu®scal
120° 10 )14 5°CCI ng

Qcale violating

20 x270

10
10 100 x 270

Fig. 23 p;, Py Plane showing lines of constant daily
rates for large p; wn° production from QCD yg
processes, with p, > pindicated and 9 =10°.

The drawn lines correspond to scale violating
structure and fragmentation functions. The dashed
lines to the scaling functions.
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0

The resulting 7° rates are shown in figure 23. We also plot in

fig. 24 the ratio of y's produced in the inelastic Compton

0

process relative to this 71" rate to have some idea of the

difficulties in identifying the inelastic Compton process.
The scale breaking fragmentation functions are given by
— _\B
Dn/q(z) = XA (1-z)", with

4c

e'ch(-log z) 7; C= .16s; B = 1/(1+2C)

A=

s = 1n{ln(p;2/A%)/1n(1.8/A2)}; A = .5
They lead to a softer n°spectrum and therefore to a larger

y/7? ratio. The results are shown in fig. 24.

—— — ¥/n® no scale viol.

______ ¥/n°  scale viol.

20x270

100x7™°

Fig. 24 The ratio of y's produced by inelastic Compton
scattering over 7°%'s produced in QCD YP pProcesses.
The dashed lines correspond to scaling structure
and fragmentation function. The dotted lines to
scale violating.
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-Production of new flavours (from process (C)).

Far above threshhold the rates for heavy quark pair production
are comparable to those for light quarks as demonstrated by
figures 19 and 20. Accordingly we may expect the ratio e, u/w
to be much larger than the value 10—4 found in purely hadronic
collisions due to the semi-leptonic decays of c, b, .... quarks.
Fig. 25 gives the y/m ratio as a function of p,. The observa-
tion 6f such a large lepton rate should be striking evidence
for the occurrence of the QCD Bethe Heitler process.

Double lepton events will also be relatively abundant and may

indicate the production of quarks heavier than the c-quark.

A A A L

0 2 4 6 8 1012 14
P, [Gev]—=

Fig. 25 Ratio of u/m in QCD jets as a function of Py .

Scale violating structure and fragmentation functions
are used.

In particular the cross section for charm production could be
quite large. It might even be possible to distinguish between
various assumptions of the gluon structure G(x). This is shown
in fig. 26. For scaling structure functions the charm photon-
production cross section approaches an asymptotic value, the
height of which depends on the shape of the gluon structure

function. If a scale violating G(x) is assumed such a plateau
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is not reached. The size of the cross section however varies
considerably depending on which prescriptions for the scale
violation are used. For the low energy behaviour two different

assumptions are made and indicated in the figure.

CHARM PHOTOPRODUCTION
ub CROSS SECTION
£(lz | -
: o P «se«s Monte Carlo N =5

. Monte Carlo N = 10

A I ~-— Monte Carlo Scaling effects
i‘ / -==-- VMD Fritzsch and Streng
' / ~+= QCD all the way
' / Novikov et al,
i I L N=10
3. ----/ s=co

P
e
Py

!.
l N . Ins

. Ey
to% 506
-

Ep=270 GeV

Fig. 26 Total cross section for charm production as a
function of Ey for different assumptions of the
gluon structure function.
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i From VMD and the optical theorem the total cross section
for charm is linked to the photoproduction of the J/y 20)
the cross section of which can be approximated by

(s—sth/s)z, thus: -
o{yN+ccx) = (s=s,,)/s o(s=x)

with s = 21.7 GeV2

th and 0 (s=») assumed to be given by

QCD.

ii Pure QCD behaviour is assumed all the way down to thresh-
hold23), this might be correct, since it is mass of the
heavy charmed quark that sets the séale of the process.

Recent results from the WA4 experiment at CERN indicate a charm photo-

production cross section of the order of 1 pb and thus favour

the first assumption.

The feasibility to observe heavy flavour states depends apart
from the kinematics of the photoproduction process in the ep

collider (fig.19) on the behaviour of the fragmentation function
for heavy quarks.

24) 25)

Theoretical models and experimental data indicate that

a flat distribution D(z) = constant, is acceptable. For
charmed events such a fragmentation function has been used to
calculate the longitudinal momentum distribution of D's frag-
menting from the two charmed quarks in the process. The
results are shown in fig. 27. We conclude that the observation
of heavy flavour states requires a detector which is able to
detect and measure very low momentum particles over a large

solid angle. To select events, tagging of the promt lepton

should of course be considered.
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Fig. 27 Longitudinal momentum of (a) the fastest and
(b) the slowest D meson produced from a pair
of c-quarks.

For the detection of heavy flavour states the merits
of a high intensity photon beam (like BEG), compared with
those of an ep collider as photon source can be summarized in

the following points:
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i the BEG intensity is a factor 10 higher

ii however, EY(BEG) << Ey (ep) and therefore a factor 3-4
may be gained because of the higher cross section

iii the kinematics of the ep machine is more favourable. The
particles have low momenta, so that a better mass resolu-
tion can be obtained.

iv in the ep case there is a better,separation between the
proton and the photon fragmentation regions.

v the electromagnetic background for the ep machine might
be a less serious problem.

We conclude that apart from a marginally smaller event rate

an ep collider would be a better tool for studying heavy

flavour production than a high intensity fixed target photon

beam.

So far we have only considered the lowest order diagrams,
shown in fig. 15. Apart from these there may be large p, con-
tributions from CIM processeszg).Also higher order diagrams
like the one shown in fig. 21 may be non-negligible. Calcu-
latipns have been done to estimate the CIM cross section for

n® production in ep + 1% + x. The relevant graph is shown in

fig. 28.

Fig. 28 CIM graph for m° production in yp interactions.
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The P, and the x, dependence of the CIM cross section is

given by
do . A(l-x,)°
1
dpldcose Py

which should be compared with the cross section for the QCD

processes which behave as

ds _ a'(-x)F®,/M)
dp dcoso pN7Pl/A)

If scale violation is taken into account N(pl/A) = 5 (instead
of about 3 for scaling), while F(pl/A) may be as much as 6.
Consequently CIM and QCD would not easily be distinguishable
in that case. However, the position of CIM with respect to
scale violations is in general not very clear. The above
conclusion should therefore be considered as an extreme
possibility. The QCD jet cross section however will always

be less steep than the CIM jet cross section, since no
fragmentation function has to be included in this case, while
for CIM there was no fragmentation anyway.

Calculations of higher order diagram contributions to large P,
photons have recently been done for a fixed target experiment
with E_ = 150 Gev®®).

The conclusion of the authors was that the background from
such processes was not serious. These calculations have recently

been repeated for the ep case 26).

~-Dimuon production (process (d)}.

Contributions to the dimuon continuum come from Drell-Yan and
Bethe Heitler processes (fig. 29). The calculation of the
Drell-Yan cross section requires the photon structure function

as input. The measurement of the Drell-Yan cross section would
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u

Fig. 29 Drell-Yan and Bethe Heitler diagrams for dilepton
production in yp interactions.

therefore allow an experimental determination of this struc-

ture function and accordingly would check theoretical calcu-

lations which have been done in the context of QCD27).

VS« 50

iM% s0Gev?

Fig. 30 Cross section estimates for Drell-Yan and
Bethe Heitler dimuon production in yp interactions
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Both the Drell-Yan and the large M2 QCD contribution to the

2 .
dimuon continuum have been calculated 8). The result is shown

2
in fig. 30 for s=2500 GeV> and M’, _ = 50 GeV".

Wy 5 9
With an effective yp luminosity of 1030cm , AM=10 GeV" ,Ax=.1,

we should have about .001 event/day, thus negligibly small,

Conclusions

In this report the possible use of electron-proton colliders
has been discussed as source of small Q2 photons.

Two configurations have been considered; a 20 x 270 GeV
machine proposed at DESY and a 100 x 270 GeV machine suggested
as an extension to LEP. It was shown that these colliders,

in particular the 20 x 270 GeV option, will provide small Q2
photons with energies (v) about two orders of magnitude larger
than are presently avaible, while the luminosities are com-
parable to photon beams from fixed target machines.

The use of a 100 x 270 GeV ep machine for photon physics,
however, requires electron tagging at very low angles (of the
order of 1 mrad), the feasibility of which has still to be
demonstrated.

The energy unbalance of the ep system makes these machines
extremely well suited for studying the photon fragmentation
region. Several possible experiments are discussed, in which
the emphasis is either on the hadronic properties of the
photon,or on its point like behaviour.

In the first category fall the measurement of the total cross
section and the study of some exclusive reactions like Compton
scattering, the diffractive production of vectormesons ard

Primakoff production.
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The total cross section measurement should be a rather straight
forward experiment and is certainly one of the first experiments
to be done. For the exclusive reactions it might be necessary

to tag the final state proton.

Even in that case the study of Primakoff production processes,
however, seems to be impossible.

The study of the point-like component of the photon is one of
the most interesting and promising subjects. By measuring
large P, processes hard scattering processes of photons and
partons may be studied, like deep inelastic Compton and the
QCD analogues of Compton and Bethe Heitler processes. The
event rates are confortably large, the possible background

of second order and CIM diagrams , however, may complicate
the interpretation. The equivalent of the Drell-Yan diagram
in photon interactions gives rise to a negligibly small cross

section.



367

REFERENCES

1. E. Dasskowski, D. Kohaupt, K. Steffen, DESY PET-
2. LEP Study Group, CERN/ISR-LEP/78-17
3. Proc. Internat. Symposium on Electron and Photon Interactions
at High Energies, Cornell, 1971
Proc. Internat. Symposium on Electron and Photon Interactions
at High Energies, Bonn, 1973
Proc. Internat. Symposium on Lepton and Photon Interactions
at High Energies, Stanford, 1975
Proc. Internat. Symposium on Lepton and Photon Interactiéns
at High Energies, Hamburg, 1977
T.H. Bauer, R.D. Spital, D.R. Yennie, and F.M. Pipkin,
Revs of Mod. Phys. 50 (1978) 261
4, C.H, Llewelyn Smith and B.H. Wiik, DESY 77/38 (1977)
5. CHEEP, An e-p facility in the SPS, CERN 78-02
6. D.O, Caldwell, J.P. Cumalat, A.M. Eisner, A.Lu, R.J. Morrison,
F.v. Murphy, S.J. Yellin, P.J. Davis, R.M. Egloff,
M.E.B. Franklin, J.D. Prentice and T. Nash,
Phys. Rev. Lett. 40 (1978) 1222
7. F. Close, D.M. Scotland and D. Sivers, Nucl. Phys. B117(1976)134
8. E. Gotsman, D. Siverman, and A. Soni, UC Irvine Techn. Report 79-1
9. R.E. Taylor, in Proceedings of the Internat. Symposium on
Lepton and Photon Interactions at High Energies, Stanford, 1975
10.E. Gabathuler, in Proceedings of the 19th Int. Conference
on High Energy Physics, Tokyo, 1978
11.H.L. Anderson, V.K. Bharadwaj, N.E. Booth, R.M. Fine,

W.R. Francis, B.A. Gordon, R.H. Heisterberg, R.G. Hicks,



12,

13.

14,
15.

368

T.B.W. Kirk, G.I. Kirkbride, W.A. Loomis, H.S. Matis,

L.W. Mo, L.C. Myrianthopoulos, F.N. Pipkin, S.H. Pordes

T.W. Quirk, W.D. Shambroom, A. Skuja, L.J. Verhey, W.S.C; Williams,
R. Wilson, and S.C. Wright, Phys. Rev. Lett. 37 (1976) 4

M.G. Albrow, A. Bagchus, D.P. Barber, P. Benz, A. Bogaerts,

B. Bosnjakovi&, J.R. Brooks, C.Y. Chang, A.B. Clegg,F.C. Erné&,
C.N.P. Gee, P. Kooyman, D.H. Locke, F.K. Loebinger,

N.A. McGubbin, P.G. Murphy, D. Radojici&, A. Rudge, J.C. Sens,
A.L. Sessoms, J. Singh, D. Stork and J. Timmer

Nucl. Phys. B108 (1976) 1

G. Buschhorn, L. Criegee, G. Franke, P. Heide, R. Kotthaus,

G. Poelz, U. Timm, G. Vogel, K. Wegener, H. Werner, and

W. Zimmermann, Phys. Lett. 37B (1971) 207

R.L. Anderson, D. Gustavson, J. Johnson, I. Overman, D. Ritson,
B.H, Wiik, R. Talman, J.K. Walker, and D. Worcester,

Phys. Rev. Lett. 25 (1970) 1218

A.M,. Bovyarski, D.H. Cowafd, S.Ecklund, B. Richter, D. Sherden,
R.H. Siemann and C. Sinclair, Phys. Rev. Lett. 26 (1971) 1600
and 30 (1973) 1098

L. Crieqee, G. Franke, A. Giese, Th. Kahl, G. Poelz, U. Timm,
H. Werner, and W. Zimmermann, Nucl. Phys. B121 (1977) 31

C. Heusch, UCSC 78-077

T. Nash, A. Belousov, B. Govorkov, D.0O. Caldwell, J.P. Cumulat,
A.M. Eisner, R.J. Morrison, F.Vv. Murphy, S.J. Yellin, P.J. Davis,
R.M. Egloff, G. Luste, and J.D. Prentice, Phys. Rev. Lett.

36 (1976) 1233

16. S.J. Brodsky, F.E. Close and J.E. Gunion, Phys. Rev. D6 (1972) 177



369

17. M. Greco, Phys. Lett. 77B (1978) 84
18. J.D. Bjorken and E.A. Paschos, Phys. Rev. 185 (1969) 1975
19, H. Fritzsch and P. Minkowski, CERN TH 2320
20. H. Fritzsch and K.H. Streng, Phys. Lett. 78B (1978) 447
21. R.D. Field in Proc. of the 19th Int. Confernece on
High Energy Physics, Tokyo, 1978
22. A.J. Buras and K.J. Gaemers, Nucl. Phys. B132 (1978) 249
23. V.A, Novikov, L.B. Okun, M.A. Shifman, A.I. Vainshtein,
M.B. Voloskin, V.I. Zakharaov, Phys. Reports 41C, no 1, May 1978
24, P. Lichard and J. Pisut. CERN TH 2608
M. Suzuki, CERN TH 2369
25. R. Odorico and V. Roberto, Nucl. Phys. B136 (1978) 333
26. Tu Tung-Sheng and Wu Chi Min CERN TH 2646 and CERN TH
27. E. Witten, Nucl Phys. B120 (1977) 189
C.H. Llewelyn Smith, Phys. Lett. 79B (1978) 83
28. A. Donnachie , Private Communication

29, J.F. Gunion, S.J. Brodsky, and R. Blankenbeckler,

Phys. Rev. D8 (1973) 287.



370

CONVENOR'S REMARKS

M, Greco
INFN - Laboratori Nazionali di Frascati (Italy).

1. Informations on the working group.

The report on "Smnall q2

physics and photoproduction”, presented by
W. Hoogland, is based on the work of a study group, in which the fol-
lowing people were involved: F. Close (Rutherford), K. Daum (CERN),
B. Diddens (NIKHEF'), A, Donnachie (Manchester), J. Gallivan (CERN),
M. Greco (Frascati), W, Hoogland (NIKHEF), R. Horgan (CERN), W,
Ochs (Max Planck), G. Parisi (Frascati), G. Penso (Rome), P. Pistilli
(Rome), F.Richard (Orsay), P. Roudau (Orsay) and P, Weilhammer

(CERN),

2. Discussion session,

In the following a taperecording of the discussion is presented. Only

minor modifications have been made.

Clegg (Univ. of Lancester)

I want to make one brief correction to your statement that the CERN
experiment WA4 has seen 3-4 ub of charm production. That is not
true. At the Tokyo Conference upper limits for D production of 0.5
to 1 ub were reported and they have not heen changed. The work is

continuing.

Ting (DESY, MIT)

You gave a very nice review on photoproduction of vector mesons. As
you know photoproduction of vector mesons has been measured above

3 GeV at Daresbury and DESY and up to 20 GeV at SLAC. In this whole
energy range no significant change has been observed in the features of
vector meson production. Similarly from the SPS and Fermilab there
are no concrete changes on photoproduction of vector mesons up to now.

You mentioned that you gain a factor of 3 in energy with this ep machine.
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But you would expect changes to go like log s, and log s is very small.
That is my remark. I do have a question. Did you study vector mesons

with masses between 1 and 2 GeV ?

Hoo gland

Concerning your remark that ep machine does not extend the energy
range very far: you always go as far as you can go. Concerning your
second point : the study group did some estimates on vector meson pro

duction between 1 and 2 GeV.,

Ting_

Unfortunately the region between 1 and 2 GeV has not been covered yet
by experiments. There is a plan at ADONE to do this.

My last point: You mentioned to study single photons from ep collisions,
That must be very difficult. At the ISR there is a big effort to study sin
gle photons and as far as I know it has not been settled yet. With an ep
machine it will be much more difficult because in electron machines you

always have a lot of photons around.

Hoogland
I agree, it will be difficult,

Amaldi (CERN)
One of your figures showed that production of ¢€ depends on the gluon
distribution g(x). Could you tell us how sensitive the predicted cross

section depends on g(x) ?

Hoogland

The production rate is rather sensitive. A parton with a very small x
is colliding with the virtual photon. The gluon distribution g(x) strongly
affects the cross section. If you can cleanly separate the process of
interest, its rate should provide a rather sensitive test of the gluon

structure function.

Montgomery (CERN)
Recently at an SPSC meeting at CERN there was a report from the EMC

experiment,

2

It gave preliminary indication that the q“ dependence of J/¥ production
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2

behaves like vector meson dominance but with a q“ dependence defined

by a mass scale of 9 GeV2, In your talk you define your transition re-

2 of 0 and 4 GeV2, This may be too pessimistic. You

gion between q
should redefine the transition region as a function of », and at the ener
gies we are talking about this transition region may extend to high q2 of
the order of 10 or 20 GeV2, There is a long held idea that the various
flavour productions may be enhanced by the mass scale that is control

ling the q2

dependence. So, if you move away from g° = 0 your signal
to noise ratio for the various flavour productions may in fact be en-

hanced.

Weilhammer (CERN)

I want to make a remark on Prof. Ting's comment on the high py single
photon measurement. I do not think the background situation on an ep
machine is much different from a proton machine. The basic backgrounds
are from n° and 7, and there should not be quite a difference., Yet, it

may be more difficult to measure low pq.

Greco (Frascati)

Let me comment Prof. Ting's remark on heavy vector mesons in the
range between 1 and 2 GeV. We did some estimates. If you take a lep-
tonic width of 1/10 or 1/20 of those-of ¢, w, and @, as suggested by
experiments, you can easily calculate the total cross section, using the
simple scaling formula discussed by Hoogland. But if you want to mea-
sure the vector mesons via electromagnetic decays, they will be hard

to see because their leptonic branching ratios will be very very small,

3. Comments and conclusions.

2 physics

I present here my personal comments on the session "Small q
and photoproduction”, which in light of the limited discussion following
Hoogland's talk, can also be considered as general conclusions for this
session.

It's certainly clear that the interest for this kind of physics cannot be

taken as the primary justification for an e-p machine. However, in a

general presentation of the physics arguments in favour of such a pro-
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ject, it is important to stress some adjoining physics problems in the

realm of small qz'

s, which can be uniquely studied with this facility.
As emphasized by the various rapporteurs, the kinematical range of
e-p collisions covered in both the options under study allows for photon
energies (v) of tens of TeV, with luminosities comparable to those
obtained in ordinary fixed target experiments. In the realm of the small

2 physics this corresponds to extend our investigation onthe interaction

q
of a real photon for more than two orders of magnitude.

The measurement of the real photon total cross section ¢ p('u) is clear

ly the most important experiment in this framework. Wh;‘reas the ha-
dron-like behaviour of the photon has been longtime evidentiated, in-
cluding the recently observed increase of oyp of a few ub at present
energies, its pointlike component should reveal itself at very large v,
contributing to the expected rise of a},p(v). In addition, the non applica

bility of the Froissart bound to o and a relativity large fraction of

new quark flavours expected in thg I:‘inal state, make the measurement
of 0,p One of the most promising musts for any ep facility. As discus
sed in detail in Hoogland's report, the very high counting rate (various
thousand of events/day) is however balanced by a quite good resolution
which is needed to perform an accurate extrapolation of data to q2 =0.
The detailed study of a real photon fragmentation region can be almost
uniquely performed with an e-p facility, the target fragmentation region
being completely separated out in the laboratory, unlike any fixed tar-
get machine. This allows to investigate the pointlike behaviour of a
photon by looking at jets or single particles produced at large trans-
verse momenta, The information obtainable from these deep inelastic
photon reactions, which are complementary to those normally provided
by large Q2 processes, are of great importance for our understanding
of strong interactions. In particular they will be used to test various
predictions of QCD, specifically made for processes involving real
photons, and which are hardly testable otherwise,

Finally, an interesting problem which could be easily investigated in
the small q2 region concerns the question of the continuation of o(qz)

from the deep inelastic region to q2 = 0. Any simple connection bet-



374

ween these two regions, as given for example in GVMD, could be par
ticularly interesting at very high energies for the possible presence of

a pointlike component in a real photon interaction, as mentioned above.
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Report from the Study Group* on

DETECTORS FOR CHARGED CURRENT EVENTS

R. TURLAY

* The members of this study group are :

U. AMALDI, T. BARONCELLI, PH. BLOCH, A. BLONDEL, D. CRENNELL, F. DYDAK, F., EISELE,
C. GEWENIGER, V. HEPP, F. JACQUET, G. JARLSKOG, B. JEAN-MARIE, G. KALMUS,

K.H. MESS, H. PAAR, E, RADERMACHER, P, STEFFEN, J. RANDER, R. TURLAY, K. TITTEL,

T.G. WALKER,

I - INTRODUCTION

A general study of an e-p facility for the SPS has already been presented
(ref. the CHEEP* Report). It is in this earlier report that one can find the
best summary available on e-p physics and on an e-p machine facility. That report
was strongly influenced by the possibilities offered by the 400 GeV proton ring
of the present SPS. In December 1978 the ECFA and DESY organised working groups
to continue the "Study of an e-p facility for Europe" along lines somewhat
independent of the CHEEP study. Among the different proposed working groups an
arbitrary choice separated the study of neutral current from charged current.
In this report we shall present the results of the chaxged current group's
effort, although as we shall see, it is not clear that the apparatus needed for
the detection of either of these interactions is very different. We have

concentrated our study on the detection of charged current events, i.e. events

* CHEEP Report - CERN 78-02 - Intersection storage rings division - 27.2.78

GENEVA,
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characterised by the following graph :

w*~ (exchange of charged

intermediate boson)

hadrons

+
where the exchange of a W in this processes is the same as +the one in the
neutrino physics in fixed target interaction (v + p — e~ + ... or v+ p—*e+ + ..).
Thus this physics can be seen as the continuation of the present neutrino physics

programs (SPS or FNAL) but at a value of q2

tremendously larger. One should
keep in mind, however, that with an e-p machine we are dealing with vg or 3;
and that all the main knowledge of the neutiino physics up to now is obtained
with °ﬂ

of such events appears due to the evanescent neutrino, it was the purpose of the

- but then if universality holds... At a glance the detection difficulty

working group to understand and verify that the detection of such events is
possible and furthermore that the physics of this interaction can be worked out.
We have emphasized this goal much more than the details of construction of a
detector. Concerning the detector we have imagined a reasonable device feasible
with present technology and have kept in mind that within 5 or 6 years further
technical development could be used to improve such a detector,

All the present calculations were performed assuming an e=p machine
with electron energy of 20 GeV and proton energy of 270 GeV, a luminosity of
1032 c:m"2 sec'1 and no spatial limitations in the experimental area. It is
obvious that detailed characteristiés of the machine and experimental area are
needed to continue this work, but discussions of this type were not possible
from lack of time. We arekperfectly aware that serious problems might be posed
by a realistic study of machine construction details but we feel that none of
the essential aspects of the proposed experimental apparatus will be drastically

changed.
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IT - PHYSICS MOTIVATION

The physics interests for an e-p machine have been previously discussed

in general (B.H. WICK, J. ELLIS, CHEEP report).

those aspects specific to charged currents.

A) STRUCTURE OF WEAK CHARGED CURRENT INTERACTION.

- The deviation from the four-fermion interaction is expected to be mainly

due to the W propagator for q2 > 1000 GeVZ, assuming the mass of the W is~76 GeV.

This demping effect Py = m2w / (m2w + q2) is shown in Fig. 1.

!'3 LJ LA T 1 L) T
Xa01 —r— N
8 - x=03 '=T~ =~ ~ . -
- - Rk 3
~<_ N\ N\

2 - X=QS8 \\ .
.‘ por L
3 1
[ ]
08 |- X=Q7 -J
m - -

SOLID CURVESs M, = ~q |
o DASHED CURVES: M, * 785 Gev M N
E {9=21600 Gev? 120x270 Qev}} N 3
008 —  memamicat LTy 02 (x)= ox \ 3

\
\
\
\\
i
m‘ ' 8 A A A 2 2a2) A1 Aot A LAised A4 it a2 2aasd F - | b b 2 2214
10 30 100 200 1000 3000 10000 ™ o faev?)
FIG. 1 - BURAS-GAEMERS PREDICTIONSI' FOR xF3(x,0?)

Such an effect, which can reach an order of magnitude, in the q

will allow a determination of the mass of the W or at least a limit on this mass,

USING CDHS[Z‘| DATA FOR EXTRAPOLATION OF THE FIT.

2

if it is larger than that expected by the Weinberg-Salam model.

We would like to review here

range available



380

- More specific to the form of the charged current is the test on the
pure V=A component of the space-time structure of weak interaction. The search
for reaction
eR +u — vg +d
e+L +d — ;E + u
which require V+A coupling will be of great interest. The difficulty of such
an experiment is clear : one expects to find a small or zero effect within a
large background. One such background source is the inefficiency of electron

detection for neutral current events.

B) STRUCTURE OF NUCLEON AND FRAGMENTATION FUNCTIONS.

It is precisely on this topic that an e-~p machine is far superior to
ete™ or p-p machine. It offers a point like probe which accesses a very
intafsﬁmg(qz,x) region and can thus extend the study of nucleon structure
functions.,

- The sea region at low x, and q2 as large as 100 GeVZ.

~ The large q2 region for QCD tests (especially in the region before

the propagator effect becomestoo large).

Structure functions.

Assuming that we can detect events and measure q2, v (or x, y) (it is a
large part of this report to demonstrate thet) we should notice that the study
of the structure function is not completely the same as for the neutrino interac-

tions on isoscalar target. In e-p interaction one has two types of processes :
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where one measures separately u(x) and d(x). A priori these distribu-
tions are not equal and one should write the differential cross sections

dependent upon 6 structure functions,

2
d -
—9 (" pla (1-y) Fy(x,9%) + y° x Frix,q%) + (y - f)x F3(x,q%)
dxdy 2
d’q + ' 2 2 ! 2 y°2 1 2
——— (e p) @ (1-y) Falx,q) + ¥y~ x Fe(x,q%) = (y = Z)x F3(x,q%)
dxdy 2

The main difference between a proton and an isoscalar target is clear :
the sum of the two differential cross sectioms does not give x Fa(x,qz). Solving
these equations and measuring the F; and F; requires that one runs at least

o

Q This can best be illustrated if we

3 different energies for e™p and e+p.

consider an x,q2 point (for either

e~p or e’p), it corresponds to a
specific value of v(or y), however the
same point for different energies of
electron and proton (i.e. different

values of vpax) will correspond to

" different values of y +thus yielding
x,q2 "”’
' 9 a set of solvable equations. Since the
' energy of the electron and the proton
H >U .
Y " cannot change independently (Refer
y Umax Vmax Ymax
y! DESY report 78.02) one can propose
y"

respectively 17.5/280, 11/176, 6.3/100 GeV
which would give a good lever arm for v and an order of magnitude larger for q2
than we can expect to obtain for neutrinos at FNAL with the doubler. (These
different running energies should be optimized after discussion with machine

design group). Isoscalar target physics, however could be done if we accelerate

deuterons (with an expected luminosity loss of a factor of 4). The development
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of this possibility will allow tests of charge symmetry Fi+(e+n) = F; (e"p).

Fragmentation function.

The final hadronic state is kinematically more visible in e-p machine
than in fixed target physics where both the target and current fragments are
mixed together. If the identification of particles is possible, one can study

the current jet and test the factorisation hypothesis at large q2

—d0 2y 2 2y oMo 2y wi
axdZ ) = q(x,q%) Dq(z,q ). With the charged current

we have the unique feature of knowing the flavor of the current quark, and thus

over a large
W range : aFix,z,q
we should have the possibility of separating the fragmentation functions coming

LA L Y
from the valence and the sea together (Du = DE = Dd = DU ) from those of the

o at _at i
sea only (Du = Da =D, =D_ ) which means a possible separation of non singlet
g

and singlet contributions in fragmentation functions.

C) SEARCH FOR NEW QUARK OR LEPTONS.

The available total energy W ~ 130 GeV is surely large enough to be
interesting for the search for new heavy objects and the charged current has the
advantage of producing single flavors of the presumed new quark rather than
quark - antiquark pairs as in ete™., The production of possibly new neutral
leptons would also have a very good signature. Nothing new needs to be added
here to the CHEEP report on this type of speculation. However, we will come

back to this subject for the muon detection chapter.
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ITT - KINEMATICS

The detailed kinematics of the e-p interaction is presented on page 68
of the CHEEP Report. We do not want to repeat here all of this material, but
we would rather like to stress some of the main characteristics of the kinematics
which help to clarify the detection problems for the charged current events.

We define the variables of the following Feymann graph :

=
v

W (qz,u)

Ec energy of the electron
Ep energy of the proton

EL energy of the lepton

8 (total energy)2 s = 4 Eg Ep + mg
2 four momentum of the current Q2 = —q2 =4 Eg £ sin2 %;
W effective mass of the final hadronic system w2 =2 mp U+ mg - QZ
o = P Bp gz, Ep (Eg = E )| ——
Mp 2 Eg Mp
Vmax = 2 Eg Ep / mp

Scaling variables :
02 —

X = =
2 mp v y Umax .

A 20 GeV electron and 270 GeV proton machine gives the following parameters :

s = 21601 GeV? Q2 max = 21600 GevZ/c?

Wmax = 147 GeV v max = 10800 GeV
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Although the very large q2

values at large x do not represent much of
the cross-section, this machine allows one to work with reasonable event numberg,
with x ~ 0.2, for instance, around a q° value of ~ 2000 GeV2/c, This is a
tremendous step forward., Figure 2 shows in the x, y plane the two variables
q2 and W,
Q* w
1.0 10

So?
o »*- - a2 .
° y 10 ° 1"
FIG. 2 ¢+ Q° and W curves for Eg = 20 GeV, Ep = 270 GeV.

Lepton kinematics

In order to calculate the out going neutrino kinematics one needs only
momentum and energy conservation. Although the neutrinoc is not detected it is
interesting to calculate its angle and energy. The kinematics are the same as

for the electron in the neutral current case and thus we need to know the lepton

direction to test if an electron is detected or not.

Hadron kRinematics

The calculation of W and v for hadrons is straight forward, but if we went
to know more details about the hadrons! directiong, and momenta we need a model,

The most commonly used is the quark-parton model,
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"current jet"

q + xPp

"proton jet"

(1 = x)7p

With this model the kinematics only give the angle of the current jet

Oj and assume that the angle of the proton jet is equal to zero. Thus the

proton jet follows the direction of the incident proton.

This gives us a kind
of "3 particle" direction system which shows a priori that in principle the

detection of charged current events should not be too difficult.

oL
€ ‘t‘\.
proton jet J()jet

current jet
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The angles and momenta for each part of this reaction are shown in

figure 3 :

- | JR e - 0!‘ Coveten
— N
»e sawve
x K | ssovams ve 2 2ame
]
F )
.
. = °
° y » ) y »
'v-‘ 0.,,0
7y w
-
L \ I8 |
I S
. 4
. y »

Past Courvenr’)

FIG. 3 : Angle and momentum of the lepton, the hadron jet, and the

proton jet (Eg = 20 Gev, Ep = 270 GeV).
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How to dress the quark

The average direction of the hadron jet is not sufficient if we want to
understand in more detail how to detect the hadrons emitted. For this purpose
one needs to know how to generate hadrons in a Monte~Carlo simulation, We had
at our disposal three Monte-Carlos which were based upon the quark parton model

and generated hadrons in the jet,

2 _ 0.75<n> xf

p2) = g~%PL proposed

= The inclusive hadron diatributian fxp,
in the CHEEP Report (p.71).

-~ A program built in this working group "& la Susskind" [3]

- A program constructed by AJ..GRANT[Al using neutrino data for xp. This
program has been used by many people from all the working groups and all
details are given in GRANT's article in these proceedings,

However the final "dressing", the overall angles Oj and OF,stay the
same, only the population density of hadrons will change according to the
different recipes. These angles OJ- or Op can be changed however by physical
processes beyond the simple quark parton picture as for example gluon radiation
in any process which will give additional Py to the proton jet or to the hadron
jet. Reciprocally, if we want to learn more about these jets then we will need
to detect and identify all of the particles in order to test the simple kinema=-

tics involved in the quark parton model.
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IV - RATES

We have not calculated new rates, but rather have relied upon the

calculated rates of the CHEEP Report for Eg = 25 and Ep = 270 GeV.

a? (Gev)?
r : 0% (Gev!) 2 07
807
eep=een 008
25 GeV ¢ on 270 GeV p 0009 10
2uw'f  Events /day oLep = VX Py =60 eV
one mm exchonge, 2001t 25GeVe on 70GeNp 1
scaling ooss Vions Events/day
C -2 -4 {008 port like
Le 0%’ sec 00 /1 02 22
Le0 ¥ em ™ aec "/ n
1]
to2) /
ool 04 03) / l‘
e ! 14— P, «20GeV
“ |
. ({:}}] ;
"0 08 0 ’
26 ¢
| P, «0GeV
101} I
60 (08) L
77
{0%3)
0%%) | W& / 7
e /
o] 2N 3 3 "73
o ne? 816 2% -
0000 15000 v(GeV) 15.000 v{GeV)

FIG. 4 : Calculated rates for charged and neutral currents from the
CHEEP Report (p. 104 and p. 101).

The number of events are in bins of dx dy = 0.04, For the charged

current one assumes scaling and a point=like coupling. For the neutral

current the rates are evaluated for one photon exchange assuming scaling.

For a luminosity of 1032 ¢n—2 sec™! one sees that we can expect ~ 1000 events a

day. We know that the propagator effect with a mass My of 63 GeV could

decrease this rate by an order of magnitude. It is interesting to 1:ive the

large number of neutral current events produced at low q2 (207014 in the smallest
q2 bin). This implies that very good electron identification is necessary to
avoid contamination of the charged current event sample by misidentified electrons

from neutral current events.
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Proton beam

This is the source of background which can be the most severe. The note
added at the end of this report and written by H.F. HDFFMANN[S] is the best study
presently available. The main conclusion is quite serious and demands a vacuum

of 5.10°"" Torr.

We feel that more work is obviously needed to clear up this background

question, and it is only when its rate is understood that we can worry about the

physics consequences for the data.
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V - BACKGROUNDS

We are aware that the background can pose severe problems in an e-p
collider. We have not studied this question in great detail because of leck of
time (and also because our working group had no connection with the machine
physicists). This background study however is very important for the charged
current experiment for two reasons :

- it can give an overly abundant trigger rate,

-it can contaminate the physics sample of events.

To answer these questions we need to know the amount and the type of back-

ground we can expect.

ELectron beam

The information we used in this case came from calculated or experimen-
tal results from PETRA.

- For background due to Synchnoznon nadiation one expects 10 accidental
hits per bunch crossing for an intensity of 20 + 20 mAmps. We can assume that
in an e-p machine we will have 10/2 = 5 accidental hits per bunch (20 mA). This
can be further reduced by improvéd schielding in the e-p machine because only
one electron beam is circulating.

- For the beam-gas and beam pipe interactions only accidental tracks
in real event need to be considered. (We expect that a P, threshold in the
central calorimeter will reduce beam-gas and beam-pipe background to a negligi-
ble amount). In this case, the accidental rate at PETRA. for an experimental
set-up (TASSO) with 2+2 bunches of 2 mA and a vacuum of 1072 Torr is 0.5 % per
bunch crossing. In e-p if the total rate scales with the beam current, one
expect 2.5 % per bunch (20 mA), which can be < 0.25 % if the vacuum is pushed
down to 10~10 Torr.

- The cosmic nay background within a good event will be <1 % and

will be easily reduced by software.
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VI - DETECTION AND STUDY OF THE CHARGED CURRENT EVENT

The selection of charged current candidates relies on the large P,
unbalance which characterizes these events, The fact that the lepton is
missing and that the "hadron jet" should balance its transverse momentum is a
clear signature. However this implies that we detect and measure all of the
hadrons produced - charged and neutral - and one must be sure that there is no
electron in the direction where one expects the lepton i.e. the neutrino. A
selection with a P, cut off larger than 10 GeV for example is efficient and does
not reduce the available q2, v region as it can be seen in fig. 4. These two

criteria = P, cut off and no electron - are sufficient to obtain and select a

sample of charged current events.

A METHOD TO STUDY THE STRUCTURE FUNCTIDNS

From this sample of charged current events one would like to extract
q2, v-or the scaling variahbles x and y. What are the available equations ?

From pure kinematical consideration one can work out 3 independent equations

H (1) ZE; =Eg Y +Ep (1 =XY)
1
OH i
P (2) ¥P =Eg ¥ =Ey (1 ~XY)
< > 10 P
(3) ZPi2 = 4. EguEp XY (1 = ¥)
1

where momenta are positive in the direction of the electron and the index i is
summed over all hadrons produced.

One still assumes that we measure the total energy EH, the longitudinal
momentum P, and the transverse momentum P, for all the particles. In this
condition there is no problem to extract 5_and y. Proposing a method to
measure f.and y means trying to determine what is sufficient to measure and what
are the consequences in the determination of x and y. In other words we have

assumed a 47 detector but in reality there are particle losses in the forward

ar backward directions which clearly affect the determination of x and y.
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/It has been the task of this working group to try to discover what are the best
variables that we can measure to minimize the effects of these losses.

In the following discussion we outline two different "methods" to
extract x and y.

METHOD I (Ref. CHEEP Report p. 81).

Ii (GQV/c) - The identification of charged current is

based on the missing transverse momentum

?

¢

|
: ! of all hadrons. Fig.5 shows that the
) ]
| ( missing transverse momentum due to parti-
Voo ! 03 s v =07

2F i ! cle escaping in forward (proton direction)
) -lrms ' 2
) 1 i H I L ' (40x40 cm“) 1is negligible compared to a
0 02 04 08

FIG. 5 - from CHEEP Report p.105 cut off of 10 GeV. In order to separate

TRANSVERSE MOMENTUM the charged current from the neutral
OF PARTICLE IN FRAGCAL.

current events, the direction of the

Energy: Loss (Gev)
60 lepton is needed to check that it is not
- an electron. Kinematically this direction
“ r is determined from the total hadron energy.
i This total hadron energy is however not
m -
well determined for some x and y values,
[ a SIDES 1. 0o e.g. leakage through the forward hole.
0 L—8— n L f :
0 2 & 6 The conclusion is that one needs good
FIG. 6 - from CHEEP Report p.105. large angle electron detection efficiency.

ENERGY LDBSS IN FRAGCAL.

- Determination of x and y

The proposed calculation considers two of the equations, (2) and (3) :

i
(2) ZiZPL = Eg Y =E, (1 =XY)
i2
(3) T P o= 4EE;XY (1-Y)
1

It is obvious from equation (2) that beceuse of leakage in the forward direction

(shown in Fig. 6) this method is valid for x > 0.4 only.
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e+p—=Vex, +X,
270 GeVp, on 25 GeV,e

F 0.4 id :
o, " 79, y:%.; or x < one considers the angle 03
60°t \’ 05 of the hadron "current jet" and the
W0°F 07 equation (3)
120°%
0; E
. 09 2 Y3 P (1=Y)
100°% ! (4) tg L = Ee X Y
80°t iz
(3) X P, = 4XYEgEp (1-Y)
WL +irms *
-lrms
40° & 10.-6° The resultant error for x and y are
]= — —
20°r AR R=201 presented in Fig. 7. The conclusion
6-3 = ““L‘S-z — “m;,-n " ;un, is that one can determine x and y with
2
Py 14E.E, an error less than 0.1 for x < 0.5,
FIG. 7 = from CHEEP Report p.108.
LINES OF CONSTANT x AND y y £ 0.7.

. 2
IN @5, PS PLANE.
Remarks :
This method is limited in that we need two different ways to calculate
x and y corresponding to two different regions in the x, y plane, which implies

two different types of experimental errors. Furthermore the definition of the
jet angle oj requires that one disentangles particles of the hadron jet from par-
ticles of the proton jet, which could be difficult if the two jets are not well

separated. Finally it is required thatthe forward detector have high performance.

METHOD II (Proposed in this Working Group - JACQUET - BLONDEL)

This method relies on the following simple observation : if we add
equation (1) and (2) and keep equation (3) on has the following set :
id
(3) X Py = 4 Ee Ep . XY (1-Y)
i

2 Eg Y

i i
(5) >iZEH+>i3PL

where one can make the following remarks :
- The problems for equation (3) are the same as before and the error due to the
loss of particles going in the forward direction (proton jet) is still small

as in the previous method.
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- A significant improvement follows from equation (5).
| This can be easily seen if we neglect the masses of the particles; then one
can write : EH+P//: P+PcoseH
. If we detect all particles the solution for x and y is trivial.
. The hadrons created with OH ~ 0 incident (electron direction) gives
Ey+ Py =P (1 +cos @)~ 2P
. The hadrons created with 9;,=:1BO° incident (proton direction) gives

EH+P//:P(1-C059H):p0*ggPL _g

In this condition we see that the particles leaving the apparatus (and
thus not defected) in the proton direction which previously contributed very
much to the method using equations (1) or (2) have much less effect when using
equation (5) since this loss is proportional to P * > and here the P, lost
ig multiplied by a small angle. On the other hand particles leaving the apparatus
in the electron direction contribute much more to the equation (5) but we profit
from the kinematics in that few hadrons are produced at 0F1==0 (ef. figure 3)
and so this effect is small.

The two aspects are perfectly visible in Figure 8 where we have plotted
the difference between the-i and y of events generated by Monte-Carlo, and the
f.and Z.reconstructed via Method II, where we assumed particles were laost in
both a 15 mrad forward hole (proton direction) and a 100 mrad aft hole (electron
direction). We see that in the case of the forward cut the effect on y is very
small (proportional to P *'E) and the effect in x is small (proportional to P ).
In the case of the aft cut the smearing is large in y (proportional to ~ 2 PL)
and also in x., Therefore we have conclude that we must also decrease the aft

hole cut to 30 mred. In this condition the method gives the result shown in

Figure 9.
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In conclusion, if we can detect all of the hadrons, measure the momentum
and the angle in a 47 detector except in two holes of 15 mrad and 30 mrad then
we can calculate the x and y scaling variable for each charged current event
with reasonably small errors.

We should note here that the hole of 30 mrad in the electron direction
will not allow us to distinguish between a neutral current with an electron
going in the hole (and thus not detected) and a charged current event. The
region in the x, y plane where this accurs is very populated for neutral current
events and corresponds to x < 0.01 and y < 0.1, It is clear for this very small
area of the x, y plane that it will probably be impossible to determine the

structure functions of the charged current.
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VIT - DETECTORS

We have primarily tried to optimize the characteristics of the detector
for the study of the structure functions of charged currents. However we feel
that this is not completely sufficient since we are convinced that the study of the
hadron jet (fragmentation functions) is also a very important program. One
might say that measuring all of the hadrons for the structure function is, in this
respect, also useful for the study of the hadron jet; however for the hadron jet
one also needs complete particle identification. This latter problem has not
been investigated, neither have we studied in detail the hadron jet physics and
the requirements that this study might imply for the detectors.

What are the detector requirements ?

(1) = We need to measure the angle and the momentum (ar total energy) of all
hadrons.
(2) = We would like to identify an electron, however not necessarily measure

it with high precision. Note that this latter requirement could be

necessary if one wants to do normalization with neutral current events

or for test purposes for example.
(3) = Neutral particles need to be detected.

= The ®° could be detected in the same detector as that used for

electron identification.

- Neutrons and Kﬁ's can be measured in the cells of a hadron calorimeter,
(4) - A priori we are not asking for especially high performance in the

precision of this detector.

We will confirm this particular point after the discussion of the error-
measurement study in the next chapter.

Following the philosophy of the CHEEP Report one group started to study
a non magnetic detector and another group a magnetic detector. With time we
realized that particles in the hadron jet are not very energetic (see

figure 3) for the region x < 0.2 where most of the events are expected, and
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thus the non magnetic detector group found it desireable to add a small magnetic

field and the two detectors tended to approach each other in concept.

DETECTOR 1 DETECTOR 2
no magnetic field strong magnetic field
high precision calorimeter (U) Precise measurement

of momentum and angle

!

angle measurement : calorimeter normal precision (Fe)
small cells in calorimeter l
l These two detectors begin

 J

add weak field
to converge.

And central drift chamber

DETECTOR DETAILS

Detector 1 Detector 2
.. > . .
. Aluminium coil B = 4 Kgauss . Superconducting coil
<1/2 radiation length thick @= 1.4m T = 15 Kgauss
small return yoke return yoke
. Multilayer cylindrical drift . Cylindrical inner chambers
chambers could be TPC for example if
two crowns it works for large volumes
ﬂ A 4° and 2° (or JADE Type chambers)
MWPC
WP ) drift
\\i drift
chambers chambers
dE
‘r’ ‘%45;;: y VO
scintillator




3 parts

Planar drift chamber
Improved precision in the wire

direction

Calorimeter

Uranium and scintillaﬁars
radiation length 0.32 cm
interaction length 6.2 cm
Sampling 0.5 radiation length

(1) 3 R.L. : 90% of electro-
magnetic particle interact
(2) 15 R,L.: total absorption
of electromagnetic shower
(3) 7 Interaction lengths :

hadronic component

AVA,
PHOTO
DIODES

M.

=g PM
=F= PM

BBQ WAVE LENGTH SHIFTER

. Light Collection
Section (1) can be serviced by
segmented BBQ wave length shifters
(1 cm) observed by avalanche photo-
diodes or by proportional tubes.
Sections (2) and (3) can be handled
by BBQ wave length shifter with a

precision of 2-10 cm.

(AL, 0.anvE (QE) <ok

E B.ﬁc E hadran
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MWPC
Used for triggering purpose and to
improve precision in the wire

longitudinal direction

e, shower detector

Y
lead and scintillator
3 R.L. one set of drift

chamber and then 10 R.L.
Ae, = 0.15 /VE

( E ‘e.m.

Calorimeter
Sampling of 5 cm in the iron

of the return yoke

(Problems of implantation in the
return yoke somewhat difficult,

but assume it can be solved)

(AE) _

0.6 /VE

hadron




In summary this requires

228 T.of Uranium, 24 T.of scintillator,

~30 K.phototubes.
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Details of this detector were not
worked out,

There are no specified performances

These numbers can be reduced if we required. Such a detector can surely
accept reduced angular precision, be done.
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VIIT - FORWARD SPECTROMETER

The forward direction (incident proton direction) presents a special
problem because whatever the production model is, a lot of particles are produced
in the proton fragmentation region and these are at very high energy in the
laboratory.

- On one hand we have seen that if we keep a reasonable aperture (hole of 15 mrad)
these escaping particles will not seriously damage the structure function
measurement,

= However for jet studies this forward spectrometer is important if we want to
examine the details of the proton jet.

Altogether a 1ot of energy will be lost in the forward direction and we
would like to minimize this loss.

To resolve this problem we have studied a separate forward detector

which can be added to either of the two central detectors already described.

I N \ ULTRA - FORWARD

CALORIMETERS

! FORWARD
e | | caLommeeTen
mn‘;s}c_rm |_
ST ——-
i —

| l
_——-—‘ ):
| .
4 CALORMETER

SCHITILLATORS » 4 VEATICAL SANDS
SCIMTILLATORS = 2 x (4cm YERTICAL SANDS)

e eame

FIG. 12 - FORWARD DETECTOR
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This detector has essentially two parts :

- First part, a calorimeter placed upstream of any momentum analysis of particles
by magnetic elements of the machine. This calorimeter aperture decreases by
steps of B8 cm to the smallest hole that we can obtain (6x10 cm2). These minimum
aperture dimensions can certainly be a problem for the machine study group and
should be discussed seriously. The steps of 8 cm allow the P, measurement of
particles down to a very small forward angles, (The iron sampling can be of
2 cm and the scintillator lattice of 4 cm).

-~ Second part, downstream of the first calorimeter, we could envisage a second
calorimeter segments in and between the beam elements and finally further
downstream a neutron detector in the forward direction. With these we expect
to catch as much as possible of the energy leaking through the hole of the
first calorimeter.

A Monte-Carlo calculation has been performed using A.L.GRANT generated
events to follow the shower development of p, ni, Y's and m°s., We have

examined the measurement of P, and Y scaling : one considers for each event the

pulse heights Pij and PHyi of the m scintillators and the angle oxj and Oyi

of each scintillator with respect to the z axis. One then calculates the two

quantitiesused to measure the scaling variables x and y

5 ( g g 2 FORMULAS FOR
P = 2 k sin . PH_.
1 3= Xj XJ ) The x component.
m The same can be written
Kk . .
- . 2 for y direction.
Yscaling( - 2E, 2 sin Ox; Pij -

.
1]
—

where k is a calibration constant of the calorimeter.

The results are presented Figures 13 and 14. Figure 13 shows the energy
lost through the hole as well as the side and end leakage. One should notice
that some of the energy lost in the hole can be caught by the second part of the
calorimeter which was not included in the Monte=Carlo due to lack of information
on pqssible beam element geometry. Figure 14 shows with what precision one can

reconstruct B and Ygcaling. These results are very good and quite promising.
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IX - BACKWARD SPECTROMETER

We did not study in detail this backward spectrometer (electron direc-
tion). We have seen that for structure function analysis we should measure well
particles down to 30 mrad, this can be done with the central detector. On the
other hand khis hole is important for the escaping electrons of neutral current
events as these events will appear as charged current events. We have seen that
for x = 0,01, v = 0.1, the angle of the electron is 14°, A 30 mrad hole (=~ 2°)
is in this way very conservative, but for triggering purpose this hole can be
a problem, So this backward detector should identify the small angle electrons.
In this respect our backward detector will be very similar to the one used

for the neutral current study, and thus we have left its study to that working

group.
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With an idea of possible detectors one can calculate the expected errors

in the measurement of the scaling variables x and y,in particular using the

second method described earlier in this report (ref. section VI).

We have calculated these errors with the following resolutions and under

the following conditions :

No field

Uranium cal,

Low field

Uranium cal,

High field

Iron cal.

Charged part.

15 mrad

15 mrad

AP 0.3\/E_ GeV/c 0.3\/E_ or 0.6\/E_ or
0.05 p2 0.005 P2
AD 2 +3 / P mrad 2+3/FP 2+3/FP
Neutral hadrons
AP 0.3 VE GeV/c 0.3 VE 0.6 VE
A‘D 30 mrad 30 mrad 30 mrad
fnU
AP 0.15 VE 0.15VE 0.15 VE
AD

15 mrad
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The results are presented in Figures 15 and 16.

& 50 PELS
o LOW PELD V.CAL
X 0N RIS Fo.CAL bt

%o <

Ay

FIG. 15 - MEASUREMENT ERRORS AX AND AY

FOR THREE POSSIBLE DETECTORS.

Uranium Calorimeter Low Field

..
-
-

+ o+ —

+ —=

iron Calorimeter HighFileld

+
DEE!
.“’-+.+

FIG. 16 - MEASUREMENT ERRORS AX AND AY PRESENTED

OVER THE X-Y PLANE FOR DETECTOR (1) AND (2).
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One can see that there is little difference in the performance of the
two detectors., We can understand this if we consider the respective contribution
to the errors from the momentum and angle measurements as shown in Figure 17 :
the largest contribution to the error is coming from the errors on momentum.
One thus concludes that the detector should be optimized to obtain the best

possible momentum measurement.

04 « Y <« 0¢
© TOTAL ERROR
ax A N0 ANGLE MEAS, ERROR
09 N0 NSNENT U NEAL ERROR
Qo8
°
Qo7
[
008 | °
a
Qo8 }
Qos »  §
Qo3 )
°
a
ao2 p o
01 o
-] 2 . ° -
-
o 1 X
Ay
Oﬂ d ® ®
Iy ’ ’ a a
a0 -
-
o [ J
|-
o a2 o4 o [ 1 x

FIG. 17 - SEPARATED CONTRIBUTION ON AX AND AY

OF ANGLE AND MOMENTUM MEASUREMENT.
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XI - MUON DETECTION

Muon detection is not specific to the problem of charged currents but

we have considered two specific research interests : new heavy lepton and new

quark production which might be detected through final state muons. Technically

the best way to identify the muon is to use the iron of the return yoke and

detect the muon by a minimum ionisation in the calorimeter and a‘hit in large

planar drift chambers outside the return yoke. This type of detector is

"classical" and used in almost all the experimental set-ups at present storage

ring machines., One has to face two problems in such a scheme

- Punch through of secondary particles from hadron shower. At 30 GeV one expects
still one particle after 1 meter of iron. One can decrease this effect if the
track is extrapolated from the central detector. Such a2 method will decrease
the punch through probability to 10-6, if one has a angular resolution for
track finding of 5 to 10 mrad.

- The m, K decay. Considering the density of the central detector this is
unavoidable ; +the averaged one meter of decay possible in the central detec-
tor gives a probability of the order of 10-3 for m, K decay.

One can use the muon detector to examine two physics questions :

A) NEW HEAVY LEPTON PROL!UCTION.

+ The E° can decay as follows :
E°® — e” u+ Yy

E® — vg p¥ u”

-t
hadrons E*— B he!)

The rate as calculated in the CHEEP Report could be 10 a day. The nice
thing is that the signature of such events is clean : the E° is produced as we
have seen in the opposite direction to the current jet. It means that the "u"
of the decay will be not inside the "hadron jet" corme and so the m, K decay is

no longer a problem,
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If one assumes the series of quarks continues

u c t G ...

d s b H ...
with a Wpg, avaible of 160 GeV , & good way to look for new quark production is
via the charged current since we produce one single new flavor thus gaining an
advantage in kinematics over processes which require quarke-antiquark pair produc-
tion. Onthe other hand we loose because of the weak coupling (compared for example
to the electromagnetic one for neutral current) and the mixing angle will
surelybe smell, Nevertheless to illustrate the possibilities let's consider the
npn (the lighter) quark of a new set (ﬁ), coupled to the present gquarks, it

might be produced as follows

Two features of such a new quark with very large mass will appear :
1. Jet of fragments will have a largely displaced angle (Figure 18), If we

measure X, and y for large mass quark then the Oj will be pushed forward.

Mq2

and is very large for masses of

The scale of this effect is
50 GeV.
2. In a semi=-leptonic decay of such quark one can expect to see large P, muons :
If we assume it is coupled to the top quark for example :
1 + .2 -
Hi=3) — T (5 + 0+

50 GeV 15 GeV
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% q=-0

FIG. 18 = Jet angle for a 50 GeV quark production.

The P, normal to the jet = vg plane is

My~ 185GV <7 GeV> , Figure 19 shows what is

expected from charm and top decays for

» /
:&?" comparison. The muon P, 's are quite
-»
k) . . —
c ® large. Further more this F distribu

Jot
endview) tion can be compared to the P, distri=-

bution for u from et and e~ running
since electromagnetic u's at large R

will be similar for ei.

$ Arbitrary Units
xR
®
e

FIG. 19 - P, of muon decay

of H quark.
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XIT - CONCLUSION

We have clearly demonstrated that the study of structure functions is
possible. Detectors for such study can be built using present technology and
a fortiori with any improvements that we can hope for in the next ysars.

In the frame of this working group, or at the level of a proposal, the
study of the details of the final hadronic state should be pursued and deve-
loped.

. This Report is the result of the work of all the members of this working
group. Every one has contributed and the ensueing leng and open discussions
have improved the consistancy of our work., I would like to thank very much
particularly J. RANDER who has helped me in the preparation of this written

report.
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Discussion after the talk of R. Turlay

S. Ting:

I have no doubt that one can build such a detector, which is
probably very good for high g? physics. But have you also thought,
how well you can detect new phenomena, like neutral leptons,

which would decay into a muon pair with a neutrino?

How well do you have to know the missing neutrino energy in
order to identify these events?

R. Turlay:

I can't tell you. The only contribution is the one I mentioned.
We did not study the details, how the detector might serve in
this and other fields of physics.

U. Amaldi:

New phenomena might happen at very large g?, like non-conserva-
tion of lepton number e.g. the conversion of an electron into

a muon or a muonic object. These phenomena could be easily seen.

K. Tittel:

With a detector of this kind we can identify muons and electrons,
and we have almost complete calorimetry. So I think it could be

a very powerful tool in order to observe these kind of new events,
which contain heavy leptons or heavy muons.

H. Wahl:

There is a large background from neutral events with an undetected
electron or an electron in the wrong direction. To what extent will
you be misled in your conclusions on the charged current events?

R. Turlay:

This background is most severe at small gq?, and for those events

the electron goes into the backward direction in a small cone, where
we cannot measure. This corresponds to a very small region in the
x-y plane.
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G. Kalmus:

I would like to point out that this detector is self calibrating.
Indeed one detects both neutral current and charged current events.
If you reconstruct x and y in neutral current events from the
parameters of the hadrons alone you can compare it to x and y
calculated from the electron momentum and angle. In this way you
obtain a measure of the precision in x and y for the charged

current events.

Discussion after the talk of H.F. Hoffmann

G. Kalmus:

You stated that you need a pressure of 5 - 10
to get 0.1 beam gas interactions per bunch. This pressure is
considerably lower than the present pressure in PETRA which is

11 torr in order

3 - 10_9 torr.

H.F. Hoffmann:

Here we have a proton on one side and an electron on the other
side. And I think in this case you can arrange yourself with
good pumps.

G. Kalmus:
Do you believe, you can get a factor of 200 on the two sides of

the interaction region?

H.F. Hoffmann:
Yes, you can.
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H. Hoffmann: Background Problems_in ep_Interaction Areas

—— - i - — —— — —— — —— — - - —— - — —— M m— —— — —— - — ——— o

Some possible sources of background are described. Num-
bers given are based on "PROPER" parameters and measuréments
performed at the SPS (CERN 78-02, 27.Feb. 1978 "Cheep" report).

Proton beam

The transverse size of the proton beam will slowly increase
because of multiple scattering on the residual gas, because of
higher order resonances, beam-beam tune shift etc. Eventually
the tails of the transverse distribution will drift against
the inner most limiting aperture which will probably be near
the low- beta guadrupoles. Protons scattered there will create
a high energy shower of 10 to 20 particles of which 1 will
be a muon. If somewhat arbitraryly the acceptable rate is set
to one such event per 10 proton bunches passing and if we assu-
me that all losses occur only near the interaction areas we get
a rate of 100 KHz per area or a loss rate of 10 ppm/min. At the
ISR the decay rate is near 1 pom/min but there are no very high
intensity bunches and operation is far from the tune shift 1li-
mit. Therefore scraper targets or/and collimator systems will be
required if possible far away from the interaction areas (and the
superconducting magnets !!). The pressure permitted near (+- 50 m)
the interaction area for the above requirements is a maximum of
5 x 10**~11 Torr for a bunch of 8 x 10**11 protons.

Electron beam

For colliding the electron and the proton beam and for ad-
justing the polarization vector of the electron longitudinally
vertical bending magnets of considerable strength are required
near the interaction area giving rise to intense synchrotron
radiation in the bending plane. This may result in a vacuum
chamber of a funny shape which lets the synchrotron radiation
fan coming from the last bending magnet pass freely. The syn-



416

chrotron radiation may also produce a bad vacuum near the
crossing point.

Electrons loose energy through beam gas bremsstrahlung.
The production rate at 3 x 1o0**-9 Torr CO-pressure and 125
mA current is about 50 KHz/m for an energy loss exceeding
5 %. Taking a length of up to 30 m upstream of the interaction
area from where such degraded electrons might be bent into the
interaction area by quadrupoles and bending magnets, then again
1 - 2 electrons appear per 10 bunches passing in the forward de-
tectors (electrons beam), if the pressure given above is ob-
tained.

Conclusion

Background problems are severe in an ep machine and re-
quire a careful study beginning at an early design stage. Very

good vacuum is required in both the electron and proton ring
near the interaction area.
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Discussion leader's report (K. Tittel)

Let me start with some remarks on the organization of the
work of the study group for a charged current (CC) detec-
tor at an ep-machine. All the names have been given alrea-
dy in the heading of R. Turlay's report. We started our
task with a meeting in January 79 where in several short
reviews the ideas developed already earlier and published
in the CHEEP-report were reviewed. The main point then

was to define a list of items to be worked on and to attach
names to it. Local clusters of interested people have been
formed and this turned out to be very effective in getting
coherent work done. Two more meetings then were needed to
clear up open questions and to deliver the necessary infor-
mation to the speaker who still had to carry the heaviest
load of all of us.

Right from the beginning we have restricted ourselves to the
study of the possibilities of a machine with lower energy
like PROPER. The CHEEP-solution (100 + 400 GeV) was not con-
sidered, partly because of lack of time. We felt

that in particular the structure function physics could well
be performed at the lower energy and it is more important to
have the machine early rather than big or if you express it
in german: Lieber den Spatz in der Hand ale die Taube auf dem
Dach. Besides that,polarization is of great importance and

a PROPER-type machine will have better chances in this
respect.

I may state now the main outcome of our studies: The investi-
gation of CC is an interesting and important task, the kine-

matics of this process can be solved and finally a reasonable
detector can be built. The study of structure functions in

neutral current (NC) events is complicated by the presence of
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both weak and electromagnetic effects. The CC offer a simpler
access to the structure functions even if the experimental
technique is slightly more difficult. CC furthermore see fla-
vour dependent effects, whereas NC are flavour blind. To se-
parate the different structure functions one needs to run at
different energies. Reasonably fine steps in energy should
therefore be possible at the ep-machine. An alternative way
presents the use of deuteron-beams instead of protons. Al-
though lower by a factur of four in luminosity this option

should be provided in any case.

The extraction of the kinematical variables is complicated
by the fact, that the lepton in the final state is a neu-
trino, and cannot be measured. It has been found, how-
ever, that we get these variables from the hadrons alone
with sufficient precision, even if the largest part of the
proton jet disappears in the beam pipe. This was the crucial
point to be well understood.

To design an appropriate detector seems not to be particu-
larly difficult. However,we came soon to the conclusion that
a purely nonmagnetic device is not really adequate. An at
least weak magnetic field should be added. It became clear

as well that the separation of NC and CC detectors is rather
unnatural. The techniques are quite the same and it is almost

unavoidable to measure both processes in the same detector.

There are of course still some problems left open. Apart from
the problems connected with the use of a machine of higher
energy I like to mention two more. The background problem has
not been treated in much detail. Here we may encounter

still some suprises. The other problem, where only super-
ficial ideas have been presented is the proton fragment detec-
tor. It might be interesting to study the proton fragments in
detail, but unfortunately almost all of them disappear

cdown the beam pipe. For both cases, only a close collabo-
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ration with the machine builders may provide a reasonable
solution. In any case physicists and machine builders should
collaborate at all stages of the machine design and construc-

tion.

Let me conclude with the remark that during our work we have
gained the conviction, that the ep-machine is an interesting
project, where important and good physics can be done. This
machine is complementary to LEP and ISABELLE and has its own
domain of interest. This machine should be built. Moreover,

it should be built in the near future.
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DETECTION OF NEUTRAL CURRENT EVENTS

by
P.G. Innocenti, CERN

May 1979

INTRODUCTION

The topics investigated in the course of the study can be broadly
divided into three classes:
i) Inclusive measurements of the scattered electron for the determina-
tion of structure functions, scaling violations, op/oT and weak

interaction effects.

ii) Exclusive measurements of the current jet (momentum, energy, par-
ticle composition) for the study of fragmentation functions, for

search of new particles, new quarks and QCD effects in the jet.

iii) Search for heavy leptons by detection and identification of their

decay products.

Most of the calculations have assumed an electron of 20 (25) GeV colli-
ding with a proton of 280 (270) GeV. Specific topics have received
attention also in the higher energy range of 100 GeV electrons colliding

with 400 GeV protons.

PGI/tj
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INCLUSIVE MEASUREMENTS OF THE SCATTERED ELECTRON

2.1 Structure function determination under the assumption of scaling.

The determination of structure functions under the assumption of
scaling is limited by event rate and the precision of the measurements

of the scattered electron, both on angle and energy.

With the notation of reference 1, the double differential cross

section for one photon exchange processes is written as:

do 4Ma2 _
dxdy  sxZyZ {(1'Y) Fy(x,Q2) + yszl(x,Qzﬂ’ (2.1)

Assuming scaling and the Callan- Gross relation to hold:

do 4Ma2 52
Ixdy - sxZyZ Fop(x) {(l-y) + %‘} | (2.2)

x and y are determined as functions of the electron scattering angle and

energy.

The expected rate is given in fig.l (taken from reference 2) as a
function of x, y and Q2. (The factors in parenthesis are relevant to the

discussion of sec. 2.2.)
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The influence of electron scattering angle and energy measurement error

separately on x and y is given in figs 2 to 4, under the assumption that

angle 6 and energy E are measured to a precision of 0y = 10 mrad,

and og = 0.1 VE (E in GeV), which seems achievable with current tech-

niques.
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due to % (not shown) which is always below 10-2.

6 8 10 12

at low y, except

The angular and energy measurement errorsseparately influence the

cross section as shown in fig. 5 and 6.
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A line connecting (x,y) pairs corresponding to 10 events/day in AxAy = 0.01

at a luminosity of L = 1032 cm—2 s—1 is also shown on fig. 5 and 6.

It can be concluded that the angular error on the scattered electron
permits adequate measurements of the cross section in all the range
accessible with adequate rate. The error on the energy of the scattered

electron is sizable and prevents adequate measurements for large x, small y.

At higher energy (100 + 400 GeV) the relative errors on x and y
become smaller, hence cross section measurements become more favourable,

subject, however, to rate limitations.
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2.2 Measurements of scaling violation effects.

The effects of scaling violation, under the assumption of an asympto-
tically free theory, are shown in fig.l as a multiplicative factor to
the rate (in parenthesis). Rates are enhanced up to a factor 3 for
X < 0.2 and depressed elsewhere. This has the effect of moving the 10
events/day line of fig.5 and 6 to the left and further reduce the access
to high x. Precision remains adequate in the regions where the rate is

acceptable.

2.3 Neutral weak current effects.

From fig.18 to 21 of ref.l and fig. I.22 to I.28 of ref.2 it appears
that neutral weak current effects modify the one photon cross section
by factors up to v 1.5 for x = 0.25 y = 0.5. It seems therefore possible
to single out a region where the resolution is sufficiént to detect neutral
weak current effects with manageable counting rate, provided beam polari-
zation is not far from unity and both electrons and positrons can be

collided with protons.

2.4 Measurement of o_ /o
L—T
Define
A = 2xF, (x,Q%) /F,(x,0?) (2.3)

related to R by

2.2
R-%;=% (_458%— +1) -1 (2.4)

The differential cross section can be rewritten in terms of A:

do 4ra? l-g A
dxdy = sx2 Fa ( y * Eﬁ (2-5)
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A measurement of R (or A) as a function of x and Q2 probes the na-

ture of partons in the nucleon. On the other hand, a value of A has to

be assumed when extracting Fy from cross section measurements.

By taking data at two different beam energies one can keep x and Q2
fixed and measure the cross section for two different values of y: Fo

then drops out in the measurement of A.

The statistical accuracy on %f for a measurement at beam energy

1. 17.5 + 280 GeV

2. 11.0 + 176 GeV

cm

37

for an integrated luminosity of 5 - 10 is given in fig.7, for

various bin sizes in x and Q2, Yy referring to the low energy beam

settings.
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The measurements are most significant at high y, , but should be
possible even for ¥y < 0.5 ; Q%2 < 200 (GeV/c)? on account of the high
yields. A systematic error of +5Z on the cross section measurements

at each energy destroys the significance of the measurements for ¥y < 0.5.

MEASUREMENT OF THE CURRENT JET

The study of the jet structure of the events and its implications
on detector design requires a model giving distribution of all particles

in momentum and angle, as well as their identity.

3.1 Jet models.
Two models of one photon exchange events have been used for detector

design studies:

i) A model in which the current acts on the whole proton. Fragmentation

follows QCD ideas, with input from v-p data.

ii) A model assuming spin % partons and a gluon cloud sharing the

proton momentum. Fragmentation as in 1i).

In both cases e”, p or n and pions are found in the final state.
All event generation has been done at 20 + 280 GeV. Both generations
have been used for studying detector performance, hence providing a cross

check of the results.
Three situations have been retained as showing typical event features:

i) High Q2 events with Q2 3 3000 (GeV/c)2 x > 0.2, y 3 0.2. An event

with two jet structures is given in fig.8.
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Fig.9 shows a scatter plot of polar angle vs. momentum for all charged

particles. The two peak structures of the hadrons is clearly visible,

with the current jet making a mean angle of 34° with respect to the pro-

ton.

ii)

The electrons are well separated from the hadrons.

WePleg ot © Tsefosel o ooet oofe (o o Te

\

20+280 GeV
x20.2
y20.2
. leair Q2> 3000 (GeVk)®
o) | — \ [ | L1 ! P
@) 20 40 60 80 100

Momentum , GeV/c

FIG.9

Low Q2 events with Q2 > 75 (GeV/c)? x » 0.01, y > Q.01. They repre-
sent the common events to be used for normalisation purpose. Fig.1l0
represents a scatter plot of angle vs. momentum for all charged par-
ticles. The two hadron jets are now merged together; the scattered

electrons are well separated from the hadrons.
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iii) High y events, with x > 0.001, y » 0.5. Fig. 11 shows a scatter
plot of angle vs. momentum for all charged particles. A forward

jet is accompanied by a uniform low momentum hadron population.
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A qualitative conclusion can be drawn from fig.9 to 11. A detector
designed to cover all situations outlined above must be capable of
measuring the electron over a wide angular range. Moreover, it must
measure charged and neutral hadrons in the central and forward (with
the proton) regions. This stresses the need for a central detector
good for high Q2 jets and high y events and for a forward detector to
limit the loss of particles from the current jet in high Q2 events

and to permit a smooth transition towards intermediate Q%s.
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SEARCH FOR HEAVY LEPTONS

The detection of heavy leptons E generated in the reaction e+p+E+X
seams promising in the channels like
+

+ + -
E T +e ee

or Et -+ et u+u-
On the other hand the most spectacular events (ref.l) could be 3-jet
events originating from
etp - E + 2 jets
L e + hadron jet.

The requirements on the detector coming from the study of these channels
are similar to those of sec. 2 and 3 as far as electron and hadron jets
are concerned. An additional requirement comes from the detection of
muons, in particular if charged and neutral heavy leptons are separated

in mass and one decays frequently into the other, giving rise to final

states with many electrons and muons.

DETECTOR LAYOUT

What is attempted in this section is to sketch the requirements of
a general purpose detector covering the physics outlined in sec. 2 to 4.
Much emphasis is put on the detection and measurement of the scattered
electron over a very wide azimuthal region: This is obtained by use of a
fine grained electromagnetic shower counter, which also measures photons.
A charged particle detector in the form of a large gas volume operating

as a drift chamber in a magnetic field is used for charged particle
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momentum measurement and identification by energy loss. The central
detector is complemented by a forward spectrometer, in the proton di-
rection. Hadron calorimetry is desirable for the study of jet structure
and can be accomodated by segmenting the iron yoke of the central magnet.
The hadron calorimeter can be used also for muon detection, by addition
of iron and range chambers. Fig.l2 represents a longitudinal cut

through the detector in a vertical plane.

5.1 Choice of the magnet configuration

Central Magnet. The usual arguments in favour or against dipole,

toroid or solenoid are presented.

In the presence of aﬁ electron beam the use of a dipole becomes
problematic on account of synchrotron radiation if the beam is not
shielded from the field. Power dissipation in the vacuum pipe becomes
prohibitive for fields as low as 0.3 T (ref.3). Shielding by ferromag-
netic or superconducting channels is possible at the cost of a very

thick walled pipe.

The jet structure of the events, with rather open jets, is not
matched with the subdivision of detector space imposed by the coils in
a toroid, leading to a substantial particle loss. This becomes even

more disturbing on account of the low counting rate at high Q2.

What is left is a solenoid as a central detector magnet, despite
its obvious weakness in forward analyzing power. On account of the re-
latively large dimensions required for momentum analyses and particle

identification, the magnet should be superconductive.
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Forward magnet. The proton and its fragments are energetic and
highly collimated. Their magnetic analyses has to be attempted indepen-—
dently of the central solenoid, by a forward dipole. Because of syn-
chrotron radiation the beam pipe has to be shielded with special care

to limit acceptance losses at small angle.

A dipole with an iron septum is proposed. Given the large size,
the magnetic field must not exceed 0.5 T on account of acceptance (size

of shielding), power limitation and fringe field.

5.2 Electromagnetic shower detector.

In sec.2 the effects of angular and energy resolution on the
electron measurement have been investigated. The accuracy assumed there

(o, = 10 mrad; Op = 0.1 YE with E in GeV) permits a proper determina-

6
tion of the cross section with the exception of the high x, low y region.
It is proposed to use lead liquid argon shower counters throughout.
They consist of a cylindrical counter mounted outside the coil and two
end-cap counters inside the field. The required energy resolution should
be reached over the full angular coverage. However, special attention
has to be given to the influence of the coil and cryostat, particularly
away from normal incidence and at the junction of the cylinder with the
end-caps. The coil thickness must be kept at half of a radiation length
in order to ensure the required energy resolution for all angles (ref.4):
This sets an upper limit to the magnetic field strength and superconduc-
ting coil diameter. It is felt that a field of 1.5 T with a coil I.D.

of 2.6 m should be feasible.
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The grain of the shower counter must be optimized with respect to:
a) simultaneous occupation of a cell by the scattered electron and a
photon;
b) two photon separation in hadronic events;
c) simultaneous occupation of a cell by a pion and a photon, relevant

to the search for events with many electrons.

The most unfavourable situation with respect to requirement a)
arises in high Y events. Fig.13 shows the distance of the impact points,
on the inner surface of the shower counter, of the scattered electron
and any photon in the same event. Approximately 1Z of the photons fall

within 50 cm of the electron.

Frequency , arbitrary units

0 200 400 600
Distance Y-—e impact , cm

FIG.13
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i nditions
As far as requirement b) is concerned, the most stringent co
: 2
© in j of high
are given by resolving two photons from the same w 1nt jets gh Q
. . . Vo
events. Fig.l4 shows the distribution of the distance between the t

y's from a °.

Frequency , arbifrary units

I ok mm;c’lﬁ I'LD-jJH £ ﬂ_n
0] 20 40 60 80

Distance Y= Y impact , cm

FI1G.1l4

The mean value of the distribution is 18 cm. Alternatively, if one

considers all photons in the current jet irrespective of the parent =©,

20Z of all photon pairs fall within 18 cm. On account of the lateral

development of the shower, it is unlikely that complete separation of

Y pairs can be achieved.

A pion and a photon, hitting the shower counter within a distance

which does not permit to resolve them individually, simulate an electron,
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if the pion momentum and photon energy, measured independently, match
within resolution. Fig.l5 shows a scatter plot of photon energy E vs.
pion momentum p for all combinations hitting the shower counter within

8 cm, in high Q? events.

T 1 1 7 T ¥ T L

Ey Gev y-m* Impact within 8 cm

40} : i

20 B .. ... .. ::.: :... ‘}. ¢ .. _1

With the energy resolution of Op = 0.1 /E and the momentum resolution
given in sec. 5.3 a rejection of better than 17 with 997 electron effi-
ciency should be reached. Further rejection can be obtained by a study
of the longitudinal and lateral shower development and by particle iden-
tification by energy loss in the gas of the central detector. A word of
warning is appropriate, concerning the effect of the coil thickness,

most detrimental to the measurement of low energy photons.
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5.3 Central charged particle detector

The central charged particle detector must permit simultaneous mo-
mentum and energy loss measurements. The detector has not been designed
in detail but it is clearly inspired by large cylindrical chambers like
JADE (ref.6) or the TPC (ref.7) working in the drift mode and recording

pulse height: Some additional features are necessary in the present case

- A chamber layer with high precision in the coordinate along the
beams, immediately inside the coil, to improve the electron angle
measurement.

- End-cap chambers on both sides, one for angular precision on the

electron, the other one as lever arm chamber for forward hadrons.

The detector shown in fig.l2 has an outer diameter of 2.6 m and a
length of 3.6 m. We assume 1.5 T as the highest manageable field and a
precision of 200 ym on each individual track measurement. On account of
the jet structure, some fraction of the total track length will not be
usable for momentum and dE/dx measurements. We define a '"clean' track
length as the fraction of the track separated from neighbours by at least

1 cm. A projection of the clean track length onto a plane perpendicular

to the magnetic field, gives a quantity useful for estimating mowentum

resolution: The clean projected track length is shown in fig.16 for

high Q? events, in a scatter plot vs. momentum.
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80

The average clean projected track length with measurements every centimetre

has been used to compute the momentum resolution vs. angle to the proton

shown in fig.l1l7.
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The clean track length has been used to estimate the performance of the
energy loss measurement. Sampling is assumed on each centimetre of
clean projected track length. A scatter plot of clean track length vs.

number of samples is shown in fig.18 for high Q? events.

L,cm ‘ T T I T ™
r— -
. LENGTH vs
NUMBER OF SAMPLINGS
200 . —
100f ..o o7 _
R
-
3
. { | i | 1 | 1
o} 200 400 600 N
FIG.18

The average number of samples is &, 100 for 907 of the tracks. If we
assume a pressure of 4 atm, the (length) - (pressure) exceeds 4 m of gas
at NTP. A resolution on dE/dx measurements better than 7.57 FWHM can

be obtained (see ref.8).

In fig.19 the e-m and m-k separation (in units of standard devi-

ations) is shown as a function of momentum.
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At a 30 confidence level m-k separation is possible between 1.7 and 20
GeV/c, e—-m separation up to 20 GeV/c. It should be noticed that the
error on the momentum measurement in the angular region around 34° (with
respect to the proton) somewhat shrinks the range of particle separation

at the highest momenta (ref.9).

5.4 Forward charged particle detector

A forward dipole with a set of drift chambers allows the measure-

ment of energetic particles travelling near to the proton direction.

The magnet (fig.20) is clearly inspired by PEP-9 (ref.l1l0). The
magnetic field runs in opposite directions above and below the beams and

returns to the main yoke by two iron wedges in the horizontal plane. The



446

N\

N

IN N N N N

~2

L

o~
-
v
o
~
E1
J
<
=
x
>
R e

(

F1G.20



447

coils are folded back against the yoke and covered by shielding plates.
By extrapolating from measurements on the magnet used by ISR experiment
R603 (ref.1l), the stray field can be kept below 0.01 T at 30 cm from
the magnet end, for a central field of 0.5 T, which is possibly the upper

limit compatible with adequate acceptance.

If one assumes a measuring error in the drift chambers of 200 um
and S Bdl = 0.75 T'm, with the lever arm allowed by the central solenoid
and a half interaction region of 7.5 m, the resolution shown in fig.l7
can be obtained. For the smallest angles, the vertex position, known

from measurements in the central detector, is used in the calculations.

5.5 Hadron calorimetry and muon detection

Although it is felt that hadron calorimetry by segmenting the magnet
yoke represents a desirable feature, one should not neglect other detec-
tion possibilities in the central region. The solenoid iron return yoke
could be built concentrated at the top and bottom of the central shower
counter (fig.2l) to allow the installation of other detectors on the open
sides. Full calorimetry and muon detection could be added whenever needed,

as shown in fig.22,



AAAAA
RRRRRRRRRRR

CCCCCCC

CCCCCCC

EEEEEEEE



HHHHHH
RRRRRRRRRRR

MUON CHAMBERS .

\\\\\\\\\\\

N

0

7
7N

222222



450
CONCLUSIONS

We have studied the detection problems connected with a variety of

particle topologies.

We have ascertained that a magnetic charged particle detector and
an electromagnetic shower counter combined permit carrying out a com-
plete physics programme in inclusive measurements of the scattered electron,

in the study of jet structure and in the search for new particles.

The detection techniques we have retained are rather conventional
and give confidence that the detectors will perform as anticipated.
However, a sizeable fraction of the physics of interest is limited by
statistics and the quality of the results depends on the assumed lumino-

sity and beam polarization.
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Foreword by convener (M. Holder):

I have Teft the discussion almost Titerally as it took place.

M. Holder/Hamburg

It Tooks now Tike there will be two seperate detectors, one for charged
currents and one for neutral currents. I think, George Kalmus has made
the remark already that if you would intend to do that, then you lose

a nice calibration for the charged current events. In one type of event
you have an electron and in the other you have a neutrino, but the
remainder of the event should be the same. So eventually those two

types of detector may merge into one.

T. Ekelof/CERN-Uppsala

What is the strength of the magnetic field that you have used in your
calculations? In work with the LEP jet detector it has turned out,
that there is a great unbalance in the obtainable momentum resolution
between charged and neutral particles when using superconducting
magnets with a field strength of 15 kg. Did you use values as high as

that?

P.G. Innocenti/CERN

I think we have been discussing fields in the level of 5 or 7 kGauss.

But eventually we turned out to be rather ambitious.

U. Amaldi/CERN

I would 1ike to comment on the fact that this new algorithm has been
found in the other group for measuring x and y without knowing at all
where the neutrino goes. That was I think a very big step forward in

comparison with the CHEEP report. I think it has been proven by what
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you have seen in the previous talk, it works, but of course, now this could
be used as a constraint when you have on top of that a measurement of
electrons, so that you reduce the errors even further, because that will
certainly mean that if you add a measurement of the electron, also if the
angular resolution is not good, you can make a fit and can get better

resolutions on x and y.

J. Rander/Saclay

I would 1ike to comment that the technique to measure x and y only from
the hadronic system's E, + P and Plz outlined in the charged current
discussion, can also be used here to look for new leptons. In neutral
current events you have three ways of determing y, one by measuring the
outgoing lepton, one by measuring the current jet direction, and the last
from the new CC technique. As Turlay discussed, differences in the latter
two methods can probe for heavy quark masses. I would like to point out
that differences between the new method and the direct lepton measurement
can probe for new lepton masses, even when there are missing neutrinos.
It should be clear that if you want to take advantage of this effect, the
neutral current detector should also be able to measure well Ey + Py and

Ptlfor particles outside of the proton jet.

M. Holder

Yes, I think that is very relevant. The fact that in the neutral current
case the events are really overconstrained helps you very much to find
out what is going on, especially for things, which you do not expect.

You should see if there is something new.
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A. Ali/DESY

I would 1ike to make a comment on the comparison of qq gluon distribution
in thrust with bb. Somehow I have the impression that the message is being
given that ete” is not a good place to test QCD. It is based on a
calculation on which I am one of the authors. It is a question which depends on
the energy. It is true that near the treshold of the resonance, since the
event is spherical, the QCD effect is very much subdued. But if you move
away then simply because of the one photon production of all of these
quarks, all these quarks and their decay products go in the forward
direction. Consequently, if you are sufficiently far away from threshold the
distributions from the heavy quarks become very steep and the QCD tail
emerges once again. For instance for the case of bb it will correspond to
a center of mass energy of 25 GeV.

The second point is that this is a calculation in which we have only
studied total events in spherocity and thrust. But one could use other
cuts e.g. one could look at planar events, because from the weak decays

of heavy quarks most of the events are expected to be non planar. One
could also look for leptons and exclude those events and look only on

the hadronic events. I think these cuts on coplanarity and on the

hadronic events would sufficiently suppress the contribution of heavy
quarks in e*e” and therefore I suggest, sufficiently far away from the

threshold ete”™ is a very good laboratory to test QCD.

M. Holder

I thought that one of the very positive things for an ep machine is
that it is a good laboratory for testing QCD. So I would very much
appreciate, if some theoreticians could comment on that. If everybndv

says that QCD-tests are already made in efe” then there is may be not
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such a big need to do them in ep. Now, I understand that it is not so
obvious for the efe” case because there you expect to cross new thresholds
whereas in ep you have up and down quarks, and new thresholds are probably

much less important.

U. Amaldi

In this connection I think that one should not forget that one of the
ideas of e'e” is Just to use this effect to find new thresholds. So you
cannot have the cake and eat it. If you like to cut in sphericity or in
thrust so that you find the new threshold, eventually this means that

you cannot use same region to measure the quantum chromodynamic effects.
Of course, we may hope that there are no masses above, let us say,

20 GeV and then you work so high that you are above this mass but if I
remember correctly, calculations done here for the PETRA machine, show
that if the mass of the top is 12 GeV and you sit at 15 GeV, which is

20% above, you still get 70% of the events with spherocity above 0.2,

and that was the reason for which it has been decided to go to 15 + 15 GeV
immediately with the machine here to discover possibly in the next weeks these
particles . This means that these effects die very slowly with energy and

so not to have to bother about threshold to me is a good argument.

G. Altarelli/Rome

Concerning the usefulness of an ep machine for testing QCD versus e+e',

I think it must be kept in mind that testing QCD quantitatively is a very
difficult task, because there are many unknowns which come from the
difference between partons and hadrons obscuring our way to disentangling
the dynamics of the fundamental processes. So I think that confidence in

QCD can only arise from a long systematic work that uses all possible
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sources of information. The information from the e+e' and the information
from ep experiments are certainly both necessary for eventually getting
to some solid statement. I think that there is no doubt that with only one

kind of experiment we cannot reach a definite conclusion.

G. Preparata/CERN

I believe that what is very much interesting about these machines is to

find new physics. I hope at that time however, problems which are more
like aristotelic problems about whether quarks are confined or not, would

be solved, and eventually QCD will disappear if it is not right. So I

think we should really concentrate on the fact and look in history that

this kind of machines have always, whenever they have opened'a new regime

in energy, opened new physics. We have to be open in finding new things if
they are there. To concentrate on this kind of really aristotelian questions
what will be the effect of QCD at q2 equal to 2000 or 20 000 GeVz, I find it

neither interesting nor very much in the spirit of out enterprise.

D. Perkins/Oxford

I only wanted to answer in reply to Giuliano. I think it is the theorists
who find QCD interesting. Experimentalists want to find the facts of the

highest possible q2.

J. E11is/CERN

I would Tike to come back to the somewhat more mundane debate which we were

engaged in earlier on, about whether it is possible to test QCD with ete”.

I must say that I agree with what Ahmed Ali said. In coming to this question
of trying to distinguish heaVy quark production from qg-gluon production, it
is clear you have two things you can cut on, one is a thrust type variable,

another is an acoplanarity type variable. I think that the acoplanarity cut
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which Ahmed mentioned would be a very good way for example of beating down
the bottoms. So, that is why I would agree with him. I also very strongly
agree with what Altarelli said. It seems to me that the sort of measurements
that you do with an ep-facility 1ike this is just so totally different from
what you do in e+e'. These are all checks that you have to make. If you tlike,
physically, one is tearing apart the vacuum, the other one is tearing apart
the proton. This machine would tear apart the proton 10 times more vigour-
ously than anybody else has torn it apart. And this may be a basic physical
reason for doing it. Another way of looking at it if you do not like that
picture: the total cross section in ete” is R, and the total cross section
2

in ep is two structure functions which are functions of x and q-. A lot of

information is there, which is note quite the same.
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DETECTOR IMPLICATIONS

FOR 100 GeV ELECTRONS AND 400 GeV PROTONS

P.G. Innocenti and H. Wahl, CERN

DETERMINATION OF STRUCTURE FUNCTIONS

The region accessible to experiments where the rate per day and intervals
. . 32 -2 -1, .

Ax = 0.1, Ay = 0.1 for a luminosity of 10" "cm s is still acceptable
moves towards high Q2 and low x by increasing s (see fig.l). The reso-
lution on the cross section measurements improves as a consequence of the
higher electron energy (%§.N E-%), but the relative importance of the
error on the scattering angle increases (see fig.2 to 5). An angular reso-
lution better than 10 mrad is therefore desirable in particular in the

region of low x and y where the expected rates are high and systematic

errors would dominate.

OBSERVATION OF THE CURRENT JET

The angle of the current jet with respect to the proton direction becomes
larger as the ratio of electron to proton energy increases. For values

of Q2 > 3000 (GeV/c)2 in the x,y region where rates are measurable, the
current jet is roughly perpendicular to the proton direction (see table 1).

This feature favours an accurate study of the current jet as far as momen-
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tum and energy measurements and particle identification is concerned.
Higher magnetic field and/or larger charged particle detectors should
possibly be envisaged to cope with narrower jets and higher individual

particle momenta.
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100 + 400 GeV
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TABLE I
y 0.1 0.3 0.5 0.7 0.9

X
Q2 160 480 800 1120 1440
E_, 90 71 52 33 14
0.01)  ‘ge 8 15 23 34 62
ej 62 34 23 15 8
Q2 800 2400 4000 5600 7200
E , 92 76 60 44 28
0.051  ge 17 33 48 69 107
ej 107 69 48 33 17
Q? 1600 4800 8000 11200 14400
0.1 E , 94 82 70 58 46
. 6%, 24 45 65 88 124
ej 124 88 65 45 24
Q? 4800 14400 24000 33600 43200
0.3 Ee! 102 106 110 114 118
: B! 40 71 95 118 146
85 146 118 95 71 40
Q2 8000 24000 40000 56000 72000
0.5 Eo' 110 130 150 170 190
. B! 51 86 110 130 154
87 154 130 110 86 51
Q2 11200 33600 56000 78400 100800
0.7 Eg' 118 154 190 226 262
: g 58 95 118 137 158
85 158 137 118 95 58
Q%2 14400 43200 72000 100800 129600
0.9 Eg 126 178 230 282 334
’ et 65 102 124 142 160
85 160 142 124 102 65

e + p+e' + current jet + proton jet at 100 + 400 GeV.

Kinematics of the scattered electron and the current jet

(Q? in Gev2, Eg' in GeV, 8 (w.r.t. incoming electron direction) in degrees)
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MONTE-CARLO EVENT GENERATION FOR THE e p COLLIDER

A.L. Grant

CERN, Geneva, Switzerland

In the design of any new experimental facility, especially one
with the unusual kinematic configuration of the e p collider it is
extremely useful to have samples of Monte—Carlo generated events to use
to compare the performance of different detector layouts. To be useful
the events must be unweighted, conserve all the usual quantities, energy,

momentum, etc... and correspond as closely as possible to reality.

) To extrapolate from the present experimental data to the energy and
Q range of the e p collider can only be done in a model dependent way.
However, at present, there is no well defined prescription to define
how a current will interact with the quarks of a proton, how these
quarks will acquire a real mass as they move apart, and how they will

fragment into the final hadrons.

In the present note, an attempt has been made to construct two
models which might be expected to correspond to possible extremes of the
configuration of the experimental data. The reality of the e p collider

might be expected to lie between these two models.

In what follows experimental data taken from the present SPS neutrino
2 2
experiments in the Q ~50 GeV energy range, has been used whenever possible

to define the parameters used in the model,
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The generation of events is divided into three parts:
(a) Generation of the four vector of the scattered lepton and current.
(b) TFragmentation of the quarks after interaction into the final
| hadrons.
(c) Interaction of the current with the quarks of the proton to give
an intermediate state of massive quarks moving apart prior to

fragmentation.

This last part (c) is the least well defined by any theoretical

prejudice and gives rise to the different possible models.

1. The method of generation of the direction and energy of the scatte-
red lepton is well defined. The present program allows generation at

fixed

2
X= Q/2mv and
Y= (E, - E,) / E; or by one photon exchange.

In this case the proton structure functions
XF1(x) = Fa(x) = vx (1 - x)3'5 are used.

2
This implies valence quarks only with no Q dependence. Scattered

leptons are generated according to the one photon exchange form:

2
do 4o 2
Ixdy = TT2 3 { (l-y)Fz(x) +yx Fl(x) }
S.xy

A simple extension of the program would be to add the Buras and

1 2
Gamers (] parameterisation of the Q dependence of the structure

functions, also including the sea quarks. This already exists in a

neutrino version of the same program.

2, In the program, fragmentation of the quarks follows the ideas
current in QCD, and allows reasonable confidence in extrapolating the
presently measured fragmentation functions D(Z), 2 = h.q / p.q to
higher values of energy and QZ. The fragmentation functions used have
the scale breaking Q2 dependence and non factorisation behaviour seen
in the present neutrino proton data of WA 21. Extrapolating the Q2
dependence of the moments of the fragmentation functions of generated

, 2
events yields a value of A = 0.73 for the parameter in the strong
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coupling constant.

In practice the hadron four vectors are generated by sampling

experimental distributions in Feynman Xps Xp = pfl / p*

max. and not Z,

this is simply for reasons of technical convenience.
The tabulated correlation between xp and <P,.> and the form
Pr
f£(P,) =P/ e / <P
T T P> <>

T

are used to generate the transverse momentum of the hadrons in the
quark direction. The distributions in Xg have a simple Gaussian form
for different particle production at fixed charged particle multipli-

city (independent of energy). From the WA21 data fits one made to

<xF> = a N-b
o] = ¢ N-d
*F
the only energy dependence comes through the multiplicity, N
<N> = a+b log S
and dispersion D = c+d <N>

The multiplicity distribution in N and D are given by a generalised
[2]

Poisson distribution . The mean number of m° is taken from the

tabulated correlation between NCh and S.

This formalism has the feature that the moments of the Xg
distributions and hence also the fragmentation functions D" have a Q

and x dependence

n,~2 _gi b
D" (0%, ¥) « (1og (— ))

as expected from QCD.

3. The interaction of the current with the proton is handled by the

program in two different ways giving rise to rather different models.

(a) The current acts on the whole proton without any consideration of
its quark/parton structure. This method with the features 1)
and 2) gives anaive extrapolation of the present neutrino data

to the kinematic region of the e p collider.
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The result of the extrapolation is a back to back two jet
structure in the CMS of the current-proton interaction which when
transformed into the collider laboratory frame gives the expected
structure of a target fragmentation jet going down the beam pipe
and a well separated current jet.

In general the generated events tend to be rather simple and

clear with no confusion at the vertex and two well separated jets.

An attempt has been made to use a second model which introduces
the point interaction of the constituants of the proton. The
proton is assumed to consist of three valance quarks and a gluon
cloud which carries some fraction of the proton momentum,

The quarks are given a small mass, 150 MeV and have a transverse
motion, <PT> ~ 500 MeV/c. The quark which interacts with the current
has momentum x ¢ p*, x = Q2/2mv as before. p* 1is the momentum
of the proton in the current-proton CMS system. The remaining diquark

system has the momentum
(1 - x) p* I F2 (x) dx

where JFZ(X) dx ~ 0.5 is a measure of the fraction of the total
energy of the proton carried by the valence quarks. The remaining

energy of the proton

(1 -x) p* (1 - J Fz(x) dx) can be thought of
as the energy content of the soft gluon cloud. This energy is
shared between the struck quark and the fragments giving these
quarks an effective mass as the jet when the quark, diquark
system fragments as described in 2). If as in the present program
it is required that energy and momentum are conserved locally at
each stage, the only freedom in the model is to change the fraction

of the energy given to the two quark systems.
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The generated events are rather different in character from
those of the first model, They tend to be more complex, with
higher multiplicity and have more soft hadrons causing confusion
round the vertex in the collider system. Because of the high
mass given to the jets originally, they tend to be slower in the
current-proton CMS and hence after transforming to the collider

frame the jets are not so well separated as in the previous model.

REFERENCES
[1] A. J. Buras and K. J. F. Gaemers, Nucl. Phys. B 132 (1978) 249.
[2] O. Czyzewski and K. Rybicki, Nucl. Phys. B 47 (1972) 633.
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Report prepared by M. Holder

The members of the working group were:
G. Coignet, J. Drees, A. Grant, H. Grote, M. Holder,*)
P. G. Innocenti, K. Kleinknecht, V. Korbel, K. H. Mess,
H. E. Montgomery, R. P. Mount, P. R. Norton, W. Scott,
D. Schlatter, J. Steinberger, H. Wahl, P. Weilhammer,

H. Wenninger, P. L. Woodworth

The group had three meetings spread between December 1978 and March 1979.
Most of its members wanted to concentrate their studies on the topics of
structure functions and final states in deep inelastic scattering. The
study of a detector for quasi photoproduction events, which also falls in
the category of neutral current events, was left to the working group

specializing on this subject.

The physics interest of an ep collider is well documented in recent reportsl).
Some points which were studied in more detail by members of the working group
or which may have practical consequences for the machine design are mentioned

in the following paragraphs.

A topic of great interest is the interference between weak and electromagnetic
interactions, which can only be studied with polarized beams. The 02-
dependence of the interference term provides probably the most sensitive
measurement of the Zo-mass - if such a particle exists - in this type of

experiments. For a complete determination of coupling constants one needs

+,. . '
discussion leader
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polarized electrons and positrons of both helicities. If switching from
right- to left-handed particles cannot be done without major changes

(as e.g. reversal of beam direction), the measurable effect may be reduced
to the difference in rate between polarized and unpolarized beams, which

is a factor 2 less than the difference between beams of opposite helicities.

Another problem with implications on the machine is the separation between
longitudinal and transverse structure functions. It requires running at
different beam energies. A study of the accuracy which can be achieved is
contained in the talk of P. G. Innocenti. There are various good reasons
to anticipate running also with deuterons, as discussed in detail in

Ref. 3.

The measurement of structure functions is in principle a single arm experi-
ment, and it is conceivable that an experiment which concentrates on a very
precise electron measurement, both in energy and angle, is best suited for
that purpose. Especially the energy measurement, best done with a calori-

meter technique, may suffer from material in the path of the electron.

An important question which has not been settled at the time of this writing,
but on which work is in progress at Wupperta14) concerns the radiative correc-

tions. The range in Q2

accessible to an ep collider is so much extended
compared to existing experiments that a careful analysis of the problem is
indicated. Eventually there may be consequences for the design of the

experiment.

There are various motivations for looking at the particles in the final state.

On the one hand one may expect to produce new particles by crossirg kinematic
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thresholds. New quarks, for example, will have a tendency to be produced
at small x, where their decay products appear with relatively low energies
at large angles to the beams. To measure them one needs a central magnetic

detector.

Also the ordinary fragments of the quark involved in the primary collision

will appear at relatively large angles, provided the 02

is large. Quark
fragmentation is a topic which may be important for the understanding of
strong interactions, as much as the structure functions in deep inelastic
scattering are. Very little is known at present in the region of Q2 above
several GeVZ. The standard theory predicts quite a dramatic increase of
the transverse momenta with Q2 due to gluon bremsstrahlung. In neutral
current events the total momentum of the final state is well known from a
measurement of the scattered electron; so these events may be the ideal

place to study quark fragmentation over the largest possible range in QZ.

These considerations called for a magnetic detector which measures particles
over a large range of angles and momenta. The choice of a central solenoid
was made under the assumption that a dipole field is forbidden because of
the problems associated with synchrotron radiation.s) A toroidal field was
not considered because of obstructions in the way of particles. There was,

however, not enough time to check the arguments in detail.

No effort was made to detect the so called target fragments which have very
small angles to the proton beam. Their total transverse momentum should be
close to zerp. This can be checked by comparing the transverse momentum of
the scattered electron and the sum of the transverse momenta of the hadrons

observed at large angles, which should balance. It may be appropriate to
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recall here, that the kinematics, i.e. 02 and v as given by a measurement
of the scattered electron, specifies only the invariant mass of the total
hadronic system. The way in which this mass is distributed among the
final state particles is a question of dynamics. Various models which are
consistent with present knowledge differ in their predictions. The models
which have been used in this study are described in Ref.6. The fast that
02 and v can be measured both from the electron and from the hadrons gives

an important consistency check on the hadron measurements.

How these constraints can be used in practice is a question of precision
and acceptance. A detector was sketched with the idea of maximizing both,
but the implications for the physics results could not be worked out in

detail in the given time.

On the subject of particle identification no new ideas have emerged. The
physics interest is probably chiefly to separate K from m and e or u from

m in the decay of new quarks or new leptons. As already mentioned, this
implies particle identification over a large solid angle in a momentum range
where the relativistic increase of ionization in gases can be used, as far
as e/m or K/m separation is concerned. Of course, particle separation is
only possible if the track density is lower than the granularity of the
detector. With present day technology one may be able to achieve separation

for a major fraction of the particles even in high energy jets.

Open Problems

Apart from physics and detector questions which were left open, and which

are mentioned in the previous section, there is an important item whicl
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was not covered by the working group: the interaction with the machine.
Among the relevant subjects are: schemes for po]ariZed beams, provisions
for running at different energies, compensator magnets, minimization of
synchrotron radiation problems, size and shape of the vacuum chamber,

the vacuum in the intersect and further upstream, luminosity measurements,
optimisation of the length of the intersection region, consequences of an

eventual asymmetry of the detector along the electron and proton directions.
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