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Abstract

It is proposed to‘ﬁse a muon beam at NAL to study inelastic
~scattering. The muon beam will have an eﬁergy 100 + 2.5 Gev, with
10? instantaneous, 3 x 10S éverage, muons per second. If a beam of
107!sec becomes available it is possible that improved technology
will immediately allow its use. Thé scattered muons and the electro-
produced hadrons will be detected in a spectrometer system consisting
of a large magnet equipped with a set of wire spark chambers and scin-~
tillation counters; It is proposed to use both ﬁydrogen and deuter-
ium targets, of length 200 cms, The experiment has in patticular

the following goals:

1) Measure the structure function Wz(qz;v) over the range
20 Gev < v < 90 Gev, and 0.2 < q < 20 (Gev/c)z.

2) Study rho electroproductign in such a manner as to obtain
the density matrix elements as a function of qz, t and v.

3) Study the momentum spectrum and multiplicity of the electro-
produced, hadrons.

4) Use the recoil protons to make a étudy of the electroproduc~

tion of forward going mesons.

It is estimated that these measurements will require 800 hours of
running t.me..

The proposal also discusses other possible measurements such as:




az

(i) a separation-of Wl(qz,v) and Wz(qz,v)

2 < 100 (Gev/c)2

(ii1) a study of Wz(qz,v) at 10 <. g

(iii) a study of mﬁon bremsstrahlung as a test of QED

(iﬁ) use of small q2 electroproduction measurements to measure
the total photoproduction cross section

(v) use of a polarized target to study the spin dependence of
inelastic scattering |

(vi) use of heavy targets to study coherent vector meson pro-

duction, muon tridents and search for W mesons



1. Statement of the Fxperiment

A beam ofrmuons ofrenergy 100 Bev, in an area 4" square, and
instantaneous intensity 106 per second, and average 2.5 x 105/sécond,
will be needed. According to a report by T. Yamanouchi to a users’
workshop in March 1970, such a beam is possible and will be available
in Experimental Area 1 on or after January 1, 1973. The beam inten-
sity is limited by the confusion caused by stale beam tracks in the
wire spark chambers planncd.» It is possible that improved technology
will enable us to ﬁse 107 u/seéond. If this is the case, the count-
ing rate and the experiment will be mach improved.

This beam will be scattered from targets of liquid hydrogén and
liquid deuterium. The scattered muons will be detected in a wire
spark chamber spectrometeé.‘ Other charged particles from the collision
will also be detected in this spectrometer, if, as many of them will,
they proceed in the forward direction. The "recoil™ nucleons can also
be detected at large angles without a spectrometer, but their energy
will be measured by time of flight.and & totai absorption scintillator.

The experiment is to measure the inelastic scattering over the
range of parameters 0 < QZ < 20 (Gev/c): and wv= E -~ E' in the range
20 Gev < v < 90 Gev. We will obtain the following results:

(1) w2 will measure the structure Functibﬁsz(qz,v) for inelas-

tic scatteving over this range. This will be by observation of the




muon.
(i1) We will measure some general features of all inelastic

scattering processes. The'multiplicity of outgeihg particles will

be measured,

(iii) Some specific channels will bz observed. In particular
we expect to follow forward rho and phi muoproduction by the 2n
meson or 2K meson decay; each charged pion (or kaon) will be meas-
ured in the spectrometer. | |

(iv) We will measure the angle and energy of 'recoil" protons
and thus make a massrplot of all forward produced mesons, using
Maglic's method.

v) We will compare Wz(qz,v) for protons and deuterons, and by
"subtraction for néutrons.

(vi) Further experiments that can be done with this apparatus
are outlined in Section 8. They include:

a) Muon bremsstrahlung in hydrogen will be detected by the
scattered muon and the accompanying vy ray. We anticipate that a check
of QED can be made which is sensitive by present standards (A > 10 Cev/c).

" We do not urge this as a primgry aim at this moment since we antici-
pate that colliding beam experiments wi' 1l be more sensitive., However,
it is probable that these events will come automatically with our
present p -oposal.

b) As q2 + 0, the resolution in q2 gets worse. for the

proposed ..pparatus and the counting rate goes up. A special run




with the target further from the spectrometer is peeded for a precise
measurement. The extrapolation to q2 = 0 can give the total éhoto-
production cross sectio; o(y p) and oy ©) = o(y d) ~ oy p).to an
accuracy of 2% compared with about 10-15%Z from our proposed first run.

Although this may not be the best way to determine o(y p) (we
proposed a better way in B 268-54) it comes with little effort using
the same apparatus.

c¢) If we repeat the experiment with a range of muon energies,
we can separate Wl(qz,v) and Wz(qz,v). wﬁen v is close ﬁo the inci~
dent muon energy we will measure Wl(qz,v); when v is far from the
incident muon energy we will measure Wz(qz,v).

d) Even if the technology does nét improve sufficiently
that we can trigger the apparatus as described at 107/sec, we can
use a special “high q2" trigger to follow up inelastic scattering up
to qz = 50 (Gev/c)2 or even 100 (Gev/c)z.

e) Ey addition of a polarized target, the spin dependence
of inelastic scattering can be measured.

f) By a change from a hydrogen target to a heavy element
target, studies of coherent vector meson production, muon tridents,

and a W search.
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2. Justification of the Experiment

The inelastic scattering of leptons by protons can be described,
in the one photon exchange approximation, by the equation discussed
in Appendix E

v

2 : 2
dzG - fmelnoy CHORE! M 2op (9 o) qzwz\
4 E 2 > - LEERT o 1
dq“dv q cc(qz,v)-!-cT(qz,v) “EET /

where we integrate over all tadron states. In the last few years in-

elastic lepton proton scattering has been studied at several labora-
tories. The experiments, briefly summarized, show that for

q2 > %~(Cevfc)2, and v >2 Cev,,vwz(qz,v? # 0.3 and co(qz,v)loT(qz,v)
< 0.3. This constancy of vwz(qz,y) is.surpriéing‘

A convenient summary of the experimental and theoretiéal situa=
tion is given in the articles by R. E. Taylor, J. D. Bjorken, and
S. D. Drell at the "Wisconsin Conference,' April 1970.

Bjorker has already shown that in the limit q2 + ie (which does
not seem to be a point that is experimentally accessible), sz(qz,v)
and Wl(qz,v) approach definite limits and become functinns of qzlv‘
alone. Morcover these functions are interesting commutators of hadroniz
currents. Thé experimentally exciting reiult is that experiment
reaches Bjo-ken's limit at a low value of qz, so low indeed that
vector meso dominance might be expected ‘o hold.

v e " he " r . F e s by N
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lepton proton scattering as a quasi-elastic lepton parton scattering
where a perton is a part of the nucleon. We cannot describe fhe
parton as a part of the nucleon in the same way as an atom is a

part of a c;ystai or a nucleon is a part of the ﬁucleus; the binding
energy is a large fraction of ;he mass, ‘However, the fact that
cé/oT < 0.3 suggests that leptons scatter from partons through their
spin'[just as for elastic lepton proton sca;tering GM(qZ) is finite,

implying a finite magnetic moment, and GF(q2>/TGM(q2) < 1].

Although some of the words below imply a belief in the parton

|
|
model, we wish to stress our belief that the importance of this ex-

periment is quite independent of this particular model, and although
we ﬁse the model to guide our search for important regions of inter-
est, the major considerations are of kinematics.and of apparatus.

We expect that the muon beam at NAL will eventually be used to
measure the structure functions Wl(qz,v) and wz(qz,v) over a wide

.range 10 Gev < v < 300 Gev; 0 <« qZ < 100 (Gev/c)2 and that many indi-

vidual hadron channels will be studied. This expectation leads us
to design flexible apparatus and a flexible beam channel. The theor-
etical reasons for the particular region to be studied in this first
experimeni , are given below. DMore importént are the experimental
reasons, because our preseﬁt view is ttrat all regions are interesting,
and we wish to study the easiest first. '

The "scaling'" of Wz(qz,v)‘needs tc be studied over a wider rang;

of paramecervs. Brealdouns are particularly expected at large velues




of (qzlv). We may not, howevér; study q2 > 20 (Gev/c)2 in the first
instance because a high beam intensity is needed. If technology
improves, this can be done in the presently proposed run without
sacrificing reéolution and multitrack efficiency at low q2.

The separation of Wz(qQ,u) and Wl(qz,v) ~- or alternatively
od(qz,v) and GT(qz,v) can be crudely related to the spin of the par-
ton. This is clearly interesting, bat it needs a good control over
~both statistical and systematic errors, and also needs a change in
beam parameters which may produce problems in the first pﬁases of
NAL, operation. |

The limits of oT(qz,V) as q2“» 0 is o (v) and hence the

ytotal

limits of X W (qz,v) and W (qz,\))/q2 as q2 + 0 are c(total(;},
R it 1 2 Y yd

These can be determined by careful measurements over the range

0 <‘q2 < Mi over which range there is considerable variation. The

behavior of ¢ (y p) as a function of energy is more interesting

tot .

than that, for example, of Otot(“ P) because the mass of the photon
is zero, and this makes the dispersion welation simpler.
, 2 2
However, accurate measurements below q° = 0.2 (Gev/c)”™ will be
limited by the precision in angular measurement (leading in turn to
.2 V _ .
an error in q° ) (see Appendix A). To overcome this needs either
improved technology or a special run at low beam for low q2 only. 1In
view of the greater interest in the paiton model, we will measure

o(y P) tc only about 10-15% at this time. A special run later can

improve this number,




The difference between scattering from neutrons and protons is
\verykimportant. This differenca, integrated over v and q2, abpe&rs
directly in thtingham{s discussion of the np mass difference (al-
though it is now believed that that‘calculation, as it stands,vgives
an infinite answer). Moreover it is important as a means of discrim-
inating between rival thcofies. The diffraction theory of deep
inelastic lepton proton scattering predicts the same cross sections
for lepton neutron scattering. Parton models can give different
results, varying with (qz/v);

Although experimentalvresulﬁs are expected from an MIT-SLAC
group in the summer of 1970, the range must be extended, because
equality of lepton proton and lepton neutron scattering over a Qide
range 1s needed to»disproVe the parton model.
| The rho meson photoproducticn in the forward direction is inde~
pendent of energy up to 15 GeV/c, and is 15% of the total yP cross
section., Electroproduction has not yet been measured, but is expected
to be measured within a yeér or éo. It is interesting to follow this
channel up to the highest eﬁergy; to measure the dependence on qz;
the momentum transfer distribution to the nucleoﬁ, and the density
matrix elements. | ,

we note here that UT(qz,v) varies 8§ l/qz, whereas the rho dom-
inance prediction is [1/(q2+m2)}2. Ve ﬁan decide which dependence
is correct. Moreover, according to the naive rho dominance predic-
tion, the d@pendénce op the momentum trensfer (t) fo the ruclecon

- 1 : e o L, R T g [ ]
should be indepeovndent of 7. Wu and b v suggesy thet this t




dependence should become flatter (and presumably the cross section
integfated over all ¢ willufall slower than [1/(§2‘+ m2)]2 ). fhe
incident muon is 1ongit;dinally polarized, and ovef a wide range
(vZ > EE") (seé Appendix €) the virtual photon will be circularly
polarized. The rho, if Aiffraction prodaced, should retain this
circular pelariZation} We discuss this further in Appendix D.

If we find the rho ﬁroducﬁion varies as El/(q2 + ms)]2 it is
interesting to sce whether the phi production varieskas {1/ (g +m$)]2.
Wé‘?ill have enough events to digtinguish mp and my .

1 Muon,béam experiménts have, so far, concentrated uporn: those

% matters specific to muons;/u/e universality; tridents; py bremsstrahlurg.
}‘The?availébility of electron beams with a small cross section (1 mm |
é diamQEEr) and high intensity has caused electron beams to dominate the
:kfield of electromagnetic intcractions. We expect this to change for ’
}the folléwing reasons.
| 1) No such electron beam will goon_be available aboveFZO Gev.

2) The secondary beams at WAL Qillyhave a good (25%) duty cycle;
;instead of 4% from electron synchroérons.fgd 0:12 from SLAC,

V3) /quﬁeams ﬁill be»aQQiiablé with higher intensity and less halo

than before, They will also be 1007 polarized along the directien

of motion.




3. Apparatus

(1) Muon Beam

The incident beam will have an energy spread of about SZ; it
ma§ have a low energy tail; (this could give us trouﬁle; seekthe
section on triggering below) it may(glso have a éhélo.” In geperal,
we expect the beam to be as described by Yamanouchi in his report to
the 1970 Annual Usgers' Meeting; we find this beam completely adequate
and will not comment further on it here.
Ve intend to measurc the muion beém enefgy and direction by counter
hodoscopes before and after the last bending magnet in the p transport

ore
system to 0.3 GeV out of 100 GeV. These hodoscopes, being used in the yP II

experiment at Brookhaven (and built by Messrs. Read, Sculli, and Yamanouchi);

alternatively they could be copiles.

(ii) Magnet Spectrometer

A sketch of the uP scattering apperatus is shown in Figure 1,
and a schematic detail in Appendix A. Several important design goals
have been incorporated in this spectrometer and we believe it is op~
timized fc¢r the initial survey and exploratory work in the new

2 2 : Y N h] > 1
domain of v,q  available at NAL. The =z paratus can be chavacterized
as a larg: acceptance-medium resolution dipole spectrometer.- Its
heart is a large l-magnet, which we talk: at present to be the "Jolly

117
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Figure 1

Designation of components:

1. HZ target (2 m long)

2. Scin. hodoscope {(XY)

3. Dipole magnet JGG

4. Scin. hodcscope (XY) ‘
5. 2 Xo lead converter

6, Scin. hodoscope

7. 25X 1eéd ‘absorber

8. Scin; hodoécope

9, Hadron absorber

10. Scin. hodoscope

11. Wire core chamber wmodules {xy uv xy uv)

12. Magnetostrictive wire chambers

13. Additional core chambers fd? track ideﬁtificéﬁion
14, Beam veto for trigger

15, Beam defining veto

16. Energy and time of flight counter

S I oy T A i+
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which is 3C inches high, 84 inches wide (60 inches across pole tips),
and 86 inches deep. It can provide a central field up to 15 kg,
corresponding to a traﬁgversc momentum kick of 0.8 GeV/e. The mag~;
net is placed astridé the muon beam about 8 meteés downstream of a
v2 meter liquid hydrogen (deuterium) target. Wire chambers of the
ferrite core type (for high multiplicity track efficiency) are
placed before and after the magnet to detect recoil muons and forward
going hadroné. Behind the rear wire chamber ﬁodule is a thick
hadron absorber with which we identify the recoil muon in the inter-
action. A number of scintillation hodoscopes, a Cerenkov counter,
and lead absorbers used for'ttiggering and particle identification
complete the apparatus. Their detailed functions are explained in
Appendix B.
| There have been a number éf abproaches suggested for the pP
spectrometer ranging from the low resolution magnetized iron spec-
trometer of Hand (55.48), to the elaborate vertex spectrometer of
Anderson (55.10§). The argument for the low resolution (n20%) spec-—
trometer stresses the lack of structure observed in the deeply inelas-
tic data observed at SLAC. It is our view, however, that this argu-
ment holds only for a "single arm' experiment which makes no attempt
to analyze the recoil hadron system. We believe the recoil hadrons
are of extremely high interest,; and conutitute the chief advantage of
a coincidence apparatus with 1argg momer tum acceptance. With such
an apparaius, the need for increased reuolution apnears and permits

~ ol e N P S wesg e N I A ALY s n e §
us ro ask quegtions ahout badron melvi-Ticicies, snac
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body channels, multiperipheral systematics,‘and recoil nucleon t-dis-
tributions. Giving up resolution on the virtual photon would cost
us dearly on these questions which have arisen in consequence of the
presently known single arm behavior, and heretofofe could not be
aquered by experiment. We conclude that a low fesolution spectrom—
eter is inadequate.
: <
The sophisticated vertex spectrometer of Anderson at first view
is quite attractive, but on further investigation is subject.to some
subtle drawbacks. Two primary considerations induced us to suggest
a less ambitious spectfometer in the initiél uP investigation: |
1) The amount of data reduction to render useful a complete
momentum analysis of all recoil charged particles is very large by

contemporary computer standards, and relies upon an acceptable solu-

tion to the basic problem of particle identification as well as

momentum reconstruction. Moreover, the particular channels which
interest us at the moment give high energy particles in the forward
direction which can be well studied by cur spectrometer.

2) Before one has made the initial survev experiment, the
direction of subsequent research is seldom clear, and one would
prefer no: to build an overly elaborate apparatus until the prelim-

inary information is in hand to guide the design.

These two reasons along with others of less fundamental charac-

ter caucel us to draw back form an . tial spoctrometer of the Ander-

o
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- A final consideration of high practical importance is the fact

that the proposed spectrometer is potentially the least expensive of

the three spectrometer types discussed! This remarkable fact of

course derives from the present existence of the Jolly Green Giant

[+

magnet at CEA, which we hope will be available for this use, plus the

readiness of the Harvard group to dress it with wire core chambers

independent of financial aid from NAL funds. We feel this is an

exceedingly important consideration during the first few years of

operation when the greatest demands will be made on NAL for construction

-

of.ﬁarge experimental apparatus,

1 ,
(ii1) Detector Svstem

In the design of this apparatus we face the prablem of warking

with a beam of large spatial extent. - In the electron-proton scattering

field, beans
spectrometor
"sizes to the
spectromet 2r
spectrometer
madness.
Instead

good spatisl

have, typically, a diameter of 1 mm; and fhe 20 Gev

“at SLAC weights 2000 tons.

We could scale up all our

10 em x 10 cm beam available here and for a 20 Gev

would get 2000 x 106 tons = 2 x 109 tons; a 100 Gev

might weigh 2 x 1012 tons.

In this direction lies

we choose te place detecto s in the beam which have a

resolution and to use a molest magnet. The principal

limitatior on the beam intensity is the ability of our detectors to

i

i1 o+ enyy ol . o B e PR R - 4 b 2T e e « o oy f W -
withstand a high rate, We could use so'ntillaticon countars alone

S

SR

.

T




13

for rate; or wire spark chambers for resolution; multiwire propor-—
tional counters (Charpak chambers ) are being developed which might
allow both high rates and good resolution, At present they are not
being made in large siées and with adequate spatiél resolution., We
tﬁerefore propose {Appendix B) a composite system of counters and
wire spark chambers operating at an adequate rate (106 u/sec instan-
taneous, 3 x lOsbp[sec average). If the technology develops as we
expect, we will be able to cope with 10 times the planned beam

intensity with a consequent improvemenf in the experiment,

(iv) Identification of

In the proposed detector, muons will be jidentified by requiring
them to traverse a thick absorbef at the rear of the spectrometer,
with wire spark chambers to folibw'the tracR. We therefore expect
to identify the muon even though several particles may enter the
spectrometer at the same time.

On occasion, a pion from the target will decay in flight and
produce a muon. This»mudn could be falsely identified as the scat-
tered muon. In many of these spurious events, the m-u decay can be
identified by a curvature of the track; in any case, calculations

show that the background should be no more than a few percent.

{(v) Count Rate

2

We nssume that for q2 > 0.5 (Gen/ )7, vwz(qz,v) = 0.3 and

%
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2 o
OO/OT =0, As q ‘% 0, Nz + 0 in such a way that oyp(total) = 100 pbarns.
Thus we use, for estimating purposes, vw7(q2,v) = 0.3 {qz/(q2+‘%)].

We use the cross section formula in its invariant form:

2 | ~ 2
d bya? T 2
_.,E_OM = _17%_“ lrim Wz(qz,v) 14+ 4 + _
dg“dv q ’ : - 4EE' 2EE!
Yol 0.3 _E..t_,}, _-yi + 3_2_,“.
q2(q2+%) VoL E o 22 up?
The square bracket is of the order of unity.
2 . dv dq® 4ma? x 0.3
d’oc & — . -
v 2,2 1
- q (q 4'55’)
For q2 >f/3 (Gev}'c)2
V Y ;
o -Dax 2 1. 2
o # log . 1.27a ( 5 3 )
' min Inin 9 max

Putting qiin = 1 (Gev}c)2 = 25 f—‘2 = 25 x 1026 cm“2

= 4.5

min -

/v

v .
pax

o= 1.2 x 10—31 cmz

6
With a beum of instantaneous rate 10 u/sec and a target 200 cms

-3
long hydrcgen we find 106 x 200 % 0,07 2 6 x 1023 x 1. x 10 1.
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1 count/sec.
In a run of 400 hours, = 3.b x 105 beam secs, we will find
Z.b x 105 counts. If w@ divide int0 broad bins, equal vlfvz and

qi/qg we find the following counts:

qZ (Bev/'c)2
1-2 2-4 4-8
2 x 10° 0% 5 x 10°
1t 11 13} )
131 3t 11
14 1" (3]
13 1 114 11
19 11 141
ii} " 1"
38 .y 46 111 1" 111
46 - 55‘6 V . ’ 11 ‘ i3] "
55.6 ~ 67.5 " ' " oo

Note that these counfs increase by a factor of 10 if the tech-
nology improves the way we expect. |

This is clearly amble. We anticipate spending another 400
hours with deuterium. The high statistics will enable us to compare
H and D with precision.

We expect, on the basis of photoproduction,'that 15% of these
events will be rho events and we will pick up all of these. This
is still 3 x 103 counts in each v bin. 0On the basis of photoproduc~-
tion alcs, we will pickup and identify %Z nf the evepts as ¢ nreducti-n

&
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{vi) Radiative Corrections

.

Processes where a‘§ ray is emitted as well as an inelastic sca£¥
tering are part of the.muon.bremsstrahlung; if we exclude these from
consideration by measuring them, there is no radiative correction.
y“rays are expected along either the directicn of the incident or
final muon., However, in the 1967 BNL u experiment, it was found
convenient to identify bremsstrahlung as an event where no inelés~
ticity was present [i.e., to measure only "elastic" bremsstrahlung].

' E To the extent that the y ray can be undetected, there is a cor-
recfion. This type of éorrecticn is well known in all electron scat-

:

tering measurements and amounts to 20% of the cross section for

2 2 o 2 . .
q” > 1 (Gev/c)” and up to 80 or 90% as q~ > O. For muons this radi-
ative correction, even if not removed by measuring the y ray, is
reduced by the factor:

log (q2/m§7
mm? 5 s 5
log (q '/m';)

It will be evaluated in the same way as for electron scattering

measurements.
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4. Triggering

The triggering syétem must have a higﬂ ~— and measurable --
efficiency for all events of intérest. At the same time the trigger
must not accept so many spurious events (even though disentangled
later) that the magnetic tape is overfilled.

In ogder to achieve this we talke advantage of one, or all, of
the following features of the events in which we are interested, éll
of which can be studied with fast logic before a triggering event.

1) For q2 = (0,25 (Gev/c)z, F = 100 Gev, E' = 90 Gev, O = 5 mr.
The largestiangle for which a muon from pe scattering'can scatter is
4.9 mr. Thus an insistence on large q2 can cut out pe scattering
events, andbalso low momentum transfer p bremsstrahlung which is less
important. |

2) DMost of‘the events under conside:ation will give hadron
showers, which are more penetrating than electromagnetic showers of
the same energy. We can therefore insist on at least 2 separated
particles penetrating a lead absorber.

3) Without affecting the cross section, we’can veto any event
on any criterion not dependent on the scatfering. Thus we can omit
from consideration at all all muons with a ﬁeam halo particle in ac-
cidental coincidence, and so forth,

The variocus procedures are discuss:d in detail in Appendiz B.
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5. Staffing of the Experiment

This experiment is grcposed by
Professor 7. B. W. Kirk
Professor T. M. Pipkin
Professor J. Russell‘
Professor M. Tannenbaum
Professor R. Wilson
‘Dr. J. Sanderson
of Harvard University.
We expect to add to the group two research fellows and one or
two graduvate students.
‘Professor M. Perl of SLAC has expressed Interest in joining a

collaboration, which we would welcome, but due to difficulties of

time and space will submit a separate proposal.

P U ———
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6. Fquipment, Cost, Ete.
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Year of Eqﬂipment
Completion Cost
Muon beam " FAL 1973 ?
Muon beam hodoscope ?NAL 1970 2
Target (hydrogen & deuterium) NAL 1973 $ 5,000
*Magnet and measuring CEA~Harvard 1971 $ 50,000+
*Spark chambers and cores Harvard 1971 $100,000
Co%nter hodoscopes Harvard 1971 $k30,000
Had;on absorber NAL 1972 $ lO,ﬁOO
*Coﬁputer PDP15 NAL or Harvard 1971 $ 90,000
*Interface Harvard 1971 $ 20,000
Fast trigger electronics including :
development 1971 $ 50,000

Harvard

* used for proposed KQO regeneration experiment

t primarily woving a CEA magnet.
this sum becomes $270,000,.

If the CEA magnet is not available,
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7. Compatibility with Other Experiments.

It is our view that muon experiments are so interesting that
the muon beam-should be available for muon experiments as much as
possible., It is desirable to arrange matters so that it is compatible
béth with neutrino bubble chamber experiments and with neutrino spark
chawber experiments. The neutrino éuhble chamber experiments need
aAshoft spill -- muon experiments a 1dng spill. It seems possible
to give the bubble chamber the first 100 psets of every heam pulse
and the muon beamkthe rest, The neutrino spark chamber experiménts
also want a long spill. It seems important, therefore, thatlthe muon
beam experiments be at an independent location from the neutrino
experiments., This/is shown in figurc ﬁ.. If, however, adequate
 space is not available f0r this, and fmuon and neutrino experiments
must run consecutiyely aﬁd not concurrently, then the muon apparatus
must be up-beam of the neutrino apparatus as shown in figure ig.
The loss of neutrin§ intensity is sméllv :

It is also possible that this apparatus can be positively useful
for the neutrino spark chaﬁber experiments which are being’proposed.
"The appa%atus can be considered as a virtual photon tagging device,
and the total energy of all hadrons can be defiﬁed. This can then
calibrate the hadron‘calorimetér of the neutrino spark chambery

‘Moreover, to interpret the data on neutrino inelastic scattering

. R ) .
sreosrivth the nusa Inclastic seatoornins
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8, TFuture Experiments With This Facility

We expect to build this muon detection apparatus in a substan-
tial manner, because we anticipate that it will be useful for a
vafiety of other experiments which can be performed by ourselves or
oﬁherg 2t a later date. The list is long and obvious. We enumerate
thogse which interest us the most.

1) The present proposal

2) A run at lower qz to determine oy P) and o(y N) more precisely.

3) Replacement of the liquid hydrogen targét by a polarized
hydrogen target, polarized along the beam direction. This will, ac-
cording to recent ideas of Bjorken, lead to a definite test of the
parteon model by measurements analogous to those involved in evalua-
ting“the Drell-learn-Gerazimov sum rﬁles

4) An extension of the parameters of this experimentvto q2 =
100 (Cev/c)2 by increasing the beam (and probably not measuring the
directions of particles in the beam). Also an extension to v = 300
Gev by using higher encrgics.

5) Replacement of the hydrogen target by a heavy element; then
we can stwly coherent production of vector mesons -- if any. |

6) Also with a heavy element taréet, a study of QED by nmuon
tridents.

7) Also with a heavy element target, a search for the interme-

nope b gas
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We put experiments in this order for the following reasons.
Experiment 3 is very exciting, but needs our study of wl(qz,v) and
w2(q2,v) to be understo;d. Moreover the polarized target is techuni-
cally more complicated than an unpolarized target. FExperiment 5
will be of interest onlv if these vector mesons exist. Indications
so far are that the higher masskvector mesons are only weakly pro-
duced. The excitement of.Experiment 5 depends upon the status of
QED as shown g? colliding beam.experiments in the meantime. Exper-
iment 7 is very difficult at the presently envisaged meson beam in-
tensities; the calculations of Rieff and of West and Berends are not
optimistic in this regard.

Thus we believe we are propesing the best experiment for initial
experimentation in the NAL muon beam. This situation may, of course,
change in the next two yéars.

The extension to experiment 2 is obvious; that to Experiment 3
we enumera;eka little below since a larpe part of the design is done

already anl we believe it should help justify the facility.

Scattering of Muons from a Polarized Ta.pet

We here outline the experiment usiig a polarized target.

We note that wuons come from w mesevmn decay and are therefore

tudinally polarized. Ve discuss below the desirability of

100% long:

studying tne scattering by longitudinally polarized protons,

Drell, Fesrn, ond Gerazimov ghoved some vears agco, that if the

H
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cross éection for absorption of circularly polarized vy rays on longi-
tudinally polarized protons is studied, the integral over the'enefgy
of ¢ parallel - ¢ antipérallel is given by the anomalous magnetic
moﬁent. There is some indication that this limit is already reached
at 2 Bev; it is clearly interesting to study the question differen-
tially. The possibility of using inelastically scattefed muons as

a source of circularly polarized (virtual) photons has been discussed
by Wilson, Berkelman, and Dombey at CEA 1967-1968, and it was noted
that at loﬁ nucleon excitation energies the (circular) polarization
of &he muon is not transferred to the virtual photon (except at very
small & <(m/E)). Bjorken has reopened the question by showing that,
at gigh excitation energies the circular polarization is maintained,
even for 1érge momentum transfers,

Since it is just in this energy region that the par;icularly ex-
citing developments have, in the last two years led to thé develop-
ment of the’parton model, the new information, of a qualitatively
different character, obtainaﬂle by polarization measurenments, is
very important.

One qualitatively dramatic feature is clear by considering the
spin beharior in elastic lepton~proton scattering. At high momentum
transfers, the magnetic scattering domiaates and there is clearly a
large —~ but uninteresting =-- spin dependence. According to the par -
ton model, inelastic lepton-proton scaktering is to be considered a

sum over ~uasi-clastic scatterine of leotens on spin 1/2 partons.




Thus we expect a similar polarization effect; if three partons
(quarks) are effective at the energy of interest, one out of three
will be lined up to maﬁe the proton spin; thus a 307 effect could be
expecte, This will be reduced as the number of effective partons is
increased (presumably as the excitation energy is increased).

A target to polarize protons along the direction of wmotion has
already been constructed by Sandersen at Harvard, but we propose a
larger version. Specifically we propose polarizing an armonia target
5" diamefer and 10" long, in a superconducting solenoid with 26 kg
field. The whole will be kept at 0.47° by a He3 refrigerator and a
proton polarization of 707 is anticipated. The.gign of the direc-
tion of polarization can be changed, as usual, by changing an RF
frequency with no mechanical changes. However, the nitrogen will
dilute the measured polarization effect., We expect the same number
of eventé as those listed in Section 3 (3 x 105) but only 20% of
them will be from hydrogen. Thus a 100% polarization effect will
give a difference of 5;000 counts with an error pf J”&0§ of course

this is a sum over all bins.
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9. Data Analysils

Each event will ha?e 1 dncoming muon defined by counters with
fast logic; the subsequent spark chawmbers will have many tracks
including O to 2 "stale" beam tracks. At first sight the analysis
pfoblem seems too large for a first experiment. However, for meas-
uring wz(qz,v);over most of the range, we need only identify the out-
going muon; after the hadron absorber it will be alone; its position
inzthe last spark chamber can be easily traced. This one track can
theéefore be located with moderate simplicity. Ve therefore expect

values of W?(qz,v) to be available before the rest of the analysis,

and possibly on line.




- APPENDIX A
ACCEPTANCE AND RESOLUTION

To calculate the acceptance and resolution functions, refer to
figure A,1. Our goal will be to accept a large bite in both v and
q? in a single configuration so that data can be simultaneously

taken with good resolution over a large part of the desired spectrum,
- [4
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Suppose we assume the following reasonable values of the parameters:

EU = 100 % 2.5 Gev

AE = 0.3 Gev
u .
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The resolution which results is given in the following tables.
Note rthat these are for the principal run. For studying
o;p(totél) we propose to put the target further away from the magnet

and the resclution improves almost in proportion.
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APPENDIX B

TRIGGERING SCHEME AND TRACK AMBIGUITY

The group of proposers includes one who has participated in two
muon scattering experimenté (uP elastic scattering: pP I at BRL in
1963 and muon tridents in 1967) and two who have participated in one
each (uP inelastic scattering at BNL in 1967 and muon tridents réspec—
tively). We believe therefore we have some experience in the trigger-
ing problems. Four of us intend to participate in uP inelastic scat-
tgring at BNL (P II) in 1970. The most directly relevant experience
is that of pP inelastic scattering, to which we will refer. |

We wouyld like to trigger on all muon inelastic écattering events,
with 100% efficiency, and exclude ali spurious events. However, some
restriction is necessary. in 1967 we insisted nn a muon energy loss
of at least 5 GeV out of 11 GeV, and even then did not have full
efficiency for their detection;’the efficiency depending upon both
v and qz. This restriction qnabled us to demand that a muon appearved
outside of the beam region in coincidence with the bean.

In the proposed experiment we might demand that the scattered
muon —-- at the end of the apparatus appeir outside the 10 cm square
beam: with no Bending this nmeans 0 >6.mf. For q2 = 0 this restricts
us to L' < 50 GeV, and v >50 Cév. For qZ > 0.2, 8 > 6 mr, ever for
low E' &= 2 Gev; although for some small pottioﬁnbf phase spdee the

. [P SN P | PP T | - P T PSR Mo e oA - -
seatiesing and e dannind af  Che o0 grvnsnlivae g.
5 : !




!

bring the scattered muon back to the beam line, this region of phase
space is small and can be calculated.

Below we discuss three trigeger possibilities. We believe that
any one of the three can be made to.work. We will arrive at NAL
prepared to use any or all of these three logic systéms, either in
AND or OR depending on the backgrounds. The inefficiencies in any
of the triggers are small and can be éalculated.

As compared with the 1967 ENL experiment we can, in principle,
operate with a very fast trigger rate. 1In 1967, the spark‘chamber
pulges could only operate once per second; the protogypes of the
wire spark chambers here discussed will operate at 1000 cps. Although
we éould only put 50 cps on tape, and we want to keep the rate to 1
cps for simplicity in subsequent analysis, there is some’time avail-
“able for rejection of the event by slow logic after the spark cham-
ber trigger and before recording on tape. However we do not expect

to need to use this option.

(i) Muon FEnergy Loss Trigger

A "good beam muon" is set in coincidence with a muon counter
which is outside the beam. Random coincidences between a beam muon
a a beam halo muon (assumed to be 1/10 of the muon beam rate) will

3 _ . .
be 10" per second. These will be reducczd by a wveto .counter in the
beam direction and by veto counters on cither side of the beam near

the target. Fach of these should reduce the rate to zero. In prac-




tice in 1967 they were introduced as an ﬁfterthought'andyre&uced the
randoms rate by factors of 200 and %O respectively. With forethought
we should do hetter,‘anﬁ will'therefore have a spurious trigger rate
at most 1/2 ofuthe reai rate.

pe scattering can still trigger, but this can be removed by

demanding that the scattered muon, if it has lost energy, scatter up

or down by an amount greater than 5 mradians.

(ii) Hadron Trigger

An alternative trigger is to take advantage of ﬁhe fact that we
are interested in eQents where the proton has gained many tens of
GeV in excitation energy, and willigive many high energy hadrons.

We can thus demand that, in coincidence with the ipcident beam,
there ié a muon and a hadron at the rear of the apparatus. We will
distinguish hadrons from electrons and photons @produced by pe scat-
tering) by their ability to penet;atefhigh 7 absorbers, This is
illustrated in figure 5.

The only”particle which penetrates to counter bank ﬁ is the
scattered mion. The hadrons penetrate to counter bank C with high
efficiency, but only a fraction of one per cent of the électrons or
photons sc penetrate. 2

Assune we have at least one hadron incident at point A. If it

-

is a mesorn, it will penetrate as a charped particle or group of chargad

particles, provided it does not lose ali its enerpv to neutral pions




M
/ > -
- — V : IR ,-"""
PR, —_ T <
PR Tt N
‘N\\
o = ~
A R TR et A T e T it —“'"“'T.‘« NN"-___ <

i .,“.\.'j\\/\/\\/w\\/\/\/w R.’ P SO ///;’/W

26(}\&1{‘:“‘.
Ph
A( }f" EM

‘ngi\i‘h{l

178 qw o

Pb

A Xem

034 Xwud

4%op Gon [ Cue
‘ Com:—el’& o Phb

350 Xam

15 Xma;q_

TILLUSTRATION OF = POSSIBLE
TRIGGER |

HAD Ao N

N




P-b

early in the absorber. An eover-—estimate of this process assumes a

2/3

charge exchange cross section of 2 mb, an A nuclear dependence,

and a targel assumed torbe 75% of the lead. Under these conditions,
3% of the mesons fail t§ propagate to C, If there are two fast
charged mesons, the trigger failure rate drops to 0.1%. Fast for-
ward protons will penetrate more easily, and should have an ineffici-
ency of less than 1% at point C. Neutrons unaccompanied by charged
mesons will have‘poor triggering efficiency, but will come back to
this point later. TFor the purposes of this calculation, we have
called a particle with 5 GeV/c or more momentum a "fast" particle.
Therefore, all but a percent or so of our desired events will
have two points or "spots' at which one or more charged particles
cross the gap at C. The probability that all the charged particles
fall within a single spot must be made gmall so that the requiremedt
of two spots can be used in the trigger. A Monte Carlo program will
probably be needed to study this effec£ and thereby determine the
granularity of the logic elements at C, but we remark that a 1" x 1"
logic element would subtend only 4 uster from the target. A logic
element smaller than this will run into problems caused by muons
emerging from the lead accompanied by electromapnetic showefs. The
magnet will help us in dispersing the forward particles and thereby

make the ¢pot overlap problem less severs, TIn conclusion, we estimatc

that we will suffer ne worse than 3-4% ‘nefficiency by requiring twe
charged particle spots more than 1' apart at point C. Ve accept this
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trigger. We must repeat this requirement in a few places in the lead
absorber to ensure that the two "spots" are not a muon and a low energy

knock on electron.

(i1i) Fast Neutral Events

As we briefly mentioned, there is one class of hadronic event
which is not detected efficiently by the second trigger just described.
These are the events which produce only neutral particles in the for-
ward direction, We have an alternative hadron trigger, which may be
logically in OR or AND with the first trigger. The scheme is quite
different in that it requires a cone of minimum half angle 5 mr
about the incoming beam direction and do&nstream of the target to be
free of any charged particle ;raversais. What this accomplishes is
to require that the muon scatter approximately 10 mr or more before
it is a trigger candidate. Clearly, if the forward hadrons are neu-
tral, they will not interfere with the "quiet zone' requirement. We
remark that no upe scattering can satisfy this requirement, since its
maximum possible scattering angle is 5 mr. Some y bremsstrahlung
events will probably trigger, but they willvbe quite high q2 and
possibly of some QED interest in their cwn right. We do not consider
this a problgm.

We accomplish this trigger by combining incoming hodoscope in-

formation (the incident beam direction) with a scintillation counter

i o g s xda ot e i




hodoscope placed just in front of the magnet’ gap about 8 meters from
the target, The elements of this hodoscope are 2 inches square,
corresponding to an angle of about 5 mp as viewed from the target.
By fast lopic, we project the incoming beam muon into the magnet
hodoscope., The élement into which it projects, as well as the eight
surrounding ones are then required to be off to produce a trigger.
The usual requirement’that a muon emerge from the hadron absorber is

also required, of course.

Events Outside the Target

ST .
N

In any Qf the trigger requiremen;s’we are now sensitive to
=%, hadron events in the target, but we will also see events origin~
ating in the lead if we do not add to the two spot requirement. One
sure way to guarantee an event from the vicinity of the target with
thesé{oni‘type of trigger is to require that some extra counters be
turned on ahead of the lead absorber. To accomplish this, wve inﬁero~

gate the counters in each scintillation pléne hefore the lead absorber

(and probatly the first plane thereafter), and require more than one
pulse from at least ome of them. This is standard logic and should
be easy. Some precautions must be taken to exclude low energy knock
on electrons produced by the muon from Satisfying this requircement.
A scintillution counter plane directly behind the magnet aperature,
a plane behind the first lead absorber at B, and a large-angle

recoil proion counter plane will all be safe from this problem. Ve




conclude that we will bave no serious problem from events originating
in the lead absorber. |

There‘are two morejclasses of spurious triggers with which we
must deal, The first type is caused by electromagncgic processes
such as pe scattering or uy bremsstrahlung. These events would over-
whelm us if we permitted them to trigger. The second type of spurious
trigger is caused by accidental coincidence of two beam muons in a
suitable configuration. We will discuss the suppression of these

two cases in order.

1
|
i
i

Electromagnetic Trigeers

+

We exploit the fact that pe scattering and p bremsstrahlung events
result in electromagnetic showvers in the 1ead_absorber which camnot
penetrate deeply enocugh to satisfy the two spot criterion at C. In
our chosen case, we have 30 radiation lengths between A and C. From
simple shower theory, a 100 GeV incident electron builds up to a
maximum particle muitiplicity in about 1n (E/eo) radiation lengths;
in this formula € is a characteristic shower particle energy below
which multiplication ceases (about 7 MeV for lead). After this point,
the multiplicity declines exponentially with depth. In such a model,
the expectation value for the number of particles after 30 radiation
lengths is 10-5. The shower fluctuaticns raise this number to per-
haps 1O~3, but this is still adequate suppression. The exasct amount

of lead bLetween B and C must be determioed euxperimentally, but the
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numbers given will be found not far wrong.

Accidental Triggers

This brings us to the subject of accidentals. That thig will be
a problem is attested to by a calculation of the rate at which two

beam muons will occur within the counter resolving time 71:

2 ' -
A= Rzr = (3 x 106)“ (108) = 105 sec 1

There is also the problem of beam halo which results when a muon
outside the beam forms an accidental coincidence with a valid beam

muon, Assume ﬁhat 10% of the main flux is found in the halo:
B=0.1R7 = 10" sec”?

We eliminate both classes of accidentals by vetoing any trigger

which has a second beam track or any halo particle in a predetermined

time interval about the legitimate beam muon. This time interval

must. be long enough so as not to confus= the two spot trigger require-

ment. The halo veto counters must be in'front‘of the target and

intercept muons over a broad area outside the beam.

The large size of the muon beam is finzlly of sore use when we
attempt to veto doubles. There are about 100 logically distinct
combinat:cns in the last XY4hodoscope, zven including the 1/3 coverlas
coding scheme. We thus get a factor 1070 rejection by doing fast

logic on the number ef tracks in this Lodoscone,  In order tn furthes




kill beam doubles, we can install a couple of threshold Cerenkov
counters between the beam hodoscopes and veto on pulse height criteria,

If each counter is, say 5 meters long and has ethylene gas pressured

e e

to an index n-1 10—3 we éan expect enough photons to separate the

single and double traversals again to perhaps 1% in each. A detailed
célcnlatian of photon vield versus knock on threshold will be needed
to calculate the optimum pressure for maximum diserimination. If 1%

o

doubles acceptance is achieved with less than 57 singles beam rejec-—
. . . . . 6

tion, we will have a net accidentals rejection factor of 10 when

combined with the hodoscope logic. This will be adequate, as the

real trigger rate 1s better than 10 times this accidentals level.

Track Ambiguity

In addition to problems of trippering, we will have to deal with
the problem of stale tracks in the spark chambers due to the long
chamber memory time (vl psec). We plan to run at a beam intensity’
which optimizes the data taking rate. In order that we not sacrifice
too heavily, we will permit up to two)out of time}beam tracks to fall
in the interval preceding the spark breakdown by 1 usec. These
stale tracks will be removed by the analysis program using the
input hodoscope information to tell which beam track was the proper
one assoviated with the trigger.

In order to produce a trigger which is capable of knowing how

I3
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be develovned, wo gimyls build o fast un-~desn
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adder circuit which adds a count every time the beam hodoscope reports
a track, and subtracts a count about 1 usec later. VWhenecver the
counter exceeds a counf of two, a logic veto on the trigger will au?
tomatically come on and stay on untii the next subtract pulse comes
along to lower it again. Events In which a beam track arrives after
the command to séark has been given, but before the spark brezkdown
will be rejected by analysis if there were ultimately more than two
extra beam tracks present. » This will be pcrhaps 5% of the triggers.
The result ofvthis mareuver is to produce a beam of thé highest net
evénc productivity having a random beam contamination not exceeding
two tracks.

We can see how to derive the optimum beam rate as follows:

let: Ro raw beam rate
1 = spark chamber memory time

n = number of extra tracks

R = effective beam rate with n < 2

then:
R = Ro [P(0) + PQ) + P(2)] B.1
k e X x" :
P(n) = By ] X = ROT ' ' B.2
37
Lo R= L] et X e " B.3

the optimum occurs when:




dR _ . 1 -x
dx-—O—? 1+X+m2—-——i—- e B.4

This equation has its only real root at x = 2.27 and we get:

R = = B.5
max
1.11
Rmax - KN , B.6

Thus, if the spark chamber memory time is 1 usec, we can run at 2.3

mes and have an effective beam rate of 1,11 mcs. This optinum is
fairly flat, and if we chose t§ drop to an RO of 106 sec"l, the
effective beam rate is still 0.92 mcs. ’(x’e propose to run at Ro =
106/sec (thé low flux side of the optimum) to keep probelms to a
minimum, and we will prﬁbably raise the muon beam energy until the
flux is the desired one. This proposal uses an energy of 100 GeV
whiéh should be conservative. Random halo tracks will probably be

permitted as they are an order of magnitide less frequent and their

spatial position makes them easy to eliminate in the event analysis.




APPERNDIX C

pp Kinematics

Since lepton hadron scattering is a specialized field, and since

even those proposing the experiment did not originally agree on nota-

tion, we summarize the kincmatic features here.

The differentizal cross section for lepton hadron scattering is

written in the form:

cot

B’ d%  _ _do
= oy
i dqzdv dndE
..o K E'
2 a1 ]
= g‘é‘ % E:o L 2
q
2 1
o ol
P ame? mr Ml )
d d v - q 4 E v

which is

Lere vo use:

E = initia., E'

2,
g is the ' quare of

1

1 -

C-1

+ 2UT<q2,v)J c-

the formula used in the text.

= final lepton energy

the 4 momentum transfer

C-3
' \
s}
3 T\
42040 | ) c-4
) ot OTZJ
2
Nl G S c-s
4EE 2BE" o + oy

i

e




2
q~ = A4EE! sin —g— Cc-6
29 _ 4EE" \
cot > = ;é- -1 c-7 ‘
= = o Ol -
9, v E-E c-8

is the energy transfered by the lepton.(originally v was defined by
. 2
Bjorken as q P = qOM and we would have preferred to keep it that
way. However, we follow modern usuage and are hence inconsistent
|

with some of our earlier writings.).

K is often called the 'virtual vphoton energy"

2 2%-(3 - q 2 - ‘M2
K = 9 - 2 0 . Xes , €-9
o 21 2M M '
M is the mass of any resonance produced.

res

-

2 2 : . .
co(q ,v) and o‘T(q ,v) are the scalar (longitudinal) and trans-
verse cross sections as defined by Hard. ({Gourdin, Derkelman and

1
Zagury have used them with an extra factor /(‘1‘ + 1) J ~

12‘
u 2
o \
=3 — = ——— - 0
T 2 2 ¢t
' q
2 i 2
" 1) . — e 1 c-11
Ul (q7,v) = pre cT(q W) .
z K 1 2 2
v st g Dot Hog(atv) ) c-12



~~ following uapublished work by Bjorken. They originally had an extra
factor of M in the defipition.

Wl’ W Separation:‘

2

The sepafation pf @1 and wz, or alternatively of 9 and o_, isk
often inferred at low energies by performing a "Rosenbluth plot"
where do/d0dE’ is plotted against cot2 §/2. Ve clearly need both a
small angle 8§ and large angle point for the separation.

The separation between small and large angles 1s at the angle

. where:

rolo

2 , 02 :
cot v 21+ 1) 20 4+ ) ) , €-13

q

For elastic scattering, where vzlq2 = qu&Mz, this comes at 6 = 52°
” ‘
for small q .

For inelastic scattering of the sort we now consider, vzfqzvcan
be of the order of 100 and cot2 8/2 = 200, 6 = 1/7 = 8°, The "large
angle" scattering is then not a clear description.

We therefore consider the separation of Wl and wz in terms of

whether:

o o 2
EEL 1% 200+ Y3
q q-
LER' - qz % 2(q2 + v?) C-14

, 2 . 2 X
Since q° is, in our case, always lass than v?, ES or EE', we as™

whether :




In this proposal E is fixed at 100 (Cev). v will vary from 20-%0.
(Gev). At the lowsst of these energies only Wz(q2,v) will be meas-
ured indepcpdant of GOfOT; at the highbest of these energies, Wl(q?,v)
is the parameter measurea.

Circular Polarization:

The "kinematic maximum' of the circular polarization effect
(experiment 3) is closely related to this separatian of W] and wz.
It is well known that at forward angles, the 'virtual photon” is

linearly polarized by an anmount:

2 8.
cot T‘Z
£ = > 1 as 0 >0 C-16

2(l+1)+cot2 %

The virtual photon from a longitudinally polarized muon is, in general,
elliptically polarized with this as one limit. In the other limit as
€+ 0, the virtual photon is completely cirecularly polarized.

In fact the circular polarization of the virtual photon is; neglecting

longitudinal excitations ( OS/GT = 0)

2EE' 4EE' 2EET }

At the highest v values for an incident energy of 100 Gev the

circular polarization of the virtual phcton is almost complete as
2

we see by putting qz/v“ =0, quof

; |
({ * 2) C-18

= 0, ' << I; the circular polar-

ization:

rof
sl
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q’

» 0 Limit and the Virtual Radiator Factors

As g - 0 formulae €-2, C-3, C-4 are not valid because m haé
been omitted., However the invariant form C-5 is wvalid.

Also
2 ) k 2 , .,
Wz(q »v) » 0 in such a way that GT(q ,v) Temains finite (GO/GT > 0).
Equation C~12 reduces to:

2 o 2
\;Wz(q ,\))-Lq > 0?: 9

S g (a?,v) c-19
. 1*.{‘.?(1 .
We assume:
o (v) Ao (V)
\ 2 = Y. = - A 2 2 -2
op(v,q) = " 5 . for q° >> A Cc-20
1+ - q ,
* Az
where A is chosen to fit both ¢ = 100 pbarns, an vwz % 0.3 at
q2 > 1 (GeV/c)Z.
2 2
brfa [WH,(q" >> 1]
AZ = - - c-21
o
¥
; » 2 2
= 0.336 (Bev/c) = 0,6 ™y c~22

Substicuting C-19 and C_21 ip the coss section formula C-5
and integresting over q :

do Sy(v)
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The factor in the square brackets i3 called the 'virtual radiatorj“

§(v) dis used by Weiszacher and Williams aad many authors since then

IF o :
80 thatﬁoy(v) is independent of i

Vina x

) .Cl{.\:‘.). dv
v,
min

C-24

vhere the integral is just the probability of virtuel emission per

incident muon. The virtual radiator é}v) is in the following table.

6D = E{1-Y4:

v 1-Y s v

28"
.01 .99
1 91
.2 .82
.3 .75
b .68
.5 .63
6 .58
.7 .55
.8 .52
.9 L 50

Virtual Radia

tor Factors

2 -1 - v
5} 1In {1 + -2 E (L - 1)}
E2 mug v \v

234.3
113.5
61,0
34.3
19.4

19.4

29,0 x 107°
16.7
12.2
9.6
7.4
6.0 -




x 107




; " APPENDIX D

POLARIZED PROTON TARGET FOR |L—-P SCATTERING AT NAL

The design of a\polarized térget for this experiment
is simplified since the geometric requirements for the
scattering experiment produce no strong constraints on
the magnet configuration,

The target will have:

Target Volume: 196 cubic inches

Target Shape: 5 inches dia. x iO inches long

Polarization: 67 + 5%

Axis of polarization: along the beam line

Target Maferial: isobutonal-water (alternate NHS)

Duty cycle: éontinuous operation except when

reversing sign of polarization

Time to reverse pélarization: 10 min, (There

is some expectation tﬁis can be reduced
| to <1/4 min, by the time of the experiment).

The polariZed target can be evaluated in terms of
the four major sub-systems which make up a working target.

The basic physics involved has been explained in many

1,2,3
gTr Ea

m

lac but fundamaentzlliy il invelves the saturation
P ¥

L i e Yo
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of a specific aﬁsorpﬁion line in a target material con-
taining both electronic and nuclear spins. The absorption
line selected Correspénds in energy to the simultaneous
inversion of a\nuclear 5pinrand an electronic spin.

There are two such lines, a high energy éne corresponding
to béth spins going from the ground state to the upper
state; and a lower energy one cérresponding to an
electronic spin going from the ground state to the
excited state while the nuclear spin goes to the ground
state from the high energy state; the sign of the polari-
zation in the target is determined by which line vou
select to saturate,

Thevothef constraints required by the basic physics
are: To have the nuclear spin relaxation timé, Tlp, so
long that the nuclear spins remain in whatever state
they are in (or whatever state you put them in) for a
long time compared to the other spin transitions involved,

To have the electronic spin relaxation time short -
so that the electronic spins return by direct relaxation
to the ground state after a microwave transition, and

are available to interact with anotier nearby proton

o}

{(i.e. to have the electronic spin-lattice relaxation
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'time, Tle’ short enough to maintain thermal equilibrium

in the presence of the microwave power) .

To have the temperature low enough and magnetic
field around these spins high enough so that the electrons
are highly polarized when at thermal equilibrium (beéause
of the ~103 smaller magnetic moment of the proton such
brute-~force polarization of the nuclear spins is
impractical) .

Given these conditions the nuclear spins in the
systéﬁ can be polarized by the solid-state effect and
a polérized target produced,

Cbviously, with these constraints on relaxation times
the "good" materials for a polarized proton target are
limited, This target is designed around the best one
now demonstrated to work; isobutonal-water with either
a chromium complex or organic free radical dissolved in
it to provide the electronic spins. From the viewpoint
of the scattering experiment the target‘looks like a
CH, target with the protons polarized to 67%. Ammonia,

NH has been proven as good as the isobutonal-water

3}
when operated at 19K (both giving ~40% polarization)

at ,SOK, the temperature of

<
s

but has no:z yet hezen trie

R

/% polarize

5

]
[6%
jadl
c

-
C
=
jat

thie target (where isobutonal-water give
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If ammonia continues to behave similarly down to .SOK
it can be substituted in this target with no changes to
the apparatus; giving a better ratio of free protons

to background nmaterial for the scattering.

The first major sub-system is a magnet to provide
the steady state field for polarizing the electrons,

To provide the maximum resolutzén of the microwave
transition lines and the highest electronic spin polari-~
zatiqn this magnet should providg a large, homogeneous
fielé over the entire target volume, Since the micro-
wave frequency scales linearly with field the magnetic
field selected is 25,5KG. This corresponds to 70GHz
microwave frequency where a reliable c.,w, power source
is available,

For all practical targets, including this one, the
target size and shape is completely determined by the
homogeneous region in the magnet, The fieid variation
over the target must be kept to less .than £ 10 gauss in
order to resolve the absorption line used for polarizing
the target, In the p-p scattering we are fortunate
since the incoming muon wil; be along the axis of the
magnetic f£leld and the scattered nuon is in a ferward

hed

jbe

cone alony this ax

*
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with end corrections to provide a large homogeneous
region for the target,

The design selected is a magnet homogeneous to
eighth order and consists of a modified Greg solenoid
with correction coils located beyond the ends (see
Fig. 1). It is made of niobium-titanium superconducting
wire and operates at 4.2°K in its own helium cryostat,
The target is located in another crycstat placed in the
room—~temperature access region at the center of the coil,
The state-of~the-ont in superconducting magnet design
is advanced well beyond this point so this magnet can
be obtained easily and expected to perform reliably.

The second major subsystem is the refrigeration to
cool the target material to < .SOK. This temperature
is readily attained by a helium-3 cryostat, The cryostaﬁ
will be a horizonal continuous flow cryostat cooled to
1%k by liguid helium -4 similar to the ones currently
used for polarized targets% This will be modified by
the addition of a closed léop helium three refrigeration
system attachéd to the cold end of the helium -4 cryostat,
giving refrigeration capability in excess of 80 m watt
at .47OK. A smaller size system identical to this has’

-~ . P 3 - ) =y . [N . G S i R -‘5 T T S m e
been tested and dermonsivates no difiiculties, Helius -3

e
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cryostats with cooling in excess of 65 m watts are
commercially available with more conventional geometries
and have no problems associated with the scaling to
largér heat capacity.

In operaﬁion the total liguid kelium consumption,
including the superconducting magnet;, is estimated at
105 liters/day. The two remaining sub-systems require
little discussion since they are already working in a
satisfactory form on the present Harvard Polarized Target,

The microwave power system will operate at 70 GHz
and for this size target will be the CSF-40B backward
wave oscillators now used. There is a possibility of
using a less exPénsive klystron tube instead of the
CSF—4OB if its power outI;ut improves during the next two
years as much as it has in the past but at present the
tube is marginal. At any rate, the CSF-40B system now
exists and is available, The frequency of the oscillator
is selected by voltage-tuning the drift voltage in the
tube., This is .currently done by a remote panel but for
the p~P experiment we will probably interface this
switching with the computer to simplify the number of

-
1.

things that have to be manually supcrvised
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Finally, the fourth sub-system, NMR monitoring and
measuring of the polérization, is already constructed
for the Harvard Polarized Target., 2Again it is probable
that for the NAL operation sufficient modificationsvwill
be made to permit the on-line computer to continuously
measure the polarization and enter it directly on the
data tapes but this, as are the changes in the microwave
power system, is an evolution on an already working
piece of apparatus,

x

&he time scale for the construction depends on the
avail§bility of an outside organization to wind the magnet
system, At present the National Magnet Laboratory is
willing to accept such jobs at cost since they fit into
the NML program of development, Even if this picture
should change there are now several competing commercial
firms who would bid on this project. Assuming that we
do not have to physically wind the magnets ourselves the
system could be made operational within one year by
using compcnents from the existing llarvard Polarized

Target.
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APPENDIX E

OBSERVATION OF SIMPLE COINCIDENCE CHANNELS

One advantage of the proposed set up which uses a
large magnet in conjunction with a set of wire spark
chambers is that information can be gained concerning
the electroproduced hadrons. One can, in general, look
at the number of charged prongs and the momenﬁum dis~
tribution of these particles, One can also study in
some detail simple channels such aé the vect§r mesons,
The}present evidence indicates that the rho éhannel
will persist as 10 to 15% of the total photoproduction
cross section as the photon energy‘increases. There
is at present no information on the behavior of this
channel as a function.of the mass of the photon. In
this section, we shall be concerned with the general
characteristics of the rhq cross section and what can
be learned using this apparatus. To a certain extent
the same arguments will be applied to the « and ¢ mesons,

Let u« assume that anl00 GeV muon is incident and
that it inelastically scatters at an angle 6, has an
energy loss of 52 GeV and this energyv is used to pro-

duce a >0 GeV rhe, Figurz 1L ahowes how Chis event would
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appear in the spark chamber system, The opening angle
of the pion pair would be 30mr., The mass of the observed

pion pair is given to a good approximation by

2 2
M'= E E,0

Where El and E2 are the energies of the pions and 6 is

the opening angle of the pion pair, The mass resolution
is thus given by
AM AE 2. p6 2 %
w - L) G

|
For the proposed went

28 _ 1.4

6 34

AE _ 1.4

E 40
SO

M

M 10%

This resolution will be adequate to resolve the rho énd

separate it from the non-resonant background.
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Here TI' is the number of transverse virtual photons and
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the transverse contribution, the transverse interference, and the
longitudinal transverse interfercnce. 1t is clear from equations

(1) that by measuring the rho electroproduction for the same momentum
transfer and for several different center of mass decay angles, one
can determine A, B, C, and D. Thus one can completely separate out
all of the elements of the density matrix. Because of the small
angles involved and the divergence of the incident beam it is in
general difficult to determine the momentum transfer to the proton

by mecasurements on the 2% system. The momentum transfef can be most
conveniently measured by observing the recoil proton itself. TFor

massive photons
t =,(kmp)2 = k2 +-p2 - 2k=p

where k is the four momentun of the virtual photon and p is the four
momentum of the electroproduced rho. The recoil proton energy is

_related to t through the expression:
2MI = -t
P

Since we will be using virtual photens with large masses, the recoil

energy will be sonewhat larger than in photoeproduction experiuments.

The -2 pion system can be used to determine the center of wess

decav angle of the pair. To a
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R = oo

}f,+ + T

is a good measure of the center of mass decay angle. In fact:

R= g f1-

C ——————_ 2

5 cos B
(B, + E)

¢

Here SC is the velocity of the pion in the rho center of MAES system
and 0+ is the center of mass decay angle. Thus the two pilon systen
can be used to determine the density matrix elements and the recoil
proton can be used to measure the momentum transfer. This is a power-
ful technique as it will permit us to make a 1ongitudina1/transvérse

. s 2
separation as a function of v,q” and t.
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APPENDIX G

DETATLS OF RECOIL PROTON DETECTION

An experiment to measure photoproduction of any neutral meson.

regardless of the decay mode via the reaction:
y + P+ P+ X°

using the missing mass technique, has recently beén completed in the
+17 resolution tagged photon beam at the Cambridge Electron Acceler-
ator. In a 60 cm ﬁihtarget wvith a proton spectrometer covering 1/20
of the azimuth, *10° of polar angle and a recoil proton kinetic energy
range of 50 to 400 MeV, the number of mesons detected was about 1/106
equivalent quanta and the triggering rate about 5 times this much.

A wmissing wass spectrum obtained in the pw region is shown. The w
peak on top of the p illustrates the 25 MeV or #3%7 mass resolution
obtained., The missing mass kinematics are extremcly faverable in the
high enefgy range ( energy much greater than the broton masé} so Lhat
it is relatively easy to do miésing mass studies on theirecoil proton
from muoproduction with a recoil proton spectrometer at 60° from the
targpet. The forward spectrometer obscrves the scattered muon

and the decay products ofvth* missing mass. First we will discuss
the kinemstics and then we will give deiails of the proton trigger.

If T is the kinetic ernergy and P i; the momentum o. & proton of

maas M yosedides fran ~lnat e contteriny hye n owrnanlags nsrtds
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energy v, then

Clearly as v »

the angle of the recojl proton is:

1
1

a3

T . M
T 1+ \3)

the recoil anple ¢ becomes independent of energy.

T

'P

T

The four-momentum transferred to the proton is t = 2MT,

ii
!l

For the same four-momentum transfer, the production of a particle

of mass m results in a recoil proton of kinetic energy T at angle ¢

given by:

2

Cos 4.

m® =21 (vh) [ 2250 g

cos &,
" EL

Again for v »>> M it can be shown that:

m2 ﬂé&y v OMT (¢FI - &)

or

9 .
m :Q‘““/E (‘bm ’.v(“

Thus the wissing nass rescolotion if givow by
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y
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Hence for a fixed t, and given angular resoluticn, and fixed percent
energy resclution of the incident beam, all misging mass experiments
y 2 . . . .
at- a given value of m /v should have tihe sape mass resolution at
low t. Scaling from our 3% mass resolution (for missing masses in

the range .5 ~ 1.2 GeV) obtained in a real experiment with 5 GeV

(il%)fg-rays, we expect at 50 GeV (:1%) virtual photon energy a mass
£

resclution of 37 for missing masses in the range 1.6 - 4 GeV.
For production of a wissing mass by a virtual photon of four

momentum q2 and energy v, the formula is slightly changed:
2 2
q +m = &\) /{ ((bI:L - (t))

lence as long as q2 doesn’t get too large (q2 < 1 Gevz), the wrags

resolution will remain unchanged.

The Recoil Proton Trigper

A recoil proton spectrometer consisting of 1 mm scintillators
ncar the target, existing magnetostrictive wire spark chambers with
a 6' long by 67 high active area to measure the recoil proton angle,
and 50 ecm thick scintillators to measure the proton Finetic energy
by pulge height and the time of flight, can be installed at 60° on
cach eide of the linuid Hgvtarget. This will not interfeve with the
forward sroctrometer,

in the nroton

The trigrer for this apparetus is any slow proton
N — _— EE $01 SR . e T
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léss then 50 GeV in the forward spectrometer. This trigger should be
exceedingly clean since vou don't expect apything at 60° from a
100 Ge¥ nuon in hydrogunjeﬁccpt for knock-on electrons, recoil pro-
tons and an occasional pdon. Frock-on electrons are easily eliminated
by time of flight because thev have £ = 1, while the recoil protons
have a maximum $ = 0,71. Since a recoil proton emanating from the
target can onl? be caused by an intevacting muon, the counting rate
in the proton spectrometcer will be small. Hence a very locge trigger
in the muon spectrometer is sufficient to define an interecting
even@ once the recoil proton is obsetved,

iThe proton aperture is defined bv a 2 foot high counter, 4 feet
from the beam axis, giving 8% of the azimuth on each side of the H2
target. This is 3 times the azimuth of the CEA photoproduction ex-
periment. If the photoproduction cross section is constant with
energy, then we can scale up the triggeriag rate of 1/106 equivalent
quanta observed in the CEA experiment, bv a factor of 3 for the
azimuth, hy a factor of 3.3 hecéuso we use a 4 meter H2 target and
another factor of 3.3 becausc the m interval is increased by the
factor of 10 increase in incident evergy. Thus we expect an event
rate in the recoeil proton spectroweter of three detected recoil pro-

’ €

ton per 10? real photens.

The muoproduction triggering rele Is related to the photepro-
duction trizgering rate via the virtual radiator &§(v) given in

Appendix (.,
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max max

dv

o = oo (v) &(v) =
pp v Yp A 0;;!,,
min - win

The integral is just the probability of virtual photon emission per
. s - -3 P s
incident muon. This works out to 2.5 x 10 per incident wuon for
virtual photons emitted with 50 < v € 90 GeV. Tor a beam of
6 . - . 3 . '
107 y/pulse this gives 2.5 x 107 tagped virtusl photons per pulse.
’ ¢

o . -5 . R - ~2 §
The event rate is 3 = 10 per photon which vields 7.5 = 10 recoil
proton cvents per pulse. Thus the number of events with a detected

. . =0 4
recoil proton is 7.57%7 of the total number of events, or 2.4 x 10
events,

It is interesting to note that if a quick missing mass search
in the 1 to 6 GeV range would be interesting, it could possibly be run

7 . .
at 10" u/pulse incident for 40 hours to obtain the same mumber of
events. This is because the recoil protop detection allews vou to
relax the forward spectrometer trigper to anyv penetrating particle of

50 GeV or less. These particles will be swept out of the central

beam area by the analvzing magnet.




APPENDIY H
MUON TRIDE&“? AND W MESONS
Muon trideunts ave interosting heeause they are total leptonic
processes with CTOstgﬂgtiﬂn down a factor of o from other
leptonic electromagnetic processes. In the reaction
TR S AT N A ST v

the heavy nucleus gerves only to absorb the recoil nmomentum necded

to make a pair of muons:

4 2\2 -
t = 1 = 4m 2fn )2
min [-—ee 1 1

2E b
Yor dincident ewncrgies in the 0,1 - 1.0 TeV range, the recoil is
so small that the heavy nucleus is nothing but a spectator. It is

therefore an excellent approximation to consider tridents as

Foin

on of virtual high

s

equivaient to muon-muon scattering and radiat
mass photons(which decay into muon pairs) by incident muons. Because
tridents have such a small cross secticn, and the final state is

so well constrained ( 3 non-showering but penctrating particles which
“balance energy and momeptum with the incident m&onj the muon triéent
reaction is perfect to use as a means of studving anomalous inter-
actions of the wmuon.

v

f Lew-U

If heavy leptons exist, i ick photons exist, or there is
some new muonic quantun which explains the muon's mass, then all of
these processes will presumably be svbiecreed in the

standard rwon electromagnetic interzolias i.e. muon-clectron

scatteriry and pmon brewmsstyahlung., D trisgerineg on the tridont
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final state, vou get a well constroined cvent with a cress section at

=39

5
the level of 10 cri” per Jead nucl

g which determines the

trigrering rate. For cormporison this triggering cross section is

6 . . . . i N
10" times the incoherent W production cress section in lead or 10

times the fully coherent ¥ cross section.

The total cross section for muon trident production on Carbon is
shown in the accompanving [igure. At 12 GeV the Carbon cross section

scales to Lead by the factor of 0.5(82/6)2

= 93 | so we use this
same factor at 100 GeV to be ¢onservative. Thus we take the total
cross section for a 100 GeV wuon to di{rectly produce a muon pair
in Lead as o= 4.65 b per nucleus. If we require all 3 firal state
muone to have encrgies greater than 5 G2V then the crogs section
-

drops to o = 1,16 ub. per Lead nucleus.

All the three muons from the trident cowme out in a small cone

=1 1 2 3 » 1 -~
about the beam., If q is defined as the 4-momontum transfer from
the incident muon to the highest energy final state muoun, then the
oy , , 8 .
differential cross section drops off as 1/q as shown in the second
figure. This drop-off is so sharp that is is probably unressonable
te consider q.e.d. tests which involve simall discrevancies. FHowever
the g.e.d. cress section is dewn by four orders of magnituede at
2 2 . \ -

g of 0.3 GeV'sgcatastrophic g.e.d. breakdeyns like Lee-Vick photons
or heavy leptons should stick cut 1ike a sore thumb in this region,
if thoy exist!

The esperiment proposed is as follc s, The only change reoouired

e . 1 T S $ . PRGN R T T VU [ SRS .

in the wail . appavates 1s to veplace the idculdd ¥, tarset by a
2

tarsot ot 1 1 elobs of Tord cneh 2 dn, mousre and oo,
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Li-3

counter. The propoertional counters, by their proportiopality,
indicate the number of particles produced in the target and if the
tracks are separated enouph also measurce their divecticu. The target
is followed by 4 12 in. sguare by 1 in. thick scintillators wiich
decide when more than twiée minimum iownization emerges from the
target.

The particles emerging from this heavy target then pass through
the rest of the apparatus which is triggered by the additional
requirement of 1 penctrating particle on each side of the beam and
no showers in the showver counters. This trigger proved ocuite success-
ful in our Brookhaven experiment. Since we know that the experiment
can be done at an intensity of 105 muons/pulse we tale this as a
conservative estimate for the flux. 106 pulses give 1011 nuons for
the experiment.

The 20 dinch Lead target (2100 XO ) gives a counting rate of

‘

100% 6.52 x 1007 %6.02%10%3/207.2= 1.89 x 10° events/ itb

which results in 200,000 events for the 1.16 ub cross section.

. 2 ' o
Of course wost of these events have decidedly low g and are relatively
uninteresting. However they are too hara to select apaiust in the &~
trigper so they are accepted and used tc measure the total trident
cross section to the ~1% level of the systematic errors. &ny ancp-

2

ick out in the hiech o7 region and will be a preat

e

alous everis will s
discovery {if thev exist)!-

It is dimpertant to note tha! the beam vsaed dn the trident




H-4

availible. This is becauvse the cntire experiment is done directly

in the beam. If the spill is really cone second snd the beam is clcan,
6 .

then 10 muons/pulsce could be used and the experiment could be done

) 02 . , .

in 187 pulses. Tf o hint of an anomalous muon interaction were to

appear either before the experiment is run or in the first run then

7 ' . . .
the full beam of 10 could be used with a restrictive trigger to

look for tne particular process.
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