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Title of Experiment: The Electromagnetic Form Factor of the
Charged Pion from = e~ Elastic Scattering

a. Experimenters: N, N. Biswas, N. M. Cason, V. P. Kenney,
J. A, Poirier, O. R, Sander, W, D. Shephard plus one
additional Ph.D,, Physics Department, University of Notre
Dame; T. E. Toohig, National Accelerator Laboratory.

b, Graduate Students: Two graduate students.

c. Engineer: W, L. Rickhoff

Summary: « "
We propose to study the reaction e  —nte  at 100 GeV/c with a

wire spark chamber spectrometer and on-line computer. The
events of this reaction with the largest recoil electton energy (and
therefore largest 4-momentum transfer squared, q~) are of interest
in determining the q2 dependence of the electromagnetic form factor
of the charged pion in the classic way. The largest q%, .0855 (GeV/c)®,
gives an ’F I = 0,77, This high statistics, high precision ex-
periment w111 be able to easily see this effect and study it as a
function of q .

a. NAL Equipment Required for the Experiment:
- i, An 18 kg 3m- long magnet with an aperture in excess of
8 x 13 in. 2 ‘
ii, Liquid hydrogen target, 2” dia., x ~20",
iii, Misgcellaneous items of electronics,
iv., Beam Cerenkov counters,
v. Small amounts of computer time including 6 one-minute
high-priority runs per day during the scheduled run.
b. Major Items of Equipment to be Furnished by the Collaboration:
- i, Charpak chambers and readout electronics.
ii, Magnetostrictive chambers and readout electronics.
iii, Varian Data 620t on-line computer and magnetu: tape transport,
iv, Some fast electronics,
v. Electronics trailer.
vi. Shower counters.
vii, Misc. counters,

Item (i) is to be furnished by the NAL part of the collaboration.
Items (ii), (iii), (iv), (v) are to be furnished by the Notre Dame
part of the collaboration; these items already exist.

The responsibility for items (vi)and (vii)will be shared in an
equitable way between the collaborators.




Beam Requirements _
A n7 beam of 80-100 GeV/c in the 2.5 mrad high resolution beam
in Area 2 with an intensity of ~ 10" /burst with a > 500 msec flattop.

Estimate of Running Time Required

Data 500 hours
Tests, empty target, calibration, etc. 500 hours
Total 1000 hours -

Data Analysis

The experimental data from the magnetostrictive chambers and
pulse height from counters are read into the 620 i computer.
Check tests and simple fits are made and crude on-line results
obtained with this computer. The raw data are written énto
magnetic tape and analyzed off=line., To monitor the experiment
a complete analysis of small samples of data will be done at NAL
during the course of the experiment. The complete analysis of.
all the data will be done after the experiment and responsibility
will be shared between the collaborators.
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THE ELECTROMAGNETIC FORM FACTOR

OF THE CHARGED. PION FROM nte~ ELASTIC SCATTERING

N. N. Biswas, N. M. Cason, V. P. Kenney, J. A, Poirier, °
O. R. Sander, W. D. Shephard, University of Notre Dame;
T. E. Toohig, National Accelerator Laboratory

II. Physics Justification

A, Introduction.

| Extensive work has been invested in understanding the electromag-
netic form factor, Fp,' of the proton in the space-like region from electron-
V proton scattering experiments. The p, w, and ¢ should contribute to this’
form factor but do not predict the obsefved q-8 fall-off of Flz) at high ’qz.
The électromagnetic form factor of the charged pion, F%, should ke determined
bjrthe p meson contribution;thus it should be much simpler to treat
theoretically. Therefore a compé,rison of the results of the proposed
experiment with the‘or‘y mighf yield a significant clue to tth elect;omagnetic
structure of elementary particles,

Since the pion is an unstable particle with a lifetime of 26 nsec;

it cannot bé used as a target in the sense of the proton in e-p scattering.
One can, however, use the inverse of the electron-nucleon scattering
procedure to probe the pion structure, In this process beam pions are
scattered off target electrons in a target. ‘Crawfordl, in 1960, carried
out such an experiment using 1.12 GeV/c n~ mesons incident on a
hydrogen bubble chamber at Be fkeley. An Aachen-Stockholm <:olla.borati<mza
‘has done a similar experiment using 16 GeV/c n mesons in a CERN
bubble chamber, Fitch and Leipuﬁeerhave done a spark-chamber

experiment at Brookhaven using 20 GeV/c n~ mesons to obtain higher




statistics for the process. Crawford! has pointed out that significant
structural effects are not expected to begin to appear until the deBroglie
wavelength of the target electron in the rest system‘of the. bombarding
pion is less than the Compton wavelength of the pion. This condition
is sétisﬁed for pion 1a;bo'ratory momenta > 38 GeV/c.

The Born approximation is a simple approach to obtain an in=-
sight into the effect on electron scattering due to the size apd radial
4 shape of a chax;ge distribution. The cross-section is proportional to

the square of a form factor, F(qz), and is given by

’ 2,2
(40 = F'(q) (dg,)
dq® measured aqz point charge (1)

where qZ = 2 m, Te; | (la)

qu is the square of the 4-momentum transfer to the scattered
electron, m is the electron mass, and Te is the kinetic energy of the
scattered electron in the lab frame.

The pion form factor , F,,. (qz), can be obtained by determining

the ratio

2 2 .4
F @) = (S8 ) meas A 40)
dT,
- € point charge

for 7€ elastic scattering.k
Rho dominance predicts the following behavior:
-1
F_= (1+q%/md)
v P
which would give R'ﬂ_ =0.63x10"13 cm (see below).

B. Results of Previous Experiments,

Techniques other than elastic electron scattering have béen



employed in the past to obtain Fw' The resulte for all of these

methods can be characterized by a éingle parameter, the ''radius'

of the charge structure of the pion, R_. This parameter is related

to F_ (qz) by the relation <R127> = -6 dF ) .
dq2 g =0

Some results for R_are given in Table I,

Table I. Techniques fox Measuring the Pion Form Factor.

Experiment Present Results Method

n e elastic R <3x 1013 cm direct experiment
scattering
+ . ' -13 o

" a elastic R_<1x10 cm interference effect
scattering .
- -+ ' , a-13 . .

e p—~e nm va=(0. 86+ 0,14)x 10 '~  isolation of a
scattering ' : single diagram

The need for a direct measurement of R, with good precision for values

of R_ down to at least 0. 6 x 10-13 cm is apparent.

C. Theoretical Cross Section and Radiative Corrections,

The elastic differential scattering cross section for a spin 0
particle scattering from an atom of Z point-charge electrons is given,

to order 02' , by-'s

2
2 r ) 2
40 z_"'r—_nl—ee_ z, 1 Cl _ '32 Te ] cm Jatom -GeV
dTe t. 2 ‘ 2 T
chg, P Te max

. where m, and r, are the electron mass and its classical radius; T
 is the laboratory kinetic energy of the scattered electron; T, . is the

- maximum possible value of T, for a given incident particle momentum,

given by




2m_(_P )i
e 2 A
m, +m +2meE

P, m, E, and B are the laboratory momentum, mass, total energy and
velocity of the incident particle; and Z ie the atomic number of the
target material, (See Fig. 1)

The total cross-section,0 (Te 2 Tmin) where T is an arbitrary

mih
Iower limit of T_, is given by:
. : 2 T 5 '
2 Tm T 2 E
Q"{Te?_T L) = c e z( 1‘ .1 7 . B 'tn( ma.x) cm (5)
‘ min 2 ' ;- atom
p . 'min max max min SRR

For an extended pion the cross-section given by Eq. (4) is modified
by the square of the form factor as shown in Eq. (1). The cross section

must be further corrected to include terms of order 03. These radiative

corrections must be carefully calculated since some of the terms
corre sponding to feal photon efnissioh, depend intimately on the
details of the expeArimenAt. Several Vdifferent cases have been treanted
in the 1iterature, 6 but none are dir’e‘ctly applicable to the proposed
experiment in which the energies and angles of’ the incoming pion
and both t;he outgoing pion and electron are measured. Since the
radiative corrections can be large and s»lz,nce the statisti¢a1 and
systematic uncertainties of thve4 expe riment will be kept as low as

‘ possibly (~ 1%), it will be necessary to do this calculation ca refully,




D. Comparison with Other Planmd’Experiments«

A similar experiment with a 1# beam has been proposed at
lower energies at Serpukhov., At preséﬁt. we have limited knowledge
’of the fine details of the experimental setup of this proposal. Thus
a detailed comparison is not possible. ﬁowever. the maximum available
_qz in their experiment is one-half of less than that of the present pro-

- posal. We also note that our use of a »" beam separates the final state

v’ and e” particles in a magnetic field, This removes kinematic
ambiguities and allows us to identify the characteristic electron shower
in an easy manner, We also feel that the experiment should be repeated at NAL

irrespective of the resulte of the proposed Serpukhov e:&periment due to

the importance of the physics.




E. Conclusions
It will be possible at NAL fo explore the structure of the pion
~down to distanqes §f the order of 1/4 of the Compton wavelength of the
pion. This corresponds to a maximum four-momentum t'rahsfer ‘of
"0,0857 (GeV/c)Z. The experiment can be done v;vith high statistics
and with precision on the order of 1% using presently known techniques.
In the region of four-momenfum transfer which is acéess‘ible) a deviation
of as much as 24% from the point-cha.rge 'F“ ,2 is expected for a form
factor mediated by the p-meson. With measurements of the differential
cross section to precision of the order of 1% it will be possibie to
measure the rms radius of the pion and will also be possible to use
the detailed shape of the differential cross section to distinguish among
models giving the same rms ;'a.dius.
The present proposal represents a re-thinking of earlier studies
(See Appendices A and B) made in connection with‘ planning for the NAL
accelerator. We have modified these earlier prdposals to improve the -

experiment in the light of suggestions which have since been made.




11I. Experimental Arrangement
A, General Experimental Arrangement |

1. Trigger:

The experimental layout is shown in Fig. 2. The experiment is
designed to detect and measure 100 GeV/c w+e" elastic scattering events
where the scattered electron has momentum in the range 20 to 84 GeV/c.
The high-momentum high-resolution n+ beam impinges on a 50 ¢cm hydrogen
target. Gas Cerenkov counters in the beam separate a+ and (n+, }.L+ ) from
protons, A dE/dx counter, Cl, upstream from the hydrogen target has a
p.ﬁlse-height requirement which will eliminate events with more than one
charged particle a.héad of the target, The -rr/+ and e~ from an elastic
scattering event in the target travel forward as can be seen in Fig. 3 (1‘:+
maximum angle is 3.7 mrad, and the e~ maxirﬁum angle forvthe qz-region
of this experiment is 6 mrad). They pass through a hole in a lead-
sandwich anti-counter, Al, su?rounding the hydrogen target and through a
hole in a similar anti-counter, A2, just in front of the magnet. A Cerenkov
counter, C2, will signal the presence of an electron in the space between
the targét and the magnet; A thin dE/dx counter, C3, registers the exis-
tence of at least two minimuni ionizing particles after the magnet, A
hodoscope array, Hi, detects and roughly determines the positive particle
_momentum, vp+ . Fast electronic logic requires a corre_spénding (100-p+,")
Ge\’; energy‘in the electron shower counter, S1. The discriminator windows
that form this requirement are broad enough to be 100% efficient on real we

elastic scattering events. A pulse height greater than minimum in S2
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signals a strongly interacting particle cascade shower,

Multiple anti-counters discriminate against other sources of back-
ground triggers., The combination of anti-counters Al and A2 effectively
eliminates any events with a charged particle or gamma ’produced at an
angle > 10 mrad from the forward direction. Neutrons >10 mrad will also
be eliminated with reduced efficiency. The combination of anti-counters
A3, A4, A5, and A6 will veto any event with a charged particle that makes
it through the hole of A2 but which does nét have a momentum > 20 GeV/c.
No gamma arti-counters are placed at the center of the experiment in order
a) not to complicate the radiative corrections which must be calculated to a
good precision, and b) not to veto a good event with synchrotron radiation
from the electron in the forward direction, Finally, a beam anti-counter,
A7, vetos an event accompanied by a chargeci particle similar to a beam
particle,

2. Wire Chambers:

Paifs of Charpak Chambers WC1, WC2, and WC3 are in an area
where the high incident-beam intensity existrs. Additional Charpak chambers
will be placed upétream from the target, Chamber(s WC4 and WC5 (with
a dead region for the beam) are ordinary magnetostrictive wire spark
chambers. These c.hambe rs measure the incident-beam direction and the
directions of the outgoing w+ and e~ before and after the magnet. This will
: yield momenta and angles for all particles in the reaction, allowing a four-
constraint fit (actually three effective constraints since energy and momentum

are essentially identical at these energies),
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B. The Target:
The ideal target for this electromagnetic experiment will have the

/3

maximum number of electrons (¢Z) per effective nucleon (‘::AZ ) and per
radiation length (¢Z(Z + 1)). The former rgquirement is to maximize the
ratio of the = e elastic scattering signal to the strong interaction back-
ground produced via nucleon interactions, The latter requirement is to
minimize the Coulomb scattering and bremsstrahlung energy-loss effects,

: - 24 2
The length of various targets to achieve 10 electrons/cm is given in

Table 1I below, with ensuing nucleon and radiation characteristics.

6.94 1) |
1 . . 13 14 ,_....7.95

H ,Li 4Be  _(CH) g(CHp) *  (LiH)
0 0.0708  0.534 1,848 1.05 0.92  0.82
£ (cm) | 23,6 7.20  2.04  2.96 3,18 3,32
/4, 0.0288  0,0487 0,0588 0,0718  0,0663 0,0362
10°%% xno. eff. | 1 1.21  1.09  0.894 0.907 1.17
nucleons/cm2

Most of the listed materials are about the‘s'a.me in effective number
of nucleons pér electron, but hydrogen wins out in the fractional radiation
length per electron. Since the bremsstrahlung energy-loss of the electron
in the target is a serious problem in this e)::periment (and prohibits the use
of a longer target) we have a chosen a hydrogen target. A length of 50 cm
provides a compromise between counting rate gnd radiation length, Care
. mus't be taken in the design 6f the target so that its length (cold) and the
density are each known to precisions better than the l% goal of the

experiment, Hydrogen for the target material has the additional advantage
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of being neutron-free and will reduce, to some‘ extent, the background
‘trigger problem.,.
C. Counte r.é:
1. dE/dx Counter:

Because Qf the large Landau tail on the high side of the pulse-height
distribution for a single minimum-ionizing particle, the requirement that
the pulse height in Cl be less than twice minimum will not include some
valid beam particles. T‘his loss is unimportant, howevér, since it occurs
in a way which will not bias the physics results, and mereiy reduces the
effective beam infensity slightly, The advantage of Cly is that it will
effectively veto events similar (or identical) to real events which occur
upstream of the hydrogen target, thus minimizing the target empty rate.
Since it will be neccessary to do a target full and empty subtraction to get
the answer for a precisely determined amount of target material, the
statistical precision of the result will be thereby enhancéd. We require
aY 1 times minimum pulse height from counter C3. This requirement
will bek set low enough so tha’t a ve i'y low percentage of the twice minimum

real events will be missed,
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2. Shower Counters:

The S1 shower counter will probably Ee a series of lead and lucite
sheets similar in design to other counters that have been reported in the
: 1i1:era.i:ure.7 The electron energy resolution is expected to be better than
~ 2%, and tshould‘ea.tsxilyr distinguish electrons from n~'s in the energy region
of this experiment, The pulse heights will be loosely used in the fast trigger

‘but will, in addition, be digitized and fed into the on-line computer as part

of the data for the event (as will the pulse heights of the other counters).

Shower counter S2 may be identical with S1 or may have the lucite
replaced with scintillator to enhance the response to qr+ 's, It will be a

+ o
trade-off of the desired v response and the secondary tasks of identifying

e+ 's and poo'sg
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D. Backgrounds

The extreme forward production angles for {r-e elastic scattering
make possible the use of a target of small cross section which can be
surrounded by anticoincidence counters to eliminate all Vbut the most
forward inelastic events, The identification of the electron in the
electron shower counter allows elimination of all such events which do
not have‘ a high energy e  associated with them.,

An obvious source of spurious events would be processes of the

| type

st ter —nt e + 1%,
The cross section for these processes is down by a factor of at least a
from the elastic cross section so they should not present a large back-
~ground in the trigger rate. Kinematic analysis should later eliminate
most of the events of this type which might produce spurious triggers.

Another source of possiblé background might be strong inter-

action events such as

§+p — ntpn®
in which an electron pair is produced in the target, either by Dalitz

© or by pair production from one of the #® gammas.

decay of the «
Only those events in which the negati\}e electron carries a high fraction

of the momenium not given to thg nt would trigger the proposed ex-
perimenta.i apparatus. No detailed information is available on pion
_production in fhe 100 GeV/c range, but data 8 at energies up to 25, GeV/e

suggest that there will be a significant cross section for pion production

with low momentum transfer to the nucleon. The fraction of events
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which will appear kinematically similar to r-e elastic scé,ttering (events
can be eliminated by checking for coplanarity as well as energy balance,)
is very small, But care must be taken to minimize the number of
triggers produced by such backgrounds, This can be done by minimi;sing
the number of radiation lengths of material in which the y's can produce
pairs and by using anticoincidence counters not only near the target

but also downstream ;)efore,l inside, and beyond the magnet to eliminate

" events with additional slow charged particles in the forward direction.
We estimate that the number of triggers from this source will not be
large compared to the number of true n*e” triggers. A further
limitation on the spurious trigger rate may be attainable by using in-

*and e” legs of the

formation from shower counters in both the «
spectrometer to fequire a crude energy balance for the event as part

of the trigger,
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E. Systematic Errors, Calibrations, and Internal Checks:

The desired goal of the experiment is >to reduce statistical and
systematic uncertainties in d0 /dT, to £1%. The usu#l problems of
monitoring and distinguishing the 77 's in the beam, the target length and
dt?nsityf the target empty rates, accidentads, etc., will have to be beat
down, In addition, the dominant problems of(a) the radiative corrections
and (b) background which simulatesthe re elastic scattering events will have’
to be carefully treated, The radiative corrections (a) have been mentioned
p;‘eviousl;g, and will have to be calculated by a théorist to the necessary
precision with a calculation that is tailored to the details of the experiment,
Several experts in this field exist in the U, S., and at least one has
expressed an interest in performing the calculation.

The backgrounds (b) can be studied by studying the event rate as
one applies the kinematical constraints in the fitting process. An additional
check will be to study the e+ e and p.+ e elastic scattering events that
will occur along with the e events due to e+ and p.+ Vcontamination in
the positive beam. Data on these processes will be taken simultaneously

and can be separately analyzed. The radiative correction for p e

-

should parallel 77 e”. The strong interaction background events in the
+ - + -
p e case should be down ~ g from the n case. The endpointe
"energies from the p.+ e  and e+ e cases are 90 GeV and 100 GeV,
respectively, Thus these processes will have finite cross sections at

84 GeV/c. The elastic reaction e’ e will have an energy loss by

" bremsstrahlung in the target three times larger on the average than
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than either me or pe. By studying the differences among these data,
additional checks can be made on the theory and the experiment.

F. Running Time Estimates:

Assuming a 100 GeV/c beam intensity of 106 particles per pulse
a 1r+ /p ratio of 0.2 from 200 GeV protons incident upon a Be target, a
repetition rate of 900 pulses/hour, a hydrogen target of 50 cm, and an
integrated me elastic scattering cross section of 5.3 pbarns (assuming a
point charge with no radiative correctionﬁ) , ‘the real event rate per hour
will be
(0.2 x 10%) x (900) x (50 x 0.07) x 5.3 x 10720 x 6 x 1023 = 2900 events /hr.
‘A data-taking time of 500 hours with a éombined efficiency of NAL +
experiment of 0,7 will give 1{)6 events. This should be further multiplied
by additional factors of 0.75 and ~ 0.7 to account for the expected 10
and radiative effects, respectively. The final physics result will produce

the statistical precision shown in Fig. 4.
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" IV. APPARATUS ’

A. Items of Equipment 'Furnished by NAL .

1. An 18 kgauss 3~r;f1 long spectrometer magnet with power supply.
ﬁ.n aperture at least 8 m high by 13 in wide is neccessary to include the
full range of production anglee and momenta which must be covered. The
magnetic field integral must be known to better than 1/2 %. If necessary,
the measurement of the magnet could be done by the experimenters.

2. A liquid hydrogen target of 2 in,diameter and 50 cm length, The
target should ,ha.ve( specfal provisions for very low boiling and for a measure-
ment of its length (while rcold} to achieve a known amount of hydrogen target
material to,a precision of better than 1%,

3. Miscellaneous items of electronics from PREP,

4, Béam Cereﬁkov counters. One should be capable of telling e'

5 from evefything, aqd another ( wt/a*. e+) frc;m P's. |
5. Small amounts of time are needed on a large computer to com-

pletely analyze small fractions of the data during the progress of the run,

B. Items of Equipment to be Furnished by the Collaboration.

1. Char]&ak 'ch'ambers.and readout electronics. Theee chambers and
the associated electronics are to be. provided by the NAL part of the collab-
oration, They are necessary in regions where the beam .is present, so
that high beam intensity can be used. Since the angular divergence of the

beam and of the secondary particles of interest is quite small, the chambers
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‘in front of the magnet can be made quite srné.ll. A somewhat larger
Charpak chamber is needed just after the magnet with dimensions
slightly larger than the magnet aperture.

2. Magnetostrictive wire chambers and readout electronics.

These chambers are to be provided by the Notre Dame part of the
collaboration. Chambers and electronics which should be adequate
already exist and have been operated by Notre Dame in experiment
E-222 at Argonne National Laboratory. If wire planes of dimensiong
somewhat different from the existing chambers prove desirable, they
can easily be provided.

3. Varian Data 620-i computer and magnetic tape transport, These
items will be provided by Notré Dame together with the interface connecting
the computer with the chambers and; counters, The computer and tape -
transport are currently being use'dvby Notre Dame in an expe rimeﬁt at ANL.
Interfaces to magnetostrijctive clﬁﬁambers and hodoscope’ counters are
operative, Additional iﬁterface electronics will be purchased or constructed.

4. Electronics trailer. An electronics trailer now being used by
Notre Dame at ANL will be used for this experiment.

5. Shower counter. Two shower counters and associated electronics
must be constructed. The responsibility is to be shared by the collaboratots.
Similar shower counte rs7 have been used ‘successfully‘ to discriminate
between electrons and pions in connection with the SLAC 20 GeV spectrom-

eter, thus demonstrating the feasibility of the technique.
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6. Miscellaneous ¢Gunters. The responsibility for constructing
and testing other neccessary counters, dE/dx counters, anti-coincidence
counters, and the Cerenkov counter downstream from the target is to be |
shared between the collaborators. Notre Dame already has some stocks

of phototubes, etc., which may be utilised in the comstruction.

It is to be expected that all equipinent will be ready in advance of

the first round of experiments at NAL.
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AN EXPERIMENT TO MEASURE THE PION FORM FACTOR
AT THE 200 GeV ACCELERATOR

A. Introduction

Considerable information about the electromagnetic structure of

nucleons has been obtained in recent years from electron-nucleon scattering

’experiments.l’2’3 It is of interest to obtein similar information about

.-

other particles, and in particular about the n-meson.
Since the pion 1s an unstable particle with a lifetime of 2.6 x 10 '

sec, 1t cannot be use& as a target in the sense of the nucleon in e-p ascattering.

It is necessary to use the inverse of the electron-nucleon scattering procedurs

to probe the pion structure. In this process beam pions are scattered off

target electrons in a hydrogen bubble chamber or target. Crawford ’5 in

1960, carried out such an experiment using 1.12 GeV/c n" meésons incident on-a

hydrogen bubble chamber at the Lawrence Radiation Laboratory, Berkeley. An

Aachen-~-Stockholm collaboration6 hags done é similar experiment using 16 Gev/c

n mesons in a CERN hydrogen bubble chamber. Filtch and Leipuner7

-8

have recently
completed a spark-ch&Mber experiment at Brookhaven using 20 3=V/e % mesons %o
obtain higher statistics for the process. Crs.zn«ri‘ord}\L has pointed out that sig-
nificant structural effects are not expected to begin to appear until the
deBroglie wavelength of the target electron in the rest system of the bombarding
pion is less than the Compton wavelength of the pion. This condition ob%tainrs

at a pion laboratory momentum of 38 GeV/c. Longo8 estimates a flux of lO7
plons/sec at 150 GeV/c, considerably beyond the 38 GeV/c criterion, from a
proposed plon beam at the 200 GeV AGS. This flux, calculated from Keefe'59
estimates of particle production in the 200 GeV machine, is adequate for a

n-e scattering experiment at this energy. -

As pointed out by ford and Hill,lo the Born approximation for the
electron-nucleon scattering is the simplest approach to obtain at least
qualitative insight into the effect on electron scattering of the size and
radial shape of the charge distribution within the nucleon. A similar anaiysis

is valid for the pion. In the Born epproximation the cross-section is pro—

kuf portional to the square or a form factor, F.
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where A? 2 meT

the b-momentum transfer tn *he scattered electron.

i

T the kinetic energy of the ascattered electron.

#

To a first approximation F2 is related to the rms radiug of the pion by
F2=1~7-<-§-2——>~A2 ()

The yms radius of the pion can be obteined from the experimental determinati.r

of the n-e scattering cross-section by determining the best fit of the functicen

given by Eq.(2) to the experimental ratio

ot .
CONA

meas. point charge

Some insight into the structure of the pion can be gained by postulatiiag

that the form factor, F, is mediated by a meson of mass Mep 8O that
FPoa (5 )P ~ | (3)
b % mep

The value of mff is expected to be close to the mass of the p-meson, thus

2
Pee
for various values of Mep and fitted to the experimental deta to determire

the mass of the partlcle responsible for the structure of the =w-meson, if

e 0.5 (GeV)z. Curves of the type given in Fig. 1 can be constructed

structure ig observed.

B. Cross Sections and Kinematics.

The interaction of charged particlés with atomic electrons has been
treated extensively in considerations of the stopping power of matérials for
charged partfcles;lo’ll’lz‘lB Paulil& has obtained o very complete ret of
¢ross-gections hnd angular distributionc derived from field theorv. The
pertinent relatibn here is that Z“or the eross-section per unit encrgy for

production by incident spin-zero particlés of knock-on elactrons,

’
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2
2x m r A ,
8 e — z H2-6°F— 1 a¥/aton (&)
. B T max
'wheré ine,re = the elecéron mess and clasaical radius
~ T = the laboratory kinetic energy of the scattered electron
Tpax = the meximm possible value of T for a given incident particle
' momentum.
' ()
= 2m : ’
€ nm 2‘+ m2 4+ 2me€
e e -
p, m €, B = the laboratory momentum, mass, total energy and velocity of

the incident particle
2 - = the atomic number of the target material.

‘The total cross-section, 0 (T, <T< Tiax)’ where T , is.an
arbitrary lover limit of T, is given by:

i g
max 2 .
2Zrmyry 2 T
do : e e 1 1 8 maxX.+y om
a(rxT >"f‘"dT= 2 [ - = - fn (X)) (5)
min aT B2 Tmin Tmax Tmax Tmin aton
Tmin ’

These cross-sections are based on point-charge calculations. For an extended
pion the cross-section as given by Eq.(4) is modified by a form factor as
given in Eq.(l).‘ Typical results of the cross-gection calculationsbare glven
in Tsble I for two values of incident pion momentum.

TABLE T
p, (GeV/c) T, (GeV) T (Gev) o(T >5 Gev) A=l=)". Interaction Length (m)
100 5 83.96 3.93 mb 0.2%  6.03 x 10°
150 5 133.05 .27 md> 0.16 5.55 x 103

# A is the deBroglie wavelength of the electron in the pidn rest systenm in

units of the Compton wavelength of the pion.

: ‘ o
Figures 2 and 3 illustrate the variz®ion of %T with 4~-momentum transfer,

e
4" for incoming pilon momentr of 100 anc. 150 GeV/ec respectively, and for varlcus

valueg of m,., in the Toxm factor. : -
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C. Experimentnl
(a)

Prom Fige. 2

Layout and Energy Loss Considerations

Exverimental Layout

end 3, three effacts are noteworthy: (1) the max~

irum attaineble value of the 4-momentum transfer to the target electron,

-,

2
A” _, is a function of the incident pion momentum; (2) for a glven A the

max
flux, 'a-;:,
deviation of the form fact.r, F (mff), from the point charge value F(1), in-
>

increaces with increacing incident pion momentum, (3) the fractional

creases with increasing A”. All of these reasons indicate an experiment at the
highest practicable incident pion momentum. Figure 4 is a proposed experimental
100 GeV/c.

To achieve spatial separation of the final-state plon and electron

arrangement for an incident pion momentum of

at the detector, it is required that

p.__(pion) = % P (incidént) (6)

pmin(electron) = Prax

This condition is illustrated in Fig. 4 for the 100 GeV/c beam.
n-mesons of momentum 100 GeV/c are incident on the 1 meter hydrogen target,
. . 6

ions .
interactions/10” pions with Telectron > 50 GeV

Tables II end IIT give the relevant parameters and kinematics

where they will produce ~ 5

for a 100 GeV/c and a 150 GeV/c experiment satisfying Eq.(6).

TARILE IT*
2 2 Interaction Events/day
{ m r "~ s S < W
Pincl0eV/e) T p(Cev) T (Cev) o> T ) 8T ()T enatn with T_>T
100 50 8k 0.49 ub o84 - 4.9 x 107 4 ox 105
L
150 75 133 0.38 ub .135 0.62 x 106 5 x 10
. 6 ) .
* Assuming 10  pions/sec in the beem
TARLE TTT
- * . -’\.;’ ‘ I M
pinc(GeV/c) Pe min C”“/C) Pe max(GeJ’C) 9e =n Pn min(GeV/c> Py max(Ge\'/C>
100 50 8y 0.165° 16 50
10 5 131 0.14° 17 75

e a1 — < JORE—
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Thé scintillator sandwich, Al,AAZ sufraunding the target is in anti-
coincidence to discriminate against events producing charged particles, neutrons
or gammas other than in the forward direction. A3 discriminates against slow
charged part%cles produced in the forward dlrection. 82 specifies tracks with
%% >> minimmm. The subsequent spark chambers define the particle trajectories
through the bending magnets for momentum determination. The simulianeous pas-
sage of two charged particles is signalled by coincidence in Sﬂ, Se' Particle
identification is accomplished by requiring a shower in S5 and a u-meson anti-
coincidence in A&’ an Fe-scintillator sandwich which samples the grqwth of the
nuclear cascade.

The experiment is extremely simple in principl;. To determine the pion
form factor dependence, Meps and the rms radius of the pion, it is only necessary
to identify the pion and electron and measure the kinetic energy of the electren.
The 4-momentum transfer, Az, is then given by Eq.(la). In prectice, the mag-
nitude of, and straggling in, the energy loss of the electron on traversing
the system make the determination of the electron energy at production more
difficult. A detailed consideration of the various energy loss factors follows.
In contrast to other experiments, particularly at lover energies, there are no
adverse solid angle factors; because both n and electron travel straight for-

wvard all useful events can be captured into the analyzing system.

"~ (b) Scattering and Energy Loss Considerations
(1) Scattering of the final-state particles:
Since we are using "thin" targets and detectors, scattering of
the particles will be governed by plural scattering considerations.ll Figure 5
glves the average probability, Q, as a function of scattering angle for particles
of various momenta calculated by the method of Snyder and Scott (ref. 11, p.73 ff).

For a 25 GeV/c particle the scattering angle ey and Q = Qmax/z is, from Fig. 5

6, (Q = me/z) = 0.14 mr
(2) Energy loss considerations for the final-state particlea:
The outgoing particles will lose energy by Bremsstrahiung and
direct pair proluction in the target and the spark chamber plates and by synchro-
tron radiation in the bending moagnets. Those losses will be negligible for the
pions, so what follows treats of the outpoing electron. A calculation of the
Vfractiongl energy loss/gm cm‘z due to direct pair production ylelds a value

of ~ 1077 over the enerpny ronge of interest. This loss 1s negligible.

-
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The radiative (Bremsstrahlurg) energy loss is given byll’lz’l5
4aT .
(==) = n(T+mn)o energy units/em (1)
ds e’ rad
rad ; :
where
s = +he distance travelled in the medium.
= the number of atOms/cm3 in the medium,
= the kinetic energy of the electron in appropriate energy units.
Cops T L [gn (283 Z""/3} + 17183 °, Zz, for the extreme relativistic
case with complete screening h
or ;
(3= = £2 7> e et (8)
s X e .
rac o
where
p = the density of the medium
v 2 ] -1/ . -
% = b %-Z re“ in (183 2 l/J) = (the radiation length) 1
LdA
O .

¥or the hvdrogen tarret, “he averege energy loss per cm is given by

(<) LT ool 1073 T GeV/em R )
ra

The energy loss due to synchrotron redistion in the two bending

. . 15
magriets 1 given by~

2 MeV/m S (10)

T _ 5. 2
(=) = 127 x 1077 B ST

ds
" synch.
where

H = the field in the bending magnet.
Table TV summariues Lhe pertin~-+ energy loss conciderations for the

v X N -yt 1.
syperimentcl setup ol Plp. .

ALY IV (8)"

T 09 hev
o ‘
T {oev AT GeV Ny sev) AT frio) F /7
ol ) Brens ) synehy ) pair’ ‘ mp/ point
50 2.1 0.050 ~5 x 10 aud, .
1
o 3.5 0.1 ~ 3 x 107" 6,

" Agouming that, on the averngn, the interacilen occurs st the midpoint of the zuarge”.
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TABLE IV (b)
E, = 150 GeV
Tel(Gev) AmBrems(Gev)' ATsynch.(Gev> Ampair ‘ Fmo/Fpoint
75 3.2 L1k ~ 7.5 x 10‘% 9%
133 5.7 » ©.360 ~ 1.3 x 1073 64,

D. Background and Enerrsy loss Corresctions

The extreme forward vroduction engles for the x-e-scattering nake
possible a target of small cross-section. The seintillator sandwich surround-
ing the target then discriminates against all but tﬁe nost forward inelastic
events., Scintillator A+, after the first bending marnet, d15criminates further
ageinst events in which a positive particle ig produced. Using & negative
pion beam, 1t is difficult, with these safeguerds to simulate a good event,

The net cherge for the nuclear interaction is O, while the experimental seiup

requires a'net charge of -2. The only obvious source of spurlous events is:

n +e -e_n- +e + Zo (11)

The Q-value for this reaction with r° is 7O MeV at 100 GeV/c ineident pion
momentun, and 135 MeV at 150 GeV/c¢c. The cross-section for these is down
by at least & from the elestic cross-section. 8Some rejection of such in-
elastics can be had by requiring coplanarity of n and e within the limits of
the plural scattering uncertainty.

The very sizeable probable energy loss due to Bremsstrahlung given
in Table IV Ean be corrected by two independent approaches. The first is to
require energy conservation between the initial.and final states from a messure-
ment of the final state vion energy and knowledge of the beam energy. Secondly,
the electron spectrﬁm as & function of A2 can be determined. Heitler™ glves
the probability distritution for the decrease in energy of an electron after
éraversing matter of a finite thickness .

- bl-1

wly) &y = S;"ﬁquyy*- ay (12)

whers y

i}

. m m - T
gn [‘_O/ (_LO AL)}
AT = the loss ol enerry.
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The parent distribution.for a glven number of electrons with the sanme
measured energy can be unfolded using Eq.(12). The plot of N(AF) ve a° es
determined from this unfolding must agree with that determined from erergy
balsnce on the initial end final state pions.

As a check on the method, the bendins magnets can be reverred and their

- fields epproprisately chenged for proton~electron scattering. The proton form-

factor is well known in the range of l-momentum transfer accessible in this
5 ,
setup, i.e. A" < 0.038 (GeV)z.

E. Conclusions

‘With presently known technigues it 1s possible to explore the structure
of the pion with good stetistics down to distances of = order of 1/6 of the
Compton wavelength of the pion. This corresponds to a maximum 4 emomentun
transfer of 0.135 (Gev)z. From the data i% should be possible to determine
the shape of the differential cross-section for L-mcmentum transfer to the
electron to the order of 1%. In the region of Qmmomentum transfer accessible
to the proposed experiment, a form factor mediated by the p-meson departs
from the poinrt charge form factor by up to 30%. ,

Viith the availability_of X~ eand 4~ beems of sufficient intensity up
1o a beam momentum of 100 CeV/c the scme basic experimen“sl rrrangement is
suitable for probing the p and K form factors out to 4-momentum transfers of
0.091 (GeV)2 and 0.030 {Gev)?‘ raspecti-rely,
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THE ELECTROMAGNETIC FORM FACTOR
OF THE CHARGED PION (MUON, KAON, ELECTRON)

J. A, Poirier
% . University of Notre Dame

Introduction

Extensive work has been invested in understanding the electromag-
netic form factor, EFF, of the proton in the space-like region and also
in the time-like region. The p, w, and ¢ should contribute to this form
factor but do not predict thg q_4 fall off of the EFF at high q. The charged
pion EFF should be understood in terms solely of the p meson; thus it
should be a .ruch simpler beast to treat theox;eticallyQ

Different techniques have been empléye;i in the past to obtain the

EFF of the pion. Table I lists the results. Theory predicts the follow-

ing behavior:
" -1
EFF {n) = (1 + qz/mp2 )

which would give ro = 0.63 X 1043 cm. We propose a direct measure-

ment of EFF {r) via elastic electron scattering using atomic electrons as

the target material in a beam of high momentum pions.

Experiment

Liquid hydrogen is an ideal target since it will maximize the num-
: -
ber of electrons per nucleon and also number of electrons per radiation

length. The number of nucleons should be kept low to minimize the

49

electronl) 1968 -summer study NA
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background of strongly idteracting processes; the number of radiation
lengths should be kept iow to minimize the bremsstrahlung energy loss
of the recoil electron.
The available 100-GeV ©' beams at NAL might have n intensities
in the beam ~ 5 X ‘1(37 /burst with 3 to 4 times as many protons. If all .
counters and spark. chambers could be kept out of the main beam, full
utilization of this intensity might be realized. Two things speak against
this approach, however:
1. The number of strong interactions in the ﬁydrogen target are
about 6%; one begins to be limited by the rate in the anticounters.
2, The desired cross section is highkenough that the running time
does not become excessive even if the incident beam is lowered
to ~ 106/pulse.
A midway philosophy is shown in Fig. 2 with two wire chambers in the
beam as if the intensity were loweréd but with an extra bending magnet
in the electron arm of the spectrometer so that all variablés of the 1r+
and e can be obtained without any information from the wire chambers
in the beam. Thus if the background problems are not severe, one might
use this technique without the firsf two wire chambers in the beam to
study the end point of the spectrum where the cross section becomes zero
and to study the u+, e+, and K+ scattering from e 's where the fraction
6f these particles in the beam might be appreciably lower than the 1r+'s.
The region of available momentum transfer g via this technique

is limited., Omne should easily obtain the rms radius of the pion defined as

" ~50-
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R = N<rl> =-6 —dé- EFF ()

The range of ¢ may be high enough that one can distinguish among models

which have the same Rﬂ_. For example-

122
"ga R
EFF = e . 1)
and
1 2zt PO
= k3 2
EFF (i+6q R“) ;o ll,?,.\‘& (2)

will have the same slope at q2 =0 but (1) gix;es an effect of 0.756 at the
maximum available qz while (2) gives 0.770 each with R: ='6/m:
= (0.62 f)z. Thus an expériment of statistical precision of < 1% could
tell the difference between these two shapes which are characterized by
the same rms radius. Figure 1 shows the maximum availabie kinematic
quantities for various incident particles as & function of incident momen-
tum. ' | .
~ S ‘ .

The incident beam is focused to a 1 cm spot with 0.’1 mrad angular
divergence as it enters the LH target. This is sufficiently precise that
no additional measurement need be made. Anticounters around the tar-
get insure that the charged products of a reaction are well collimated in
the forward direction. Wire apark chambers measure the‘angle and po-

sition of the 17+ and e~ particles after they have been bent away from
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the incident beam. The electron’s momentum is measured, its ider;tity
finally determined by a lead-scintillator counter sandwich. The trigger
will be

1. no anticounters being triggered

2. a charged + strongly interacting particle

3. a negative electron.

The final fit to the event will be a 4c fit {(overconstirained by 4 equations)

with all quantities in the initial and final state particles measured or known.

{A 4c fit at high energies, however, becomes effectively a 3c fit. )
. +
Temax for 100-GeV/c incident n is 84 GeV. The maximum mo-

mentum transfer, q , is
max

qmax = '\/'tmax = N2 Me Te(max) = 0.29 G’E‘V/C .

The experiment covers a range of momentum transfers from q (max) to

1/2 q{max); the predicted effect for rho dominance is:

g’iq (meas) , 2 ' 2
do (theory EFE ()= P '
dt point charge) 1+ 2
2
MF‘

which is 0.77 at q(ma.x)‘ and 0.94 at one half q(max),. One day's run-
ning will be 24 hours X 60 minutes X 15 pulses/minute = 21, 600 puisés

%X 1 real event/pulse = 20, 000 events. One real event can be obtained

B2
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with 106’-.v+, so this gives a comfortable safety factor for background
{could stand maybe 50 background trigger rate and still not sacrifice the
real event rate) and a comfortable incident beam intensity of ~ 4 X 1@6
particles of 3 X 106 p's and 1 X ‘106 m's. The high proton background
cannot fake a real event in a diréctkmanner, sinee Temax for an incident
proton is less than 6 GeV., If a good experiment consisted of 20 bins of
1()4 events each (1% statisticg) or - 2 X ios events, then 10 days of data
taking time would suffice for the w e_v experiment. -Five days would
allow a pe— experiment as a check; additional time would allow a K+ e
and pf e experiment, although special enriched beamsmay be required
for these latter experiments,

A good monitor for n+'s is needed, one that has an absolute pre-
cision of better than 1%. An idea that might allow this precision might
be collecting and integrating the Cerenkov light.from the beam transport
pipe from the production target to the experiment where a small amount
of gas (e.g. 0.043 atm of HZ) is admitted to be above threshold for r's,
but below K's and p's.

| Equipment: The following list of itemms would be needed for the ex-
periment and requested of NAL:

1 H-magnet 1 ft wide X 4 in. high X 3m long 18 kG
1 C-magnet 1 ft wide X 8 in. high X 3m long 18 kG
1 beam monitor of <1% precision '

1 1/4m X 2 ¢m diameter liquid hydrogen target

1 small computer with mag tape storage

+
1 DISC Cerenkov counter tomeasure the fraction of 7 in the beam
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Table 1. Techniques for Measuring the Pion Form Factor.

Experiment

1, « e elastic
scattering 1

3
2, ® e elastic
scattering 2

3. e—p > e nnt 3

Present Results
R <3x10 em

R_<1X 10 B3cm

R_ = 0.86 % 0.14 X 10 3m

Method

direct experinien:

interference eff..t

isolation of a single .
diagram
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Fig. 1. Elagtic sca{ter‘mg from electrons. The mass assumed in the expression for the form

factor FF ig that of the rho meson,
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Fig. 2. Experimental layout for measuring scattering from electrons.




