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Summary

It is demonstrated that high quality secondary
electgon beams can be made aveilable with intensitiles
of 10 e/pulse at the new generatlion proton accelerators.
A bean design 1s presented with the following quali-
ties, 1) Large besm transport acceptance [9.5 uster
% Ap/p (FW), with a momentua bite of + 2%], 2) good
momentum resolution [less then * 0.3%], 3) good an-
gular resolution [less than * 0.1 mrad], 4) smell
firal spot size [less than + 3 mm horizontally and
+ 6 mm vertically]; and 5) negligible plon contamination
[less than 1 pion in 102 electrons]. All of these
qualities are achleved while preserving the valuable
electron intensities at production. Using standard
beam transport magnets a 300 GeV/c transport system
ig designed with four focussing stages, the first two
of which provide a beam spot of suffilcient gquality
for tagged photon experiments. The optics design is
based on a periodic cell structure which includes
correction of second order aberrations by means of four
weak sextupoles. The synchrotron radiation by electron
throughout the traunsport system is used to advantage,
to remove pion contamination at the final beam spot.
Pion impurity is null at energies grester than 160 GeV.
This high quality transport system can also be used to
de}§ver a high intensity plon beam [109 - 1010 7= per
1C interacting protons], up to 300 GeV/c. Thus a
very versatlile facility can be provided for electron
and plon experiments at the seme installation., A beam
deslign specifically made for application at NAL is

presented.

Introduction

A design is presented for a secondary electron
beasm cf highest purityi sultable for the electron
scattering experiments™ proposed &t the National
Accelerator Leboratory. With a minor modificetion at
the front end, a secondary plon beam ¢f highest intensity
18 obtained, sultable for the plon scattering experi-
In the plon mode, at

ments~ also proposed at NAL.
300 GeV only with this beam is it possiE%e to provide
a beam intensity of up to 5 X 107 77/10%3 incident

protons, making this the highest intensity and highest
energy plon beam in the world.

+
In the electrcn mode, the besm ylelds 108 e or

e_/lOl3 incident photons when the energy of electrons
is about one half the energy of protons. OCnly with
thils type of beam design is it possible to remove
entirely the pilcn impurity without the use of3costly
"chicane" high field superconducting magnets.” Tt is
emphasized that synchrotron radiation by electrons in
the beam transport magnets 1s very significent in re-
ducing pion contemination ol the final beam spot. Alsc,
pions are readily separated from electrons because of
the small value of the final spot size achieved. Thus
it is shown that superconducting magnets to enhance
these effects are superfluous. Plon impurity is less
than 0.01% at every energy and can te made essentlally
null at electron energies greater than 160 GeV,
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The beam 1s designed with four focussing stages,
wilth the specific provision that the first two stages
provide a beﬁm spot of sufficient quality for tagged thoton
experiments. Using standard NAL beam transport magnets
the beam will operaste at up to 300 GeV/c with the fol-
lowing properties: Acceptance 9.5 uster % Ap/p (FW),
momentum bite * 2% , momentum resolution of momentum
hodoscope Ap/p = * 0.30% (HW at base), final spot size
<+ 3.0mm X * 5.5 um (HW at base). Hodoscopes are
also included for meassuring the angles at which elec-
trons pass through the experimental terget with re-
solutions in both planes of better than * 0.1 mrad.
These properties are achieved by a periodic besm struc-
ture which includes correction of second order aber-
rations by means of sextupoles. Thus, an electron beam
of high purity with very fine energy and angular re-
solution 18 obtained and these qualities are achieved
wilthout degrading electron intensity at production which
is & valuable commodity at NAL. Because of this care-
ful and meticulous design, necessary for an electron
beam, 1t is now evident that when the beam is tuned
to deliver pions, the highest intensity pion besm 1s
obtained. Therefore, it must be pointed out that such
a beam line will operate equally well for secondary
hadrons and electrons and will in fact constitute
very versatile facility.

a

Beam Design

Figure 1 shows a schemstic layout of the beam.
In the electron mode of operation, the functions” of the
four focussing stages are as follows: (1) Electron
production [protons produce 7°'s in primary target of
low Z material: Be or deuterium, (Be 1s used for prac-
tical ressons), sweeping megnets remove protcns and
cther charged particles from neutral stage of beam;
photons from 7° decays pair-produce electrons in a high
Z radiator, (Fb or U)], primary defining apertures,
horizontally (x) dispersed focus (Fl) to define momen-
tum bite clesnly, verticel (y) focus (P 1/2) with slits
to reduce 7~ conteminetion. (The primary target is the
virtual object of the beam optics.) (2) Magnet after
Fl to clean up beam, achromstic focus at F2, This focus
is used for the tagged photon beam or with s horizontal
slit to further eliminate pions in the four stage beam.
(3) Dispersed focus at F3 with momentum hodoscope.
(%) Angle hodoscopes at first foei of lest set of
quadrupoles. These measure directly the sngles (8
horizontal, ¢ vertical) at which an electron passes
through the experimental target located at the achro-
matic focus Flh,

The beam is designed for a maximum momentum of
300 GeV/e. Cereful sttention was paid to ihe cesirabi-
lity of using stenderd NAL transport magnets throughout.

* Work supported by the Nationzl Science Foundation
(Grant No. GP-28259),



The design of the "fromtend" or electron production
stage 1s largely dictated by necessary functions and
compatibility with other beam switchysrd parameters.
However, a choice is made of the geometry which maxi-
mizes angular acceptance (A Q ~ 2.5 uster) and
minimizes multiple scattering effects. The angle of
incidence of the proton beam at the primary target cen
be varied to enable the use of production angles other
than 0~ . At the sacrifice of some intensity the final
/e ratic can be improved if at ell necessary. The
primery tagget is of a material which maximizes the
ratio of T production to photeon attenuation. Deute-
rium 1s the optimum choice for this condition but for
practical reasons, beryllium is the most reasonable
alternative, There 1s an optimum target thickness for
which the maximum nuwber of photons from 7~ decays are
produced. This thickness is 1.13 interasction lengths
for beryllium. The n/7 ratio or equivalently the 7 /
ratio, decreases monotonicelly with target thickness.

~

e

A knowledge of the cross section for inclusive WO
production from pp collisicns determines precisely the
elecgron beam lntensity. Recent results from the ISR
show~ that the cross section for inclusive 7° pro-
duction is egual to the average of the cross sections
for m and T produ$tion from pp collisions, Similarly,
recent measurements' have been made at the ISR, espe-
clally at 500 GeV/c equlvalent laboratory momentum, for
the cross section of inclusive 7" and ™ production at
several forward angles. Empirical formulae® are ob-
tained by fitting all of the measured ylelds of 7 and
T production, from 1500 GeV/c down to 19.2 GeV/c
laboratory proton momenta, using the latest measurements
from the ISR together with those from CERN and BNL.9
Indegendent}y, we have used a multiperipheral model
of m and T production to calculate the 7~ cross
section and hence the expected electron beam intensity.
The result of this calculation is shown in fig. 2.
Comparison of this model dependent calculation with
the three-parameter empirical formila fit of the ISR
measurments shows that our NAL electron besm intensity
calculatlions are valid end conservative by a factor of
about 1.5. Therefore, it 1s ensured that at the fogrth
focus of this beanm en electron beam intensity of 10
electrons or positrons per pulse wlll be provided for
experimental usage.

The electron beam intensity values are obtained
in & straightforward manner. An exact energy spectrum
of photons is given by Integreting the above known T
dcuble differential cross sections, with an energy °
factor due tothe 1sctropic decay distribution in the 7
center of mass. An effective target efficiency is used
derived by taking to account hadronic production of %
and electromegnetic attenuation of photons in the
target. The yileld of electrons 1s now obtalned from
the known pair production formula by integrating the
photon energy spectrum and using the correct radiation
efficiency factor. Finally, the electron beam intensity
is determined by the beam transport momentum angle ac-
ceptance factor.

As shown in fig. 1, between the primary and se-
condsry targets, bending magnets separate the protons
and other charged particles from the neutral components
of the beam, The proton beam is dumped in the vicinity
of the first quadrupocle, belcw the beam line level,

The second target or radiator consists of a high Z
material such as lead or uranium which hes a high
ratio of collision length to radistion length. Optimum
thickness for the radistor is approximately 0.5 ra-
diation lengths. The interactions of neutrons at

this radiator produce the pion impurity of the electron
beam., Electrcn purity is strongly Influenced by the
optical quallty of the beam design, since electrons
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lose energy by synchrotron radiation throughout the
beam transport system and thus cen be sepsrated from
pions provided thet the finel beam spot is small and
free from sberrations. Maons from pion decay and other
sources are transmitted mainly through the earth
shielding of the beam which is about 5 meters below 6
ground level, The expected p/e retic is less than 10

Because the beam is 600 m long with a moderately
large ascceptance, 1t would suffer from second order
chromatic aberrstions of several times first order
effects, Therefore, from the start the beam optics
1s designed to be compatible with sextupole correction
of second order terms. This feature 1s essential to
the proposed electron scattering experiments for with-
out it, i1t would not be possible to achieve the neces-
sary momentum and angular resolutions and especially
the small spot size and high electron purity. The
latter parameter is directly affected by the size of
the electron beam envelope at F2 where a horizontal
collimator is used to define a pion spot. This fea-
ture is important not only because it removes plons
from the beam at F2, but because it enhances the T-e
separation at Fi, caused by synchrotron radiation by
electrons in the beam bending magnets.

Experience has shown that sextupole magnets can
only be successfully used in a beam line by locating
them as optlically conjugate pairs with equel strengths,
i.e. the transfer matrix between the sextupoles must
be identically * unity. This ensures that even order
geometrical aberrations introduced by the sextupoles
cancel outside the pairs, Sextupole pairs cennot be
interlaced without introducing serious third order
aberrations. For each pelr, the strength can be chosen
to cancel only one second order chromatic aberration
of the beam. The design is based on the exact cor-
rection of the main chrometic sberration term
< x|x!' & > in the horizontal bending plane {(x)
at |72 and F4. This is done in sych a way that the
geometric aberrations (mainly < xIx‘ x! > inevitably
introduced at Fl and F3 are toler bﬁe.O Worsening of
the chromatic aberration in y 1s avoided by locating
the sextupoles at y foci where they have negligible

effects, A small spot size in y =&t each x focus
(between the true y foci) is obtaine by locating
an angle foeus waist (< ny > = < y'Iy’ > = 0) at
these positions, This ar aggement alsé Snsures that
chromatic aberraticns in y at all x foci are
negligible. (There are aberrations in y' however.)

The first y fccus, where pions are removed from
the beam, is therefore inside the first stage (F 1/2)
where chromatic aberrations are small. Location of the
sextupole pairs at conjugate points requires that the
beam structure be periodic frem F 1/2 to F3 1/2.
However, the design of the first quadrupole doublet
need not form part cf this structure and has been
chosen to produce a magnification in the first stage
of 2.4 in x and 3.0 in ¥y + This increases the
acceptance of the periodic part of the beam and enables
one to use a reasonable focal length for the guadrupoles
(24,4 m). It also helps to reduce the geometric aber-
retion introduced bty the first sextupole at F1 and the
third at F3. Similarly the last half of the last stage
(F3 1/2 - FL) does not form part of the periodic struc-
ture and is designed purely to obtain the reguired
beam spot size and to provide suitable locations for
the € and ¢ hodoscopes.

Magnet positicns and strengths were calculated
using the computer program TRANSPORT.lO Rays were
traced_ through the final system using the program
TURTLE to evaluate the perfcrmance of the beam
transport and the effect of synchrotron radiation by



electrons., Calculetions were performed with an ef-
fective initial electron spot size of * 2.5 mm in both
plenes, the velue expected at 100 GeV/c. The main
effect contributing to this spot size is multiple scat-
tering of electrons in the radiator. Pioms, which
are generated mostly by neutrons in the lead radistor,
are produced with & much greater spread of angles than
are electrons so that the effective pion spot slze at
the primary target is much larger than that for elec-

trons.

Imperfections in the gquadrupcle fields as found
in actual measurements were included in the ray tracing
calculatiors by using & higher order multlpole expan-
sion. It is interesting to note that in this type of
periodic beam structure, such imperfections have vir-
tually nc effect because of cancellatlons at conjugate

lens positions.

Figure 3 shows the electron and pion beem profiles
at Fli where the experimental target will be located.
The spot sizes easily satisfy the experimental re-
quirements. The separation of the electron and plon
beam spots by synchrotron radiation is discussed below.

An important property in a secondary electron beam
is cleenness in momentum. That is, it should not be
peesible for a significant number of electrons with
momenta cutside the nominal limits to pass through the
experimental beam spots at F2 and F4. The periodic
beam structure described here performs well in this
respect, Between Fl and F2, only 0.3% of the electrons
are lost. PRurthermore, it is impossible for electrons
of momenta less than 0.865 p_ to pass through the besm
spot at F2. In stege 4, losses only occur (inevitably)
at the hodcscope. In each case it is possible to place
a veto shower counter where it may detect photons
radiated by an electron in the hodcscope elements,

Electron Beam Purity And Synchrotrcen Radlation

The permissible level of pion conteminaticn of the
electron beam is determined primarily by the pion
rejection capability of the experimental electron de-
tectors. A secondary consideration is that in a 25 cm
liguid hydrogen target for instance, 1.4% of all inter-
acting plons would produce electrons via 7~ production
followed by 7° - vy and y = e e” . These electrons
are produced mainly at low energies and do not consti-
tute a significant background.

The electron detectorg'under development 1in this
laboratory consist of several large NaI(Tl) crystals
interleaved with multi-wire proportional chambers.
Tests wlth these detectors have shown that at 10 GeV,
the protability of a pion being identified as an
electron is < 0,3% if the momentum is known to 3% .
There is reason to expect this uncertainty to drop
to 0.1% at NAL energies. Now the ratio of the total
cross dectiops for T p 1o e—p interactions 1s
typically 10°. Hence the probability of confusing
a hadron from & T interaction, with a scattered elec-
tron is conservatively 0.09% for a W/e ccntamination
ratio of 3 X 1077 . Such a systematic error is cer-
tainly less than other experimentasl errors, systemet%c
or statistical. It is showa that a 7/e ratic of 107
toe 0.0 is attainable in the present beam deslgn at the
final focus F4. At F2, however, the pilon contaminatlion
is unecceptable. The same would be true in a L-stage
beam not corrected for second order aberrations,

The flux of pions which remsins within the electron
beam spot =t Fi4 depends on several factors, the most
importart of which are production mechanisms at the
primary target, beam optics and synchrotron radiation.
It has not been generally realized that this last
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effect-synchrotron radiation of electrons In the
conventlonal beam bending magnets - 1s very signifi-
cant.

This may be seen as follows. The fractional loss
in momentum of an electron of energy E(GeV) pessing
through a uniform magnetic field B(kgauss) of length
L (meters) is given by

8 E B2 L .

L2 . 1,26 x 107
P

Hence for a 200 GeV electron in a field of 1h kgasuss
of length 3.05 m, &p/p = 0.15%. This is a small ef-
fect but the deviation due to this momentum loss Is
4,8 urad. Again this is & small angle but in each
phase of the beam there are about 10 magnets with an
average lever arm of ~ 100 m. Hence 1f the msgnet
settings are not compensated for this effect, the
electron beam spot will be shifted ~ 5 mm, more than
the total spot size., If however the magnet settings
are "radiation compensated", the electron beam spot
will be on asxis with @ separate pion beam apot off
axis by ~ 5 mm, Thus the plon contamination can be
reduced almost to zero by & sultable scraper or veto
counter,

This effect is illustrated by the beam profiles
in fig. 3 which are due to exact ray tracing calcu-
lations using the program TURTLE. (The momentum and
deviation of each ray were suitably offset after each
bending megnet.) In fig. 3 all beesm profile distri-
butions are normalized arbitrerily to have egual heights.
At energles less than 300 GeV, magnet settings within

each group of magnets are optional provided the inte-
gral [Bdl 1is correct snd B dces not exceed 14
kgauss. They have been chosen as follows. For ener-

gles greater than 200 GeV, it is sufficient to use a
minimum number of the avsilable magnets with power
distribution equally between them, to achieve almost
complete separstlon of pilons and elecircns. At lower
energles the effect of synchrotron radiation mey be
optimized by using all avalleble magnets with reversed
fields where necessary so that the integral fEed{

ig maximized but the beam line geometry is preserved.
This procedure provides a substantial reduction in
pion contamination which becomes zero at about 160 GeV.

Synchrotron rediation will slso be responsible
for some reduction in beam quality due to the statis-
tical fluectuations of the process. It is estimated
that these effects will cause an additional beam spot
spread of ~ 0.5 mm 8t F4 at ~ 200 GeV and a momentum
spread of ~ 0.2%. Both of these figures mske negli-
gible contributions when folded quadratically with the
respective geometrical values.

It hes been suggest863 that synchrotron radiation
be used to enhance electron beam purity by placing a
"chicane" of superconducting megnets at the inter-
mediate focus of the besm (F2). Thus the electron
momente would be shifted by a lerge smount ef this
point and with the second phase of the beam tuned
accordingly, pions could be eliminated, FKowever it is
now geen that the distribtuted effect of synchrotron
radiation along the beam line is sufficient to reduce
plon contamination to an acceptable level in the present
besm design and application,

Pion Beeam

It is evident that the high quality optical pro-
perties of this beam and the mcderztely large beam
acceptance can be used profitably to provide also & beam
cf pions at NAL which is higher in energy snd Intensity



than any other presently installed secondary besm at
an accelerator facility. A minor modification is re-
quired to accomodate this versatility. A high quality
300 GeV picn beam is obtained by removing the first
radiator and turning off the initial set of steering
magnets., However, a different proton beam dump is
required or the same beam dump can be used with the
addition of compensating steering magnets. The yield
of negative pions in this beam is high., Based on re-
cent ISR measurements!?® y usmn§ 500 GeV incident pro-
tons at the Be target, for 1013 incident protons,
hA\\ X 10 ined at the fourth foocus

e a2y Thne Iourtin igofus

7's are cobta
{(1-5 are cbta
Vlthln a spot size of * 2 mm, for a pion beam tuned in
the momentum range of 150-300 GeV/c. This beam will
contain antiproton and negative kacn components, typi-
cally at the few percent 1$vel of pion Intensifties.
Nevertheless, a beam of 10! antiprotron and 10! K ''s

up to 300 GeV energies can be made available to ex-
perimental usage with tagging signals from differential
Cherenkov counters. Thus, this beam constitutes a

very versatile facility and & powerful tool of high

energy physics investigations,
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HORIZONTAL BEAM PROFILES
AT F4

(a) 100 GeV/c
OPTIMIZED

150 GeV/c
OPTIMIZED

(b}

(c) 200GeV/c

300 Gev/e
(d)

3
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Fig. 3. Electron and pion horizontal beam profiles zt
FL showing the sffect of synchrotron radiation in a
radistion compensated beam.

(a) 100 GeV/e, (b) 150 GeV/c. At these two momenta
all the magnets in the beam line are used, some with
reversed polarity, to maximize X and enhance the
e, T separation, (c) 200 GeV/c, (d) 300 GeV/c.

At these higher momenta, only the necessary number of
bending magnets consistent with B < 14 kgauss sre
used.



