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ABSTRACT

A design for a secondary electron beanm sﬁitable for electron -
scéttering experiments at the Naticnal Accelerator Laboratory is
presented. Using standard NAL beam transport magnets it will operate
at up tc 00 GeV/c with the following properties: Acceptance 9.5
uster % Ap/p (FW), momentum bite * 2% , momentum resolution of
momentun todoscope £;/p = * 0.30% (HW at base), final spot size
< £3.0umm A~ w5 wm (W at base). Hodoscopes are also included
for measuring the angles at which electrons pass through the experi-
mental target with resolutions in both planes of better than #* 0.1 wr.
These properties are aéhieved by a periodic beam stfucture which
includes correction of second order abeyyations by means of sextu-
poles.. The yield_éf electrons is estimated to be ~ 108/1013
incident protons when the energy of the electrons is about one half
the energy of the protons. It is emphasizéd that synchroton radiation
by electrons in the beam transport magnets is very sigaificant in
reducing pion contamination of the final beanm spot. It is shown that
superconducting magnets to énhance this effect are superfluous. Pion
impurity is < 0.01% at every energy and may be made essentially
zero at energies greater than 160 GeV. " The beem is designed with four
focussing stages, the first two of which provide a beam spot of

sufficient quality for tagged photon experiments.



I. INTRODUCTION

1)

The electron scattering experiments proposed at the National Accelerator
Laboratory require an electron beam of high purity with very fine energy and
angular resolution. At the same time it is important that these qualities
are not achieved at the expense of electron intensity; a valuable commodity
at NAL. The beam must also be compatible with providing a tagged photon
facility for which the electron beam specification is_not so stringent.

2)

It has been suggested that to meét these requirements, the beam should

would provide
be constructed in two phases, the first of which (2 stages) wou.u . Ta

the photon beam while the second phase (total 4 stages) would constitute
the high quality electron beam. The preseht design meets these requirewents
which are translated into quantitative terms in section 2 and Table I.

3) of the k

Figure 1 shows a schematic layout of the beam. The functions
focussing stages are as follows: T.

(l) Electron production [protons produce' 7o1g in primary target
of low Z material: Be or deuterium, (Be is used for practical reasons),
sweeping magnets remove protons and other charged particlés from neutral
stage of beam; photons 1‘.‘I'om_'lr0 decays pair-produce electrons in a high
Z radiator,A(Pb or U)L primary-defining apertures, horizontaliy (x)
dispersed focus (Fl) to define momentum bite cleanly, vertical (y) focus
CF% ) with slit to reduce T contamination. (The primary target is the
virtual object of the beam optics.)

(2) Magnet after Fl to clean up beam, achromatic focus at F2. This
focué is used for the tagged photon beam (Phase I) or with a horizontal

slit to further eliminate pions in the L stage beam (Phase II).
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(3) Dispersed focus at F3 with momentum hodoscope.

(4) Angle nodoscopes at first foci of last set of quadrupoles.
These measure directly the angles (€ horiz., ¢ vert.) at which an electron
passes through the experimental target 1bcated at the aéhromatic focus
L,

The beam is designed for a maximum momentum of 300 GeV/c. Careful
attention was p=aid tb the desirability of using standard NAL transpo:t
magnets throughout. Components are described in Table II.

IT. SPECIFICATION OF BEAM QUALITY

In order for the electron beam to be sultable for scattering expevimcots;
it is essential that it meét the following specifications which result
from a realistic assessment of the experimental requirements and possiblé
beam performance.‘

(a) Beam intensity of ~ 108 electrons/pulse from 10%% = 1013

incident
protons, requiringu) an acceptance of at leagt48 uster % op/p (full wiéth).
In practice this means Ap/p ~ 4% (FW) and Ap » 2 psterad.
. (b) Maximum momentum 300 GeV/c.
(¢) Well defined momentum bite, i.e. ﬁomentum resolution at the first
dispersed focus (F1), &p/p < # 0.5% at base of distribution.
(d) Momentum resolution éé third focus (F3), ap/p < * 0.3% at
Base of distribution.
(e) Momentum hodoscope at F3 to take full advantage .of this resélution.
(£) Angle measuring hodoscopes (both planes) in the last stage with
a resolution of < 0.1 mrad. |
<(g) Achromatic beam spot at final focus F¥ < *2,5mm X < * 7.5

mm at base of distribution.



(n) Léw energy contamination (halo) of final beam spot < 0.001L %.
| (1) Electron purity: w/e fatiq < 3x 107k (Pions are produced

by neutrons which interact in the Pb/U fadiator). It is emphasized that
electron purity is strongly influenced by the optical quality of the beam
design, since electrons lose energy by synchrotron radiation throughout
the beam transport system and thus may be separated from pions provided
that the final beam spot is small and free from aberrations. p/e ratio
< lO-6 (Muons from pion decay and other sources are transmitted mainly
through the earth
thror ” "* - -~rth shield:ng of the beam which is about 5 meters below
ground level).

(3) Suituable optics (achromatic beam spot and space which could
accomodate the photon tagging apparatus at the second focus (F2), Here
the electron purity is‘not 50 critical and no beam hodoscopes are required
before thisipoint. The specification for a tagged,photon beam has beeh dis-
cuésed by Halliwell_g};g}.S)

The following sections describe a désign which meets this specification.

ITT, ELECTRON PRODUCTION

The design of a "front end" or electron production stage has been

5)

fully discussed elsewhere, The parameters of this part of the beam
are largely dictated by necessérj functions and little freedom is
available for variations in design. The main components are illustrated
in the schematic layout, Fig. 1, ana discussed below.

. The angle of incidence of the proton beam at the primary target may

be varied by a set of bending magnets. This enables one to use production

angles other than o° , so that, at the sacrifice of some intensity, one may
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improve the final W/e ratio if at all necessary. The primary target itself
should be of a material which maxiises the ratio of T° production to photon
attenuation. Deuterium iS'the'optimum choice for this condition but for
practical reasons would probably not be ﬁsed. Beryllium is the most reasonable
alternative. There is an optimum target thickness for which the maxiumum
nuzber of photons (from T ) are produced. This thickness is ~ 1.13 inter-
action lengtls “or beryllium as shown below. The n/y ratio (7 /e ratio)
decreases wmonotonically with target thickness but is expected to be suf-

ficlently small at this ¢ptimum thickness.

An estincte ~F whie clectron yield to be expected is made as follows.

6)

Recent results from the ISR show that the cross section for inclusive

WQ production from pp collisions is equal to the average of the cross
sections for T énd W+ . The latter have been measured at BNL and
CERN and are well described by a multiperipheral model.T) This model»has
been used to calculate WQ production and hénce the electron yield to be
expected.

The number of decay photons from T's produced in the target is

obtained by integrating:

S |
dN7(k) o, j’ o T . am O dpvo
- A
dk dag X 7,(pp)  dp ode P,0
vhere T = target length,
A = hadronic interaction length in the target
exp {- Ty . exp (--E)
1 2 x5/ A
€ = T 15 an effective target
I _ 11
by 9 Xy
fefficiency,



X, = radiation length in the target
aa(pp) = 31 mb8) (absorption cross section)
po, I)o = proton and Wp momenta
" and the differential cross section is obtained from
do e B 1 _(i_gl:_. + QG’IT+
dpwon - 2 dp 4dq dp 4Q

The target efficiency is maxinised at an >hirum target length of

X

c R
-% =<3 dne , where ¢ = % -ig « VUsing the measure@g) value of
A = 35.7 cm for beryllium and Xo = 35.7 cm, one obtains ‘% & 1.13,

i.e. T = k0.3 cm.

This fqrmula gives an exact energy spectrum for the photons because
of the isotopic decay distribution in the T° center of mass, But the
angular distribution of photons is approximate since only the ° production

angle is included. The approximation is good to angles of order mum /E o °
' T

It is assumed that production of photons By other processes is negligible.

Between the primary and segondary targets a set of 4 bending magnets
(13.1 m X 1k kg) separate the protons and other charged particles from the
neutral components of‘the beam. This is sufficient to handle primary
momenta up to 500 GeV/c. The proton beam is dumped-in the vicinity of the
first electron beam quadrupole, below the beam line level.

- The "second target or radiator con;ists of a high Z material such as
lead or uranium which has a high ratic of collision length to radiation

length. ElsewhereS) it has been shown by a Monte Carlo calculation



that the optimum thickness for the radiator is approximately 0.5 radiation

lengths. The yield of electrons is now obtained from the approx;mate

formula.lo)

aN_(p)
e ~ T .
255755— — 1l -~ exp (}'§

o

o
[ e e

k 4o
D dk k

where 4 1is the radiator thickness.

The position of the secondary target or radiator is not critical
but should be as close to the primary target as possible. This will
minimise the effective source 'size at the primary target, due to multiple
scattering of electrons in the radiator. A primary to secondary target
separation of 22,8 m is chosen.

In Figs. 2(a) ; 2(e) are shown the calculated electron yields for,
the present beam design.and for primary proton'momenta of 200, 300, 400
500 and 1000 GeV/c respectively. The dependence of the'yield on production
angle is also shown. It is evident that the energy of thé primary proion
beam is a wmore important factor than the intensity. For example, lO12
protons/ pulse at 400 GeV/c pr§duce more high energy electrons than 103
protons/pulse at 200 GeV/c.

JIv. ELECTRON RBEAM OPTICS

It would be impossible‘to meet the specifications detailed in section II
without correcting the main chromatic aberrations in the beam. Any beam
design of this length (600 m) and moderately large acceptanée, with magnetic
elements of no higher order than quadrupole, would be expected to suffer
from second corder chromatic aberrations of several times first order effects.
From the start, the beam cptics were designed therefore to be compatible
with sextupole correction of secoﬁd D;der terms.

T



This feature is essential to the proposed électron scattering experiments
for without it, it would not be possible to achieve the necessary momentum
and angular resolutions and especially ﬁhe 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 feature is important not only because it removes pions from
the beam at 2, but becavse it enhances the T-e separation at Fli, caused
by synchrotron radiation by electrons in the beam bending magnets. |

Fymnerience has showr that sextupole magnets can only be successfully
used in a beam line by ‘wcating them as optically conjugate pairs with equal
strengths, i.¢, the transfer matrix.between the sextupoles must be identically
* unity. This ensures that even order geometrical_aberrations intrecduced by
the sextupoles cancel outside the pairs. Sextupole pairs cannot be interlaced
without introducing serious third order aberxationé. For each pair, the
strength can be chosen to cancel exactly only one second order chromatic
aberratién of the beam. (Higher multipde magnets are not considered here).
These conditions imply that the number of stageé between fully corrected
foci in a beam line must be at least two for correction in one plane and
three for both planes. Exact correction of the electron beam is not there-
fore possible, but the following acceptable compromise has been attained.

The design is based on the exact correction of‘the main chromatic aber;

ration term < x x56.> i1) 'in the horizontal bending plane (x) at F2 énd
Fh., This is done in such a way that the geometric aberrations (mainly
<x xé xé‘> inevitably introduced at Fl and F3 are tolerablé. Worsening
of the chromatic aberration in y 1s avoided by locating the sextupoles
at y foci where they have negligible effect. A small spot size in 7y

at each x focus (between the true y foci) is obtained by locating an angle

8



focus waist ( <y yo> = <y yé> = 0 ) at these positions. This
arrangement also ensures thaﬁ chromatic aberrations in y at all x
foci are negligible. (There are aberrations in v' however).

The first y focus, wvhere pions are removed from.the beam, is there-
fore inside the first stage (F-%) where chromatic aberrations are small.
Location of the sextupole pairs at conjugate poiats requires that the beawm-
structure be periodic from F-% to F3~% . However, the design of the
first quadrupole doublet need not form part of this structure and has been
chosen to produce a magnification in the first stage «f 2.4 in x and
3.0 in y . This increases the acceptance o1 “he periodic parf of the
beam and enables one £5 usé a reasonable fo:al length for the guadrupoles

(2h.km). It also helps to reduce the geomeiric aberration introduced by

the first sextupole at F1 and the third at F3. Similarly the last half

AVIESY

of the last stage (F3 5 - Fi) dees not form part of the periodic structure
and is designed purely to obtain the required beam spot size and to provide
suitable locations for the 6 and ¢ hodoscopes.

At the sextupoles the dispersions < x|d > are equal and optimized

so that < x|x! >x! 1is just less than 2 < x'& > 8 B vhere ® = 4Ap/p.
This ensures that the acceptance is maximized, the sextupole strength is
minimised and that the geometfié aberrations at Fl andvF3 are much less than
the originai'chromatic aberrations at F2 and F4. This condition also implies,

however, that < x

xé 5 xé is only 2/3 of the avai;able aperture. Hence
the use of sextupocles inevitably leads to a reduction in acceptance. This
arrangemgnt is also a compromise between correcting < x xé 5 > at Fl and
F3 (which requires < x‘& > at the odd.sextupoles greater than < x| >

at the even ones)and correcting < x|8& > at F2 and Fh (which requires the



opposite). Even so these terms are not significant.
Magnet positions and strengths were calculated using the computer

program TRANSPORTlE). Rays were traced through the final system,. using

3)

the program TURELEl to evaluate the performance of the beam transport
and the effect of synchrotron radiation by electrons. The pefformance
ﬁhich appears to satisfy all electron scattering and fagged photon experi-
ment requirements is shown in Table I, Also shown there are the electrun
yields caclulated both by the method outlined in sectionIlTand by a Moute

14)

Carlo calculation based on the Hagedorn-Ranft model. /e ratios are
also based on this wmodel, but depend strongly on the effects ol synchrcw.™m
radiation described in section V. Magnetic components of the beam afe listéd
in Table IT. |

Figure 3 shows the layout of the beam, the TRANSPORT matrix. elements
and beanm envelopes;

Figurés -9 shew TURTLE generated hisﬁograms at the various foci both
with and without sextubole correcfion. These results are correct to all
orders in the optics. Calculations were performed with an effective primary
electron spot size of =% 2.5 mm in both planes, the value expected at
100 GeV/c . The main effect contributing to this spot size is multiple
scattering in the radiator. A'ﬁrimary aperture slit of x = £ 15 mm and
v = % 30 mm at thé first guadrupole is used in all calculations. However
the acceptance (9.5 uster % Ap/p FW) quoted in Table I is for a y slit
of % 37.5 wm. The only effect of this larger slit is to increaée the
vertical spot sizes at F2 and Fi proportionally. It causes no significang

change in beam losses or purity.
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Imperfections in the quadrupole fields as found in actual measurementslS)
were included in the ray tracing calculations by using a higher order
multipole expansion. It is inferesting to note that in this type of periodic
beam structure, such imperfections have virtually no effect because of
cancellations at conjugate lens positions.

Figure L4 shows the vertical beam profile at the first yv focus where
a slit is used to effect the primary removal of pions from the beam. Pions,
which are generated mostly by neutrons in the lead radiator, are produced

with a much greater spreacd of angles than are electrons so that the effecti?e
pion spot size at Lic primary target is much larger than that for electrons
as shown in Table I. The 7/e ratio in the whole beam may therefore be
improved by locating "scrapers" or'slits at the x and y foci. The ﬁ/e
ratio at F2 quoted in Table I is the value obtained aftér vertical scraping

at ¥ , only. Horizontal slits at ¥2 serve io further improve this ratio

Mot

at T4 as described in section V. Very few electrons are lost at these scrapers.

The-momentum resolution and acceptance at the first dispersed focus
Fl are shown in Fig. 5. Here the slight asymmetry of the beam profiles
due to the geometric aberrations intrcduced by the single sextupole SX1
may be seen. Tne resolution igﬂsufficient to ensure a very sharp cutoff
of the momentum spectrum. “

Figure 6 shows the beam profiles at the achromatic focus F2 where tagged
photon experiments may be ﬁerformed. Sextupole correction of the chromatic
aberrations at this point is seen to be essential to the subseauent properties
of tpe beam. In tﬁe region of F2, the beam envelope (with quadrupoles 11 and
12 omitted) is confined to #* 12.5 mm in both dimensions over a length of

5 m at 100 GeV/c. At higher momenta it is narrower still. This condition



1s adequate for several tagged photon experiments}6) Moré complex spot
requirementsl have been obtained by the addition of two extra gquadrupoles
on either side of bending magnets 11 and-lE.

The momentum resolution at F3 is shown in Tig. 7. This may be slightly
improved by an appropriate slit at F2 as shown in Table I without signi-
ficant loss of intensity. The centroid dispﬂacement for the rays of nominal
momentum (po) is due mainly to thg transport matrix element < x xé Xé >
while at 1.016 P, additional effects due to < x |85 > are seen. This
implies that the momentum hodoscope -..'° *ion will not be exactly linear.

Fhe angular resolutions at the angle hodoscopss are shown in Fig. 8'and
npumericaelly in Table I: Inspite_of the impossibility of placing the € hodo-
scope where the dispersion is exactly zefo and the ¢ hodoscope exactly at
the appropriate focué, the intrinsic angular resolutions are easily adequate
for the expérimental requirements. Greater spread’is introduced by the
finite size of the hodbséope elements (section VI).

Finally Figs. 9 and 10 show the electron and pion beam profiles
. at-Fh where the experimental target will be located. The spot sizes easily
satisfy the experimental requirements. The separation of the electron
and pion beam spots by synchrotfon radiation is discussed below (section V).

An important property in a secondary electron beam is cleanness in
momentum. fhat is, it should not be possible for a significant number of
électrons,with momenta outside the nominal limits to pass‘through the
experimental beam spots at F2 and Fi. The periodic beam structure described
here’performs well in this respect. Between FL and F2, only 0.3% of the

electrons are lost. Farthermore, it is impossible for electrons of momenta

12



less than 0.865 p, to pass through the beam spot af F2. In stage k4,

losses only occur (inevitably) at #4he hodoscope. In each case it is
possible to place a veto showef counter ﬁhere it may detect photons

radiated by an electron in the hodoscope elements aé discussed in section VI.

V. ELECTRON BEAM PURITY AND SYNCHROTRON RADIATION

The permissibile level of‘pion contamination of the electron beam is
determined priiwrily by the pion rejection capability of the experimental
electron detectors. A secondary consideration is that in a 25 cﬁ liquid
hydrogsen target for instance, 1.4% of all interacting pions would produce
electrons via wo production followed by Wo - ¥y and y - e+e- .

These electron: are produced mainly at low energies and do not constitute
a éignificant background.

1)

The electron detectors™ under development in this iaboratory consist
of several large NaI(T1) crystals interleaved with multi-wire propertional
chambers., Tests with these detectors have shown that at 10 GeV, the probability
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%
gt NAL energies. Now the ratio of the total cross sections for T p

to e p interactions is typically 103 . Hence the probability of confusing
a hadron from a T interaction, with a scattered electron is conservatively
0.05% for a /e contamination ratio of 3 X 10_h . Such a systematic

error is certainly less thaﬁ other éxperimehtal errors, systematic or
statistical. The numbers in Tables I and III show that such an.electron
purity is attainable in the present beam design at the final focus Fl .

At ¥2, however, the pion contamination is unacceptable. The same would

be true in a L4-stage beam not corrected for second order aberrations.
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The flux of pions which remains within the electron beam spot at Fi
depends on several factors, the mosi--iuportant of which are production
mechanisms at the primary target, beam optics and synchrotron radiation.
It has not been generally realized that.this last effect.; synchrotron
radiation of electrons in the conventional beam bending magnets - is
very significant.

This may ‘e seén as follows. The fractional loss in momentum of an
electron of energy E(Ge') passing through a uniform magnetic field

B(kgauss) of length L (m:ters) is given by

%E = 1.26 x 108 B 1

Hence for a 200 GeV electron in a field of 1k kgauss of‘length 3.05 m,
Ap/p = 0.15% . This is a small effect but_the deviation due to this
momentun Joss is L.8 .urad. Again this is a small angle but in each phase
of the beam there are about 10 magnets with an average lever arm of ~ 100 m.
Hence if the magnet settings are pot .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" as
in Table II, the electron beam spot will be on axis with a separate pion
beam spot off axis by ~ 5 mm. Thus the pion contamination can be reduced
almost to zero (Table III) by a suitable scraper or veto counter.

This effect is illustrated by the seam profiles in Fig. 10 which

are due to exact ray tracing calculations using the program TURILE.

1k



(The momentum and deviation of each ray were suitably offset after each
bending magnet.) In Fig. 10 all beas'profile  distributions are normalized
arbitrarily to have egqual heigﬁts. The magnet settings used were those shown
in Table IT. At energies less than 300 GeV, magnetvsettings within each
group of magnets are optional provided the integral f_Bdﬁ is correct

and B does not exceed 14t kgauss. They have beern chosen as follows.

For energies greater than 200 GeV, it is sufficient to use a minimum
number of the available mnagnets with power distributed equally beéetween
.them, to achieve almost complete separation of pions and electrons. At
lowe:: energies the eife’ of synchrotron radiation may be optimised by
using all available magnets with reversed fields wvhere necessary so that
the integral B?&& is maximized but the beam line geometry is presefved.
This procedure is illustratéd at 100 and 150 GeV in Table II and Fig. 10.
It provides a substantial reduction in pion contamination which would
become zeré at about 160 GeV.

Synéhrotron radiation will also be responsible for some reduction in
beam quality due to the statistical fluctuations of the process. It is
estimated that these effects will cause an additional beam spot spread
of ~ 0.5 mm at Fi at '~ 200 GeV and a momentum spread of ~ 0.2%. Both
of these figures make negligibie’contributions when folded quadratically
with the respective geometrical values.

8)

It has been suggestedl that synchrotron radiation be used to enhance
electron beam purity by placing a "chicane" of superconducting magnets at
the intermediate focus of the beam (F?). Thus the electron momenta would

be shifted by a large amount at this point and with the second phase of

the beam tuned accordingly, pilons could be eliminated. However it is now



seen that the distributed effect of synchrotron radiation along the beam
line is sufficient to reduce pion contamination to an acceptable level
in the present beam design ana application.

The "chicane" thus appears to be of limited usefulness in this beam
design. If, however, it is desired to produce a completely pure electron
beam so that less discriminating detectors may be used in other experiments
a superconducting chicane of 70 kgauss X .2 m would shift the electron momenta
~ 2% at 100 GeV, sufficient to cause all pions to be lost at F3. The device
would be redundant above 160 GeV. |

A more economical way of enkancing tin: ercotecon peam purity consists
of filtering out the neutron and K° compone nts at the neutral stage of.the
beam. This may be achieved by placing a liguid deuterium filter inside
a bending magnet in front of the lead radiator. Such a filter 3.3 m long
would remove 63% of the hadronic neutrals and transmit 72% of the photons.
The pion contamination would thus be reduced by a factor .of 2.0 to a level

5

of /e < 107 at Fi. The electron to hadron singles ratio in the detector
would then be ~ 100:1 . A beryllium primary target followed by a deuterium
filter would appear to be a more economical arrangement than a simple deuteriunm
primary target. |

Muons produced by decay ofvpions, and other processes from the primary
target may cause some contamination of the electron beam especially at
¥2,. These high energy muor;s are transmitted mainly. through the earth shielding

of the underground beam line. Calculationsl9) have shown however that in

this design such contamination is negligible.



VI. BEAM INSTRUMENTATION

While specific details of beam instrumentation wéuld be worked out
under practical operating conditions, tﬁe general requirements may be
defined as follows. Small high resolution mu]ti:wire proportional chambers
could be used at low intensities to obitain beam profiles at various locations
during commissioning of the beam. t high ‘ntensities and during actual
operation, these would be replaced by sma..l traversirg plastic scintillation
counters, located especially at all x ani y foci. Remotely'controlled
beam slits would be placed in fre... .7 7 first quadrupole QPl and at the

1 front of the
foci: F= and F2 .

2

To define the momenta and gngles of electrons passing through the
experimental target at F4, 8 or 16 element plastic scintillator hodoscopes
would be set up at the.appropriate locations as shown in Fig. 3. At beanm
rates of > 108/§ec special timing technigues would be necessary in using
these hodoscopes. It is suggested that selected events at the experiment
itself could be used to generate a gate of about 10 nsec duration, during
which the timing pulses from all hodoscope elements could be digitized
in parallel. Currently available gated time digitizers have an inherent
resolution of 400 psec. True'ébincidences would be recogniied by means

of an on-line computer.

Veto shower counters, to detect photons radiated by beam electrons

at the p, & and ¢ hodoscopes, should be placed next to the beam transport
elements QP16, FM25 and QP20 respectively. These counters need not be
large since it is only necessary, for instance, to detect photons of energy

k > 300 MeV to maintain a wmcmentum resolution of better than 0.3% at 100 GeV/c.


aseifrid
Text Box
front of the


This mode of operation is possible since each hodoscope is followed by a
bending magnet which sweeps thée electron beam away from the veto counters.
A "beam-halo" veto located just in front of Flit would also be necessary
especially +to discriminate against pions. Otler veto counters would be
placed along the beam as necessary. Calculations indicate that the main
veto counter rates would not exceed 1% of (2 beam rate.

Finally in the third and fourth stages, the beam design includes two
drift spaces of about 40 meters each which zan accomodate beam pipes instru-
mented to operate as low pressure threshol® C-renkov counters. These
counters would serve the importan: functior. of monitoring the pion contamination
of the electron beam. They would also be essential if the system were used
as a high quélity‘ hadron beam.

VII. CONCLUSIOUS _ ] -

It has been demonstrated in detail that’it is possible to prodﬁg;“a
very high quality electron beam from the new generation of proton accelerators
operating at 400 to 500 GeV. Electron fluxes of more than 108/pulse with
a beam spot only a few millimeters across are feasible. Furthermore,
momenta and directions of the electrons passing throuéh the target may be
determined with good resolutiéﬁyand high beam purity is possible without
special devices. Finally it should be pointed out that such a beam line
will operate equally wéll for hadrons and ﬁill in fact constitute a very

versatile facility.

18



VIII. ACKNOWLEDGEMENTS

The authors would like to thank the many people who have contributed
to the successful completion of this design study. They are especially
indebted to Dr. J. J. Murray and Professor D. D. Reeder who were their
main inspiration. Thanks also are due to A. L, Read, XK. L. Brown, T. Nash
and D. Carey for many clarifying discussions and much practical help.
Professor R, Hofstadter has provided much Encourageient and guidance
throughout this effort. Finally, the authors are grateful to Prbfessor
R. R. Wilson and Professor E. L. G~r1Awasser for their continuous interesﬁ

and support.

19



TABLE I
ELECTRON BEAM PERFORMANCE
Optical properties are calculated using the brogram TURTLE.13)

Yield calculations are described in the text. See Figs. 3 - 9. (A 1 mm radius

proton beam spot is assumed.)

Electron Beam Momentum 100 GeV/c 200 GeV/e Experimental
Requirements

Electrons: effective

source size at FO 2.5 mm rad 1.5 mm rad -

Pions: effective source

size at FO 10.0 mm rad .7 mm rad -

Acceptancé:pster % Ap/p FW 9.5 9.5 > 8

Electron Yield at F1+/1013

p at 500 GeV/c 8 . 8

Multiperipheral model: 6.2 X 10 1.9 X 10 108

Hagedorn-Ranft model: 2.2 X 10° 0.47 X 10°

T/e ratio at F2 6.0 x 107 1.2% 1073

/e ratio at Fle(a) 1.0 x 107" 4.6 X 1070 3 X 107"

Momentum Bite at Fl + 2.4% + 2.4%

(EW at base) - 2.1% - 2.1% -

(Rv) + 2.0 + 2.2%

- 1.9% ~ 1.9% + 2%

Momentun Resolution at

F1 (EW at base) + 0.39% + 0.30% < % 0.5%

Momentum Resolution at + 0.30% + 0.26% < £ 0.3%

F3 (HV at base) (+ 5 mm slit at F2) |(# 4 mm slit at F2)

Spot Size at F2 (HW base) [# 6.0 mm X*8.5 mn + 3.8 um X+ 8,5 mm -

Spot Size at Fi (HW base) |# 3.0 mm X#5.5mm | % 2.0 mm X% 5.5 mm <*2.5mm X * 7.5

8 Resolution at 6 hodo-

scope (HWHM) * 0.035 mr + 0.035 ur <#0.1uwr

@ Resolution at ¢ hodo- :

scope (HWHM) + 0.027 mr <% 0.027 wr <*0.1uwr

{(a) Electron purity duc to beam optics, production cross sections, and synchrotron
radiation throughout the beam. See Table 1IT for details.
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TABLE IT
BEAM TINE COMPONENTS AND MAGNET SEPTINGS
The settings for electrons are Radiation Compensated, FBr electrons at 100 and
150 GeV/c, magnet settings are optimized to maximize % B® (with the limit B <
14 kgauss.). -
A1l quadrupoles (ft": 3.81 em rad X 3.048 m long (NAL # 3-Q-120)
A1l bending magnet: (BM): 1.905 em gap X 3.048 m long (NAL # 5-1.5-120)
All sextupoles (SX): 5.086 cm rad X 0.762 m long (NAL # 4-8-30)
Field Values at Pole (kgauss)
Positin.al300 GeV/e! 300 GeV/c| 200 GeV/e| 150 GeV/e! 100 GeV/c
Component Front hadron | electron | electron | electrons! electrpns
?ﬁ? beam beam beam max 2B f max Z.Bg
Radiator 22.8
Aperture (# 15 mn X 37.5 mm) 30.0 - - : _
QPl, 2 30.48 |- 6.564 |- 6.56% |- L.376 |- 3.282 | - 2,188
“QP3,4 37.19 5.h02 5.402 3.601 2.701 1.801
A~ 1 o 55.32 10.792 10.763 . 7.189 - 3.20L = 6.799
M 2} bend = .752 58.67 " " " 13.983 13.987
HVI 3 62.03 11 11 1° 1 1
BM L 65.38 " " " - 3.20k4 - 6.799
QP 5 1 9k, k49 2.451 2.438 1.632 1.223 0.816
Y s1it (F -2-) (£ 9.0 mm) 97.8k
SX1 97.84 2.308 2.296 1.536 1.151 0.768
QP 6 118.87 - 5.297 | - 5.269 - 3.526 - 2.642 - 1.763
F1 167.64
QP 7 = 167.64 5.297 5.269 3.526 2.642 1.763
BM 5)bend = .456° 170.99 | 13.0k2 | 12.947 8.676 6. 504 %.339
BM 6 17)4.35 H1 : . . 1t 1 Hi . t
Qp 8 192,02 |- 5.297 | - 5.249 - 3.522 - 2.641 - 1.762
B T)yang = 630° 230.73 12.025 11.885 7.989 13.9%0 12.973
BM 8} . : 234,09 " " " - 9.920 -13.958
BM 9 237.44 " ro " 13.940 12.973
QP 9 240,79 5.297 5.223 3.517 2.63h 1.759
sX 2 " ° 2Lk, 15 2.308 2.275 1.532 1.1h7 0.766
BM 10 bend = .210 245,21 12.025 11.845 7.981 5.978 3.992
QP 10 265.18 |- 5.297 | - 5.214 - 3.515 - 2.633 - 1.759
BM 11)bend = .489° 278.74% | 1h.000 | 13.748 9.390 6.957 b .64
B 12 282.09 1 t n " n
F2 (y expt) B | 313.94



~

BEAM LINE

TABLE IT (cont.) ”

COMPONENTS ANID MAGUET SETTINGS

The settings for electrons are
150 GeV/c, magnet settings are

14 kgauss.).

A1l quadrupoles (QP):

A1l sextupoles (SX):

3.81

Radiation Compensated.
optimized to maximize Z

ggr electrons at 100 and
(with the limit B <

cm rad X 3.048 m long (NAL # 3-Q-120)
All bending magnets (BM): 1.905 cm gap X 3.048 m long (WAL # 5-1.5-120)
5.08 cm rad X 0.762 m long (NAL # 4-5-30)

Field Values al Pole (kgouss)
Position (300 GeV/c | 300 GeV/c |200 GeV/e| 150 Gev/c! 100 GeV/c
Component Front hadron electrun electron | electrons; eleczggns
&% bean beam beam max i max

X slit - 313.94 - h.1l wa 4.1 rm 4.8 mm 6.1 mm
QP 11 313.9%4 5.297 5.400 2.510 2.631 1.758
QP 12 338.33 | - 5.297 |- 5.190 - 5.5 | - 2.631 |- 1.758
B 13 359.30 | 12.589 | 12.267 0 13.872 12.509
B 14 322.65 " f 12;h67 - 9.833 -13.911
BM 15 O 366.00 " ! ! 13.872 13.911
16 ( pend = 1.320 369.36 " " " 13.872 13.911
BM 17 372,71 " " " - 9.033 -13.911
BM 18 376.06 " " 0 13.872 12.509

© QP 13 387.10 5.297 5.134 3.485 2.617 1.751

85X 3 390.45 1.580 1.531 _ 1.039 9.781 . 0.522
B 1h 41148 § - 5.297 |- 5.134 - 3.485 - 2.617 - 1.751
(éerenkov Counter) - .
F 3 (p hodoscope) 460.25
QP 15 4166.25 5.297 5.134 3.485 2.617 1.751
EM 19) bend = .380° 463.60 | 10.874% | 10.52k 7.150 5.372 3.594
BM 20 . )466 .9 5 n n 1t 1] n
QP 16 484,63 | - 5.297 |~ 5.120 - 3.482 - 2.617 1.751
(erenxov Counter) - :
@ Hodoscope 528,48
BM 21 bend = .156° 508,98 8.925 8.622 5.865. 4. 408 2.950
SX L 532.33 1.580 1.526 1038 0.780 0.522
QP 17 533.40 6.829 6.594 4,488 3.366 2.257
RM 22 536.75 | 14.000 | 13.457 9.187 o |- u,623
B 23} vend = ,976° 540,11 " " " 13.813 13.869
BIVI 2u 514‘3-1L6 1" 1t 1"t 1" A 1
BM 25 546,81 " " " 0 - L4.623
€ Hodoscope 550.62
QP 18 _ 551.38 | - 7.000 | -6.608 |i 4.587 | - 3.450 | - 2.310
QP 19 55h.7h | - 2.899 | -2.77% |- 1.900 | - 1.429 | - 0.956
BM 26 bend = .24k°. 558.09 | 14.000 | 13.382 9.172 6.898 4,619
QP 20 : 568.36 7.000 6.683 k. 584 3.449 2.310
F 4 (Electron expt) 577.51

- Final central momentum (Gev/c) - 300.0 286.4 196.5 147.8 99.0




TABLE IIT

/e RATIOS AND EFFECTS OF SH‘ICHROTRON RADIATION

Energy Bean W/e Ratio(a) Fractions of pions(b) W/e Ratio W/e.Ratio
GeV mode after slit at in e spot at F2 which at FhL with D
2] remain in e spot at Fh filter
300 all magnets not available 0 0 ¢
200 min magnets | 2.7 X 107 () .017 ' 4.6 x 10°° | 2.3 x 1076
“50 all magnets | 2.2 x 107 (&) .16 3.4 x 1077 | 1.7 x 1077
2
max T B
100 all magnets | 1.7 xalo’g (c) .56 1.0 X 1o'h 5 X 1077
2 ) .
max X B
(a) Pion decay before Fi is allowed for. - ' S

(b) With synchrotron radiation compensated settings.
(c) Hagedorn-Ranft model.

(d) 1Interpolated.
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FIGURF CAPTIONS

Fig. 1 Schematic Layout of Electron Beau.

Fig. 2 Ble:tron yields calculated from a multiperipheral model7)
for the present beam line (4Ap/p) 40 = 9.5 uster % Ap/p,
Bery.lium target 40.3 cm, 0.5 rad. length lead radiator.
Tumber of electrons /lO13 incident pTOb“nS at various production’
angles @ and momenta: (a) 200 GeV/ec, (b) 300 GeV/e, (c)
(e) 400 Gev/e, (d) 500 GeV/c, (e) 1000 GeV/c - See Text.

Fig. 3 Electron meam layout and optics.
(a) Arrangement of magnetic elements. Each symbol may
represent several physical components as indicated. Positions
nf bendin; magnets and sextupcles are displaced where necessary
fo. clarity. Tor exact locations see table II.
(b) TPFirst order matrix elements in horizontal (x) plane
(6 = ap/p).
(¢) First order matrix elements in vertical (y) plane. . 12)
(d) Second order beam envelopes as calculated by TRANSPORT
for Ap/p = 0 and * 2% and primary aperture slits x = * 15 mm
and y = * 30 mm, '

Fig. 4 Yprilﬂai (v) beam profile (Ap/p = * 3%) at Tirst vy focus
. (F‘y), showing size of slit for primary pion clean ups ™ -

Histograms in figures 4-10 are c"%yulat°d using the Monte
Carlo ray tracing program TURTLE based on effective primary
spot size expected at lOO‘GeV/c. Fffects of imperfections
in the quadrupole fields, as actually measured’ 7 are taken
into account. First order magnitudes as calculated by TRANSPORT
indicated where sppropriate. Ordinate scales are linear and
arbitrary.

12)

Fig. 5. Momentum resolution and acceptance at Fl, :
(a) Resolution with sextupole adjusted to correct aberrations
at F2. The slight asymmetry is due to the term < XTX Vx>
(v) Resolution without sextupoles. © ©
(c¢) Acceptance with sextupoles. Note the sharp cut off and
the asymmetry.
(d) Acceptance without sextupoles.

Fig. 6 Beam profiles at F2.

(a) Horizontal profile with optimised sextupole settings.
Note that the beam spot is almost entirely within the first
order limits.

(b) Vertical profile. This occurs at a waist (not a focus)
in the beam envelope and is unaffected by the sextupoles.

(¢) Horizontal profile without sextupoles. The wings of this
distribution would cause serious losses in subsequent stages.



Fig. T

Fig. 8

Fig. 9

Fig. 10

Momentum Resolution at F3 for primary beam spot * 2.5 mm and
no slit at F2, Resolution is shown for the nominal momentum
p_ and for 1,016 p_ . The centroid displacements are due
£8 the aberrations <x xo’xo'> and < x|85 > .

Resoiutions at angle hodoscopes. :
(8) Horizontal (x) distributions for rays which pass throursh
the experimental target at € = 0 and 0.5 mr. The finite distri-
bution widths are mainly due to the small dispersion at the
hodoscope, caleulated for Ap/p = * 2%.

(v) Vertical (y) distributions for rays which pass through

the experimental targst at ¢ =0 and 0.5 mr. The Lic’>scope
cannot be located exactly at the primary vertical focus of

the last quadrupole set, so that the finite widths are dué

to the vertical beam spot size.

Electron beam profiles at experimental target icouc % et 100 GeV/:.
(a) Horizontal (x)
(v) Vertical (y).

Electron and pion horizontal beam profiles at Fli showing

the effect of synchrotron radiation in 2 radiation comypensated
beam.

(a) 100 GeV/c, (b) 150 GeV/c. ~ At these two momenta

all the magnets in the beamy line are used, some with reversed
polarity, to maximize X B &and enhance the €, 7 separation.
(c) 200 GeV/c, (@) 300 GeV/e. At these highor momenta, -

only the necessary number of bending magnets consistent with

B < 1l kgauss are used. See table II.
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MOMENTUM RESOLUTION AT F3
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